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RECOMBINANT MICROORGANISMS THAT 
CATABOLIZE LIGNIN AROMATICS AND 

METHODS OF USING SAME 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0001] This invention was made with government support 
under DE-SC0018409 awarded by the US Department of 

Energy. The government has certain rights in the invention. 

SEQUENCE LISTING 

[0002] The instant application contains a Sequence Listing 

which has been submitted in XML format and is hereby 

incorporated by reference in its entirety. The XML copy, 
created on May 31, 2024, is named USPTO-24607- 

09824544-P240270US01-SEQ_ LIST.xml and is 140,384 
bytes in size. 

FIELD OF THE INVENTION 

[0003] The invention is directed to recombinant microor- 
ganisms that catabolize lignin aromatics, such as 3-5 linked 

lignin aromatics, and methods of using same to catabolize 

the lignin aromatics. 

BACKGROUND 

[0004] Over the past century, aromatic compounds have 

proven integral to industries that generate critical chemicals 
and materials for society. For example, aromatic compounds 

are precursors for the production of plastics, adhesives, 
medicinal compounds, and flavorings. Most of today’s 

industrial aromatics are derived from fossil fuels. However, 

there is increasing interest in identifying renewable raw 
materials that can serve as alternative sources of these 

valuable chemicals. 

[0005] The plant polymer lignin can comprise up to 40% 

of the dry weight of plant biomass, making it the second 
most abundant biopolymer on the planet (1) and an attractive 
source of renewable aromatics for producing chemicals. 

Lignin is a heteropolymer composed of syringyl (S), guai- 
acyl (G), and p-hydroxyphenyl (H) aromatic subunits which 

differ in the number of methoxy groups attached to the 
aromatic ring (two, one, or zero, respectively) (2, 3). Since 

lignin polymers are synthesized via radical chemistry in 

plants, the aromatic subunits are joined by a variety of 
interunit bonds (FIG. 1 (A)) (4-6). The chemical heteroge- 
neity of its inter-aromatic linkages makes lignin recalcitrant 
to break down, so it has traditionally been burned for fuel (1, 

7, 8). However, strategies are emerging to convert the 
aromatic subunits of lignin to commodity chemicals and 

materials that are needed by society (2, 8). 

[0006] One promising strategy is to use the aromatic 
compounds resulting from depolymerization of lignin as 

carbon sources that microbes can funnel into valuable prod- 
ucts (9-12). Microbes suitable for this purpose are needed. 

SUMMARY OF THE INVENTION 

[0007] One aspect of the invention is directed recombinant 
microorganisms. The recombinant microorganisms can 

comprise any one or more, any two or more, any three or 

more, any four or more, or each of: one or more recombinant 
alcohol dehydrogenase genes; one or more recombinant 

aldehyde dehydrogenase genes; a recombinant T-formalde- 
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hyde lyase gene; a recombinant lignostilbene dioxygenase 
gene; and a recombinant aromatic acid decarboxylase gene. 

[0008] In some versions, the recombinant microorganism 
comprises any two or more, any three or more, any four or 

more, or each of: the one or more recombinant alcohol 

dehydrogenase genes; the one or more recombinant alde- 
hyde dehydrogenase genes; the recombinant T-formalde- 

hyde lyase gene; the recombinant lignostilbene dioxygenase 
gene; and the recombinant aromatic acid decarboxylase 

gene. In some versions, the recombinant microorganism 
comprises any three or more, any four or more, or each of: 

the one or more recombinant alcohol dehydrogenase genes; 
the one or more recombinant aldehyde dehydrogenase 
genes; the recombinant T-formaldehyde lyase gene; the 

recombinant lignostilbene dioxygenase gene; and the 
recombinant aromatic acid decarboxylase gene. In some 

versions, the recombinant microorganism comprises any 

four or more or each of: the one or more recombinant 
alcohol dehydrogenase genes; the one or more recombinant 

aldehyde dehydrogenase genes; the recombinant T-formal- 
dehyde lyase gene; the recombinant lignostilbene dioxy- 

genase gene; and the recombinant aromatic acid decarboxy- 
lase gene. In some versions, the recombinant microorganism 

comprises each of: the one or more recombinant alcohol 

dehydrogenase genes; the one or more recombinant alde- 
hyde dehydrogenase genes; the recombinant T-formalde- 

hyde lyase gene; the recombinant lignostilbene dioxygenase 
gene; and the recombinant aromatic acid decarboxylase 

gene. 
[0009] In some versions, the one or more recombinant 
alcohol dehydrogenase genes encode FdhA of Novosphin- 

gobium aromaticivorans (SEQ ID NO:2) or a homolog 
thereof. In some versions, the one or more recombinant 

alcohol dehydrogenase genes encode FdhA of Novosphin- 
gobium aromaticivorans (SEQ ID NO:2), a protein com- 

prising a sequence at least 80%, at least 85%, at least 90%, 

at least 95%, or at least 99% identical to SEQ ID NO:2, an 
ortholog of FdhA of Novosphingobium aromaticivorans, or 
a recombinant variant of the ortholog of FdhA of Novosphin- 
gobium aromaticivorans. 

[0010] In some versions, the one or more recombinant 

alcohol dehydrogenase genes encode Saro_0995 of 
Novosphingobium aromaticivorans (SEQ ID NO:4) or a 

homolog thereof. In some versions, the one or more recom- 
binant alcohol dehydrogenase genes encode Saro_0995 of 

Novosphingobium aromaticivorans (SEQ ID NO:4), a pro- 

tein comprising a sequence at least 80%, at least 85%, at 
least 90%, at least 95%, or at least 99% identical to SEQ ID 

NO:4, an ortholog of Saro_0995 of Novosphingobium aro- 
maticivorans, or a recombinant variant of the ortholog of 

Saro_0995 of Novosphingobium aromaticivorans. 

[0011] In some versions, the one or more recombinant 
alcohol dehydrogenase genes encode Saro_3899 of 

Novosphingobium aromaticivorans (SEQ ID NO:6) or a 
homolog thereof. In some versions, the one or more recom- 
binant alcohol dehydrogenase genes encode Saro_3899 of 
Novosphingobium aromaticivorans (SEQ ID NO:6), a pro- 

tein comprising a sequence at least 80%, at least 85%, at 

least 90%, at least 95%, or at least 99% identical to SEQ ID 
NO:6, an ortholog of Saro_3899 of Novosphingobium aro- 

maticivorans, or a recombinant variant of the ortholog of 
Saro_3899 of Novosphingobium aromaticivorans. 

[0012] In some versions, the one or more recombinant 

aldehyde dehydrogenase genes encode FerD of Novosphin-
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gobium aromaticivorans (SEQ ID NO:8) or a homolog 
thereof. In some versions, the one or more recombinant 

aldehyde dehydrogenase genes encode FerD of Novosphin- 
gobium aromaticivorans (SEQ ID NO:8), a protein com- 

prising a sequence at least 80%, at least 85%, at least 90%, 
at least 95%, or at least 99% identical to SEQ ID NO:8, an 

ortholog of FerD of Novosphingobium aromaticivorans, or 

a recombinant variant of the ortholog of FerD of Novosphin- 
gobium aromaticivorans. 

[0013] In some versions, the one or more recombinant 
aldehyde dehydrogenase genes encode Saro_1104 of 

Novosphingobium aromaticivorans (SEQ ID NO:10) or a 
homolog thereof. In some versions, the one or more recom- 
binant aldehyde dehydrogenase genes encode Saro_1104 of 

Novosphingobium aromaticivorans (SEQ ID NO:10), a pro- 
tein comprising a sequence at least 80%, at least 85%, at 

least 90%, at least 95%, or at least 99% identical to SEQ ID 

NO:10, an ortholog of Saro_1104 of Novosphingobium 
aromaticivorans, or a recombinant variant of the ortholog of 

Saro_1104 of Novosphingobium aromaticivorans. 

[0014] In some versions, the one or more recombinant 

aldehyde dehydrogenase genes encode Saro_1197 of 

Novosphingobium aromaticivorans (SEQ ID NO:12) or a 
homolog thereof. In some versions, the one or more recom- 

binant aldehyde dehydrogenase genes encode Saro_1197 of 
Novosphingobium aromaticivorans (SEQ ID NO:12), a pro- 

tein comprising a sequence at least 80%, at least 85%, at 
least 90%, at least 95%, or at least 99% identical to SEQ ID 

NO:12, an ortholog of Saro_1197 of Novosphingobium 
aromaticivorans, or a recombinant variant of the ortholog of 
Saro_1197 of Novosphingobium aromaticivorans. 

[0015] In some versions, the one or more recombinant 
aldehyde dehydrogenase genes encode Saro_2869 of 

Novosphingobium aromaticivorans (SEQ ID NO:14) or a 

homolog thereof. In some versions, the one or more recom- 
binant aldehyde dehydrogenase genes encode Saro_2869 of 

Novosphingobium aromaticivorans (SEQ ID NO:14), a pro- 
tein comprising a sequence at least 80%, at least 85%, at 
least 90%, at least 95%, or at least 99% identical to SEQ ID 
NO:14, an ortholog of Saro_2869 of Novosphingobium 

aromaticivorans, or a recombinant variant of the ortholog of 

Saro_2869 of Novosphingobium aromaticivorans. 

[0016] In some versions, the recombinant y-formaldehyde 

lyase gene encodes PcfL of Novosphingobium aromaticiv- 

orans (SEQ ID NO:16) or a homolog thereof. In some 
versions, the recombinant y-formaldehyde lyase gene 
encodes PefL of Novosphingobium aromaticivorans (SEQ 
ID NO:16), a protein comprising a sequence at least 80%, at 

least 85%, at least 90%, at least 95%, or at least 99% 
identical to SEQ ID NO:16, an ortholog of PcfL of 

Novosphingobium aromaticivorans, a recombinant variant 

of the ortholog of PcfL of Novosphingobium aromaticiv- 
orans. 

[0017] In some versions, the recombinant lignostilbene 

dioxygenase gene encodes LsdD of Novosphingobium aro- 
maticivorans (SEQ ID NO:18) or a homolog thereof. In 

some versions, the recombinant lignostilbene dioxygenase 
gene encodes LsdD of Novosphingobium aromaticivorans 

(SEQ ID NO:18), a protein comprising a sequence at least 
80% identical, at least 85% identical, at least 90% identical, 

at least 95% identical, or at least 99% identical to SEQ ID 

NO:18, an ortholog of LsdD of Novosphingobium aromati- 
civorans, or a recombinant variant of the ortholog of LsdD 

of Novosphingobium aromaticivorans. 
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[0018] In some versions, the recombinant aromatic acid 
decarboxylase gene encodes LigW of Novosphingobium 

aromaticivorans (SEQ ID NO:20) or a homolog thereof. In 
some versions, the recombinant aromatic acid decarboxylase 

gene encodes LigW of Novosphingobium aromaticivorans 
(SEQ ID NO:20), a protein comprising a sequence at least 

80% identical, at least 85% identical, at least 90% identical, 

at least 95% identical, or at least 99% identical to SEQ ID 
NO:20, an ortholog of LigW of Novosphingobium aromati- 

civorans, or a recombinant variant of the ortholog of LigW 
of Novosphingobium aromaticivorans. 

[0019] In some versions, the orthologs of FdhA, Saro_ 
0995, Saro_3899, FerD, Saro_1104, Saro_1197, Saro_2869, 

PcfL, LsdD, and/or LigW are from a bacterium. In some 

versions, the orthologs of FdhA, Saro_0995, Saro_3899, 
FerD, Saro_1104, Saro_1197, Saro_2869, PcfL, LsdD, and/ 

or LigW are from an Alphaproteobacterium. In some ver- 
sions, the orthologs of FdhA, Saro_0995, Saro_3899, FerD, 

Saro_1104, Saro_1197, Saro_2869, PcfL, LsdD, and/or 

LigW are from an order selected from the group consisting 
of Sphingomonadales, Actinomyces, Gammaproteobacteria, 
Betaproteobacteria, and Bacilli. In some versions, the 
orthologs of FdhA, Saro_0995, Saro_3899, FerD, Saro_ 

1104, Saro_1197, Saro_2869, PcfL, LsdD, and/or LigW are 
from the group consisting of Novosphingobium, Erythro- 

bacteraceae, Sphingobium, and Sphingomonas. 

[0020] In some versions, the recombinant microorganism 
is a bacterium. In some versions, the recombinant microor- 

ganism is an Alphaproteobacterium. In some versions, the 
recombinant microorganism is from an order selected from 

the group consisting of Sphingomonadales, Actinomyces, 
Gammaproteobacteria, Betaproteobacteria, and Bacilli. In 

some versions, the recombinant microorganism is from the 

group consisting of Novosphingobium, Erythrobacteraceae, 
Sphingobium, and Sphingomonas. 

[0021] Another aspect of the invention is directed to 
methods of catabolizing a lignin aromatic. The methods can 

comprise culturing the recombinant microorganism of the 
invention in a medium comprising the lignin aromatic to 

thereby catabolize the lignin aromatic. In some versions, the 

lignin aromatic comprises a B-5 linked lignin aromatic. In 
some versions, the lignin aromatic comprises one or more of 

dehydrodiconiferyl alcohol (DC-A), dehydrodiconiferyl 
aldehyde (DC-L), dehydrodiconifery] carboxylic acid (DC- 

C), dehydrodiconiferyl stilbene carboxylic acid (DC-S-C), 
5-formyl ferulate (5-FF), 5-carboxyferulate (5-CF), and 

4-hydroxyphenyl and syringyl analogs thereof. 

[0022] The objects and advantages of the invention will 
appear more fully from the following detailed description of 

the preferred embodiment of the invention made in conjunc- 
tion with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro- 

vided by the Office upon request and payment of the 
necessary fee. 

[0024] FIG. 1. DC-A models B-5 linked lignin aromatics. 
A) Model lignin polymer that illustrates major interunit 

linkages and aromatic subunits. B) Structure of dehydrodi- 

coniferyl alcohol (DC-A), a B-5 linked aromatic dimer 
composed of two G-family aromatic subunits. The B-5 bond 

is highlighted in red.
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[0025] FIG. 2. N. aromaticivorans funnels DC-A into 
central aromatic metabolism. A) Growth of WT N. aromati- 

civorans in SMB minimal medium with DC-A as the sole 
carbon source. B) Growth of 12444PDC in SMB minimal 

medium containing either DC-A plus glucose or glucose 
alone as carbon sources. C) Metabolite concentrations in 

extracellular medium of 12444PDC grown in SMB minimal 

medium with DC-A plus glucose as carbon sources. Error 
bars represent standard deviation across biological tripli- 

cates. 

[0026] FIG. 3. Genome-wide screens identify candidate 

genes for DC-A catabolism. A) Dot plot (log, scale) of 
RNA-Seq (y-axis) and RB-TnSeq (x-axis) data sets, with 
each dot representing a single gene. The horizontal and 

vertical red lines mark a 2-fold increase in transcript abun- 
dance when N. aromaticivorans PDC12444 is grown on 

DC-A compared to vanillin and a 2-fold abundance reduc- 

tion of a disrupted gene when a N. aromaticivorans 
DSM12444 RB-TnSeq library is grown on DC-A compared 

to glucose, respectively. The five candidate genes investi- 
gated in this study are labeled in red. B) Genomic region 

containing four of the five candidate genes. Candidate genes 
are labeled in red. Experimentally determined transcription 

start sites (TSS) are labeled (34). 

[0027] FIG. 4. Proposed catabolic pathway for DC-A in N. 
aromaticivorans. The allylic alcohol side chain of DC-A is 

oxidized to DC-L and then to DC-C by dehydrogenases. The 
five-member ring of DC-C is opened by PcfL to form 

DC-S-C, which is then cleaved by LsdD into vanillin and 
5-FF. 5-FF is oxidized to 5-CF by FerD and other dehydro- 
genases before it is decarboxylated by LigW to form ferulic 

acid. Metabolism of ferulic acid and vanillin to PDC by N. 
aromaticivorans has been previously described (10, 21). The 

gene products predicted to be involved in metabolism of 
formaldehyde following oxidation by FdhA are based on 

homology of N. aromaticivorans gene products with known 

S-glutathione hydrolases (Saro_2822) (35) and the subunits 
of a formate dehydrogenase complex (Saro_0732, Saro_ 
0733, and Saro_0735) (36). 
[0028] FIGS. 5A-5C. PcfL converts DC-C to DC-S-C. 
FIG. 5A) Metabolite concentrations in extracellular medium 

of 12444PDCApcfL grown in SMB minimal medium with 
DC-A plus glucose as carbon sources. Error bars represent 

standard deviation across biological triplicates. FIG. 5 B) 
Representative HPLC chromatograms of in vitro reactions 

containing DC-C and either control FL. coli B834 cell extract 

or cell extract from F. coli B834 expressing recombinant 
PefL. FIG. 5C) Conversion of DC-C to DC-S-C by PefL. 

[0029] FIGS. 6A-6C. LsdD cleaves DC-S-C to form 5-FF 
and vanillin. FIG. 6A) Metabolite concentrations in extra- 

cellular medium of 12444PDCAlsdD grown in SMB mini- 

mal medium with DC-A plus glucose as carbon sources. 
Error bars represent standard deviation across biological 

triplicates. FIG. 6B) Representative HPLC chromatograms 
of in vitro reactions containing DC-S-C and either control E. 
coli cell extract or cell extract from E. coli expressing 
recombinant LsdD. FIG. 6C) Cleavage of DC-S-C to 5-FF 

and vanillin by LsdD and abiotic dimerization of DC-S-C to 

DC-T-C. 

[0030] FIGS. 7A-7C. FerD and LigW convert 5-FF to 

5-CF and then ferulic acid. FIG. 7A) Metabolite concentra- 

tions in extracellular medium of 12444PDCAferD and 
12444PDCAligW grown in SMB minimal medium with 

DC-A plus glucose as carbon sources. Error bars represent 
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standard deviation across biological triplicates. FIG. 7B) 
Representative HPLC chromatograms of in vitro reactions 

(left) containing 5-FF plus NAD* and either control E. coli 
B834 cell extract or cell extract of F. coli B834 expressing 

recombinant FerD or reactions (right) containing 5-CF and 
either control £. coli B834 cell extract or cell extract of E. 

coli B834 expressing recombinant LigW. FIG. 7C) Oxida- 

tion of 5-FF to 5-CF by FerD and decarboxylation of 5-CF 
to ferulic acid by LigW. 

[0031] FIG. 8. Multiple partially redundant ADHs and 
ALDHs can oxidize the allylic side chain of DC-A. Con- 

centration of DC-L over the course of 1 hour long in vitro 
assays containing A) DC-A, NAD*, and a control E. coli 
B834 cell extract or cell extracts of E. coli B834 expressing 

recombinant candidate ADHs or B) DC-L, NAD*, and 
control £. coli B834 cell extract or cell extracts of E. coli 

B834 expressing recombinant candidate ALDHs. For clarity 

of presentation, only dehydrogenases exhibiting activity on 
the tested substrates are shown. Error bars represent standard 

deviation across triplicates. 

[0032] FIG. 9. The proposed catabolic pathway enzymes 

can convert DC-A to ferulic acid and vanillic acid in vitro. 

Representative HPLC chromatograms of in vitro reactions 
containing DC-A plus NAD* and either control E. coli B834 

cell extract or cell extracts from F. coli B834 expressing 
recombinant Saro_0995, PefL, LsdD, FerD, and LigW. 

[0033] FIGS. 10A-10G. Order Sphingomonadales con- 

tains two pathways for conversion of DC-C to DC-S-C and 
a conserved pathway for DC-S-C catabolism. Phylogeny 
constructed based on the bacterial reference genes of Alp- 
haproteobacteria containing homologs (>50% amino acid 

identity, >70% query coverage) of at least two enzymes 
found in the 6-5 linked aromatic catabolic pathways char- 

acterized in N. aromaticivorans or Sphingobium sp. SYK-6. 

Homologs found in each species are marked by colored 
boxes. Clades are labeled and color-coded. The scale bar 

indicates the number of nucleotide substitutions per 
sequence site. The gap in the outgroup corresponds to 1.5 on 
the scale bar. A simplified diagram of the DC-A catabolic 
pathways in N. aromaticivorans and Sphingobium sp. 

SYK-6 is shown. Phylogeny presented in FIG. 10A repre- 

sents the bacteria from left to right as they appear in the 
order in which they appear in FIGS. 10B-10G. 

[0034] FIG. 11 Trace amounts of DC-L transiently accu- 

mulate during DC-A catabolism. DC-L concentration in 
extracellular medium of 12444PDC grown in SMB minimal 

medium with DC-A plus glucose as carbon sources. Error 
bars represent standard deviation across biological tripli- 

cates. 

[0035] FIG. 12. Genome-wide screens identify candidate 
genes for DC-A catabolism. Dot plot (log, scale) of RNA- 

Seq (y-axis) and RB-TnSeq (x-axis) data sets, with each dot 
representing a single gene. The horizontal and vertical red 

lines mark a 2-fold increase in transcript abundance when N. 
aromaticivorans PDC12444 is grown on DC-A compared to 
A) glucose or B) ferulic acid and a 2-fold abundance 

reduction of a disrupted gene when a N. aromaticivorans 
DSM12444 RB-TnSeq library is grown on DC-A compared 

to glucose, respectively. The five candidate genes investi- 
gated in this study are labeled in red. 

[0036] FIG. 13. Formaldehyde is released when PcfL 

converts DC-C to DC-S-C. Concentration of formaldehyde 
after 6 hours of incubating in vitro reactions containing 

DC-C and either cell extract of E. coli B834 expressing
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recombinant PcfL or control £. coli B834 cell extract. Error 
bars represent standard deviation across triplicates. 

[0037] FIG. 14. FdhA acts on formaldehyde released dur- 
ing DC-A catabolism. A) Metabolite concentrations in extra- 

cellular medium of 12444PDCAfdhA grown in SMB mini- 

mal medium with DC-A plus glucose as carbon sources. B) 
Formaldehyde concentration in extracellular medium of 

12444PDC or 12444PDCAfdhA grown in SMB minimal 
medium with DC-A plus glucose as carbon sources. Error 

bars represent standard deviation across biological tripli- 
cates. 

[0038] FIGS. 15A and 15B. DC-S-C abiotically homodi- 
merizes in aqueous solutions to form DC-T-C. FIG. 15A)'°C 
NMR spectrum of the product obtained when DC-S-C is 

incubated in SMB minimal medium supplemented with 1 
g/L glucose. The structure of the resulting compound, DC-T- 

C, is shown. FIG. 15B) Loss of DC-S-C over time in various 

solutions. Note that some DC-S-C visually precipitated in 
the water condition. Error bars represent standard deviation 

across triplicates. 

[0039] FIGS. 16A and 16B. FerD is an NAD*-dependent 

aldehyde dehydrogenase. FIG. 16A) Representative HPLC 

chromatograms of in vitro reactions containing 5-FF and 
either control £. coli B834 cell extract or cell extract of E. 

coli B834 expressing recombinant FerD without added 
NAD*. FIG. 16B) Ratio of NAD* to NADH after 6 hours 

incubating in vitro reactions containing 5-FF and NAD* 
along with purified FerD, cell extract of E. coli B834 

expressing recombinant FerD, or control E. coli B834 cell 
extract. Error bars represent standard deviation across trip- 
licates. 

[0040] FIG. 17. Differences in DC-A, DC-L, and DC-C 
absorbance can be leveraged in colorimetric assays. UV-Vis 

traces of 0.2 mM solutions of DC-A, DC-L, and DC-C in 

S30 buffer. 

[0041] FIG. 18. FerD converts vanillin to vanillic acid. 

Representative HPLC chromatograms of in vitro reactions 
containing vanillin and either control &. coli B834 cell 
extract or cell extract of £. coli B834 expressing recombi- 

nant FerD. 

[0042] FIGS. 19A-19C. PefL exhibits activity on DC-A 

and DC-L in vitro. Representative HPLC chromatograms of 

in vitro reactions containing DC-A (FIG. 19A) or DC-L 
(FIG. 19B) and either control £. coli B834 cell extract or cell 

extract of £. coli B834 expressing recombinant PcfL. FIG. 
19C) Structures of proposed stilbene compounds based on 

m/z of the in vitro reaction products. 
[0043] FIG. 20. Proposed N. aromaticivorans catabolic 
pathway for DC-A, accounting for the ability of PcfL to act 

on DC-A, DC-L, and DC-C. The allylic alcohol is oxidized 
to an aldehyde and then to a carboxylic acid by dehydro- 

genases. The five-member ring of DC-C is opened by PcfL 
to form DC-S-C, which is then cleaved by LsdD into vanillin 

and 5-FF. 5-FF is oxidized to 5-CF by FerD and other 

dehydrogenases before it is decarboxylated by Lig W to form 
ferulic acid. Metabolism of ferulic acid and vanillin to PDC 

by N. aromaticivorans has been previously described (10, 
21). The gene products involved in metabolism of formal- 

dehyde following oxidation by FdhA represent a hypotheti- 
cal pathway based on homology with known S-glutathione 

hydrolases (Saro_2822) (35) and the subunits of a formate 

dehydrogenase complex (Saro_0732, Saro_0733, and Saro_ 
0735) (36). Steps that differ from those proposed in FIG. 4 

are marked with blue arrows. 
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[0044] FIGS. 21A-21C. The full N. aromaticivorans 
DC-A catabolic pathway is exclusive to Alphaproteobacte- 

ria. Phylogeny constructed based on the bacterial reference 
genes of bacteria containing homologs (>50% amino acid 

identity, >70% query coverage) of at least two enzymes 
found in the N. aromaticivorans B-5 linked aromatic path- 

way. The bacterial species are sorted by class. The colored 

bars to the right of the tree indicate the proportion of each 
class containing a homolog of each enzyme. The scale bar 

indicates the number of nucleotide substitutions per 
sequence site. A simplified diagram of the DC-A catabolic 

pathway in NV. aromaticivorans is shown in FIG. 21A. FIGS. 
21B and 21C show a closeups of FIG. 21A with relevant 

percentages. 

[0045] FIGS. 22A-22E. DC-A, DC-L, DC-C, and DC-S-C 
synthesis. FIG. 22A) Synthetic routes to DC-A, DC-L, 

DC-C, and DC-S-C. FIGS. 22B-22E)'*C NMR (acetone-d,) 
spectra and structures of synthetic DC-A (FIG. 22B), DC-L 

(FIG. 22C), DC-C (FIG. 22D), and DC-S-C (FIG. 22E). 
[0046] FIGS. 23A-23C. DC-S-C and DC-T-C synthesis. 
FIG. A) Synthetic routes to 5-FF and 5-CF. B-C)'°C NMR 
(acetone-d,) spectra and structures of synthetic FIG. B) 5-FF 
and FIG. C) 5-CF. 
[0047] FIG. 24. Growth of 12444PDC and 12444PDC 
mutant strains. Growth curves of 12444PDC and 12444PDC 

mutant strains in SMB minimal medium containing 0.5 mM 

DC-A and 1 g/L glucose as carbon sources. Error bars 
represent standard deviation across biological triplicates. 

[0048] FIG. 25. Solvent B (MeOH) percent protocol for 
HPLC method. Trace of percent solvent B over time. Sol- 

vent A was 0.2% formic acid in water. 

[0049] FIG. 26. Differences in DC-S-C and DC-T-C can 

be leveraged in colorimetric assays. UV-Vis traces of 0.2 

mM solutions of DC-S-C and DC-T-C in 830 buffer. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0050] The recombinant microorganisms of the invention 
can comprise one or more recombinant genes. The recom- 

binant genes can comprise one or more recombinant alcohol 
dehydrogenase genes, one or more recombinant aldehyde 

dehydrogenase genes, a recombinant 7-formaldehyde lyase 

gene, a recombinant lignostilbene dioxygenase gene, and/or 
a recombinant aromatic acid decarboxylase gene. 

[0051] The recombinant alcohol dehydrogenase genes of 
the invention are preferably capable of catalyzing the con- 

version of dehydrodiconiferyl alcohol (DC-A) to dehydrodi- 
coniferyl aldehyde (DC-L). See, e.g., FIG. 4. The recombi- 
nant alcohol dehydrogenase genes of the invention may also 

be capable of catalyzing the conversion of phenolic analogs 
(such as 4-hydroxypheny] or syringyl analogs) of dehyd- 

rodiconiferyl alcohol (DC-A) (a guaiacyl aromatic) to phe- 
nolic analogs (such as 4-hydroxypheny] or syringy] analogs) 

of dehydrodiconiferyl aldehyde (DC-L) (a guaiacyl aro- 

matic). Exemplary recombinant alcohol dehydrogenase 
genes include those encoding FdhA of Novosphingobium 

aromaticivorans (Saro_0874) (SEQ ID NO:2 (exemplary 
coding sequence is SEQ ID NO:1)) or a homolog thereof, 

Saro_0995 of Novosphingobium aromaticivorans (SEQ ID 
NO:4 (exemplary coding sequence is SEQ ID NO:3)) or a 

homolog thereof, and Saro_3899 of Novosphingobium aro- 

maticivorans (SEQ ID NO:6 (exemplary coding sequence is 
SEQ ID NO:5)) or a homolog thereof. The homolog of FdhA 

can comprise a protein comprising a sequence at least 80%,
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at least 85%, at least 90%, at least 95%, or at least 99% 
identical to SEQ ID NO:2, an ortholog of FdhA, or a 

recombinant variant of the ortholog of FdhA. The homolog 
of Saro_0995 can comprise a protein comprising a sequence 

at least 80%, at least 85%, at least 90%, at least 95%, or at 
least 99% identical to SEQ ID NO:4, an ortholog of Saro_ 

0995, or a recombinant variant of the ortholog of Saro_0995. 

The homolog of Saro_3899 can comprise a sequence at least 
80%, at least 85%, at least 90%, at least 95%, or at least 99% 

identical to SEQ ID NO:6, an ortholog of Saro_3899, or a 
recombinant variant of the ortholog of Saro_3899. 

[0052] The recombinant aldehyde dehydrogenase genes of 
the invention are preferably capable of catalyzing the con- 

version of dehydrodiconiferyl aldehyde (DC-L) (a guaiacyl 
aromatic) or a 4-hydroxypheny] or syringyl analog thereof to 

dehydrodiconiferyl carboxylic acid (DC-C) (a guaiacyl aro- 
matic) or a 4-hydroxypheny] or syringyl analog thereof. See, 

e.g., FIG. 4. The recombinant aldehyde dehydrogenase 
genes of the invention may also be capable of catalyzing the 

conversion of phenolic analogs (such as 4-hydroxyphenyl or 
syringyl analogs) of dehydrodiconiferyl aldehyde (DC-L) (a 
guaiacyl aromatic) to phenolic analogs (such as 4-hydroxy- 

phenyl or syringyl analogs) of dehydrodiconiferyl carbox- 
ylic acid (DC-C) (a guaiacyl aromatic). Exemplary recom- 

binant aldehyde dehydrogenase genes include those 
encoding FerD of Novosphingobium aromaticivorans 

(Saro_0797) (SEQ ID NO:8 (exemplary coding sequence is 

SEQ ID NO:7)) or a homolog thereof, Saro_1104 of 
Novosphingobium aromaticivorans (SEQ ID NO:10 (exem- 
plary coding sequence is SEQ ID NO:9)) or a homolog 
thereof, Saro_1197 of Novosphingobium aromaticivorans 

(SEQ ID NO:12 (exemplary coding sequence is SEQ ID 
NO:11)) or a homolog thereof, and Saro_2869 of 

Novosphingobium aromaticivorans (SEQ ID NO:14 (exem- 

plary coding sequence is SEQ ID NO:13)) or a homolog 
thereof. The homolog of FerD can comprise a protein 

comprising a sequence at least 80%, at least 85%, at least 
90%, at least 95%, or at least 99% identical to SEQ ID NO:8, 
an ortholog of FerD, or a recombinant variant of the ortholog 
of FerD. The homolog of Saro_1104 can comprise a protein 

comprising a sequence at least 80%, at least 85%, at least 

90%, at least 95%, or at least 99% identical to SEQ ID 
NO:10, an ortholog of Saro_1104, or a recombinant variant 

of the ortholog of Saro_1104. The homolog of Saro_1197 
can comprise a protein comprising a sequence at least 80%, 

at least 85%, at least 90%, at least 95%, or at least 99% 

identical to SEQ ID NO:12, an ortholog of Saro_1197, or a 
recombinant variant of the ortholog of Saro_1197. The 

homolog of Saro_2869 can comprise a protein comprising a 
sequence at least 80%, at least 85%, at least 90%, at least 

95%, or at least 99% identical to SEQ ID NO:14, an ortholog 
of Saro_2869, or a recombinant variant of the ortholog of 

Saro_2869. The FerD of Novosphingobium aromaticivorans 

(Saro_0797) can also convert 5-formyl ferulate (5-FF) to 
5-carboxyferulate (5-CF) and vanillin to vanillic acid. 

[0053] The recombinant y-formaldehyde lyase genes of 

the invention are preferably capable of catalyzing the con- 
version of dehydrodiconiferyl carboxylic acid (DC-C) to 

dehydrodiconiferyl stilbene carboxylic acid (DC-S-C). See, 
e.g., FIG. 4. The recombinant y-formaldehyde lyase genes of 

the invention may also be capable of catalyzing the conver- 

sion of phenolic analogs (such as 4-hydroxyphenyl or 
syringyl analogs) of dehydrodiconiferyl carboxylic acid 

(DC-C) (a guaiacyl aromatic) to phenolic analogs (such as 
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4-hydroxypheny] or syringyl analogs) of dehydrodiconiferyl 
stilbene carboxylic acid (DC-S-C) (a guaiacyl aromatic). 

Exemplary recombinant aldehyde dehydrogenase genes 
include those encoding PcfL of Novosphingobium aromati- 

civorans (Saro_0796) (SEQ ID NO:16 (exemplary coding 
sequence is SEQ ID NO:15)) or a homolog thereof. The 

homolog of PcfL can comprise a protein comprising a 

sequence at least 80%, at least 85%, at least 90%, at least 
95%, or at least 99% identical to SEQ ID NO:16, an ortholog 

of PefL, a recombinant variant of the ortholog of PcfL. 

[0054] The recombinant lignostilbene dioxygenase genes 
of the invention are preferably capable of catalyzing the 
conversion of dehydrodiconiferyl stilbene carboxylic acid 
(DC-S-C) to 5-formy] ferulate (5-FF) and/or vanillin. See, 

e.g., FIG. 4. The recombinant lignostilbene dioxygenase 

genes of the invention may also be capable of catalyzing the 
conversion of phenolic analogs (such as a 4-hydroxyphenyl 

analog) of dehydrodiconiferyl stilbene carboxylic acid (DC- 
S-C) to phenolic analogs (such as a 4-hydroxypheny] ana- 

log) of dehydrodiconiferyl stilbene carboxylic acid (DC-S- 
C) (a guaiacyl aromatic). Exemplary recombinant 

lignostilbene dioxygenase genes include those encoding 

LsdD of Novosphingobium aromaticivorans (Saro_0802) 
(SEQ ID NO:18 (exemplary coding sequence is SEQ ID 

NO:17)) or a homolog thereof. The homolog of LsdD can 
comprise a protein comprising a sequence at least 80%, at 

least 85%, at least 90%, at least 95%, or at least 99% 
identical to SEQ ID NO:18, an ortholog of LsdD, a recom- 

binant variant of the ortholog of LsdD. 

[0055] The recombinant aromatic acid decarboxylase 
genes of the invention are preferably capable of catalyzing 

the conversion of 5-carboxyferulate (5-CF) to ferulic acid. 

See, e.g., FIG. 4. The recombinant aromatic acid decarboxy- 
lase genes of the invention may also be capable of catalyzing 

the conversion of phenolic analogs (such as a 4-hydroxy- 
phenyl analog) of 5-carboxyferulate (5-CF) to phenolic 

analogs (such as a 4-hydroxypheny] analog) of ferulic acid. 
Exemplary recombinant aromatic acid decarboxylase genes 
include those encoding LigW of Novosphingobium aromati- 

civorans (Saro_0799) (SEQ ID NO:20 (exemplary coding 
sequence is SEQ ID NO:19)) or a homolog thereof. The 

homolog of LigW can comprise a protein comprising a 
sequence at least 80%, at least 85%, at least 90%, at least 

95%, or at least 99% identical to SEQ ID NO:20, an ortholog 

of LigW, a recombinant variant of the ortholog of LigW. 

[0056] The recombinant genes of the invention can be 

configured to be expressed or overexpressed in the micro- 
organism. If a microorganism endogenously comprises a 
particular gene, the gene may be modified to exchange or 

optimize promoters, exchange or optimize enhancers, or 
exchange or optimize any other genetic element to result in 

increased expression of the gene. Alternatively, one or more 
additional copies of the gene or coding sequence thereof 

may be introduced to the cell for enhanced expression of the 

gene product. If a microorganism does not endogenously 
comprise a particular gene, the gene or coding sequence 

thereof may be introduced to the microorganism for heter- 
ologous expression of the gene product. The gene or coding 

sequence may be incorporated into the genome of the 
microorganism or may be contained on an extra-chromo- 

somal plasmid. The gene or coding sequence may be intro- 

duced to the microorganism individually or may be included 
on an operon. Techniques for genetic manipulation are 

described in further detail below.
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[0057] The recombinant microorganisms of the invention 
may be genetically altered to express or overexpress any of 

the specific genes or gene products explicitly described 
herein or homologs thereof. Proteins and/or protein 

sequences are “homologous” when they are derived, natu- 
rally or artificially, from a common ancestral protein or 

protein sequence. Similarly, nucleic acids and/or nucleic 

acid sequences are homologous when they are derived, 
naturally or artificially, from a common ancestral nucleic 

acid or nucleic acid sequence. Nucleic acid or gene product 
(amino acid) sequences of any known gene, including the 

genes or gene products described herein, can be determined 
by searching any sequence databases known in the art using 

the gene name or accession number as a search term. 

Common sequence databases include GenBank (www.ncbi. 
nlm.nih.gov), ExPASy (expasy.org), KEGG (www.genome. 

jp), among others. Homology is generally inferred from 
sequence similarity between two or more nucleic acids or 

proteins (or sequences thereof). The precise percentage of 

similarity between sequences that is useful in establishing 
homology varies with the nucleic acid and protein at issue, 
but as little as 25% sequence similarity (e.g., identity) over 
50, 100, 150 or more residues (nucleotides or amino acids) 

is routinely used to establish homology (e.g., over the full 
length of the two sequences to be compared). Higher levels 

of sequence similarity (e.g., identity), e.g., 30%, 35% 40%, 

45% 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 
95%, or 99% or more, can also be used to establish homol- 

ogy. Accordingly, homologs of the genes or gene products 
described herein include genes or gene products having at 

least about 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 
70%, 75%, 80%, 85%, 90%, 95%, or 99% identity to the 
genes or gene products described herein. Methods for deter- 

mining sequence similarity percentages (e.g., BLASTP and 
BLASTN using default parameters) are described herein and 

are generally available. The homologous proteins should 
demonstrate comparable activities and, if an enzyme, par- 

ticipate in the same or analogous pathways. Homologs 
include orthologs and paralogs. “Orthologs” are genes and 

products thereof in different species that evolved from a 

common ancestral gene by speciation. Normally, orthologs 
retain the same or similar function in the course of evolution. 

Paralogs are genes and products thereof related by duplica- 
tion within a genome. As used herein, “orthologs” and 

“paralogs” are included in the term “homologs.” 

[0058] For sequence comparison and homology determi- 

nation, one sequence typically acts as a reference sequence 
to which test sequences are compared. When using a 

sequence comparison algorithm, test and _ reference 
sequences are input into a computer, subsequence coordi- 

nates are designated, if necessary, and sequence algorithm 
program parameters are designated. The sequence compari- 

son algorithm then calculates the percent sequence identity 

for the test sequence(s) relative to the reference sequence 
based on the designated program parameters. A typical 
reference sequence of the invention is a nucleic acid or 
amino acid sequence corresponding to the genes or gene 

products described herein. 

[0059] Optimal alignment of sequences for comparison 
can be conducted, e.g., by the local homology algorithm of 

Smith & Waterman, Adv. Appl. Math. 2:482 (1981), by the 

homology alignment algorithm of Needleman & Wunsch, J. 
Mol. Biol. 48:443 (1970), by the search for similarity 

method of Pearson & Lipman, Proc. Nat’l. Acad. Sci. USA 
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85:2444 (1988), by computerized implementations of these 
algorithms (GAP, BESTFIT, FASTA, and TFASTA in the 

Wisconsin Genetics Software Package, Genetics Computer 
Group, 575 Science Dr., Madison, Wis.), or by visual 

inspection (see Current Protocols in Molecular Biology, F. 
M. Ausubel et al., eds., Current Protocols, a joint venture 

between Greene Publishing Associates, Inc. and John Wiley 

& Sons, Inc., (supplemented through 2008)). 

[0060] One example of an algorithm that is suitable for 
determining percent sequence identity and sequence simi- 

larity for purposes of defining homologs is the BLAST 
algorithm, which is described in Altschul et al., J. Mol. Biol. 
215:403-410 (1990). Software for performing BLAST 
analyses is publicly available through the National Center 

for Biotechnology Information. This algorithm involves first 

identifying high scoring sequence pairs (HSPs) by identify- 
ing short words of length W in the query sequence, which 

either match or satisfy some positive-valued threshold score 
T when aligned with a word of the same length in a database 

sequence. T is referred to as the neighborhood word score 
threshold (Altschul et al., supra). These initial neighborhood 

word hits act as seeds for initiating searches to find longer 

HSPs containing them. The word hits are then extended in 
both directions along each sequence for as far as the cumu- 

lative alignment score can be increased. Cumulative scores 
are calculated using, for nucleotide sequences, the param- 

eters M (reward score for a pair of matching residues; 
always >0) and N (penalty score for mismatching residues; 

always <0). For amino acid sequences, a scoring matrix is 
used to calculate the cumulative score. Extension of the 
word hits in each direction are halted when: the cumulative 

alignment score falls off by the quantity X from its maxi- 
mum achieved value; the cumulative score goes to zero or 

below, due to the accumulation of one or more negative- 
scoring residue alignments; or the end of either sequence is 

reached. The BLAST algorithm parameters W, T, and X 

determine the sensitivity and speed of the alignment. The 
BLASTN program (for nucleotide sequences) uses as 
defaults a wordlength (W) of 11, an expectation (E) of 10, 
a cutoff of 100, M=5, N=-4, and a comparison of both 

strands. For amino acid sequences, the BLASTP program 
uses as defaults a wordlength (W) of 3, an expectation (E) 

of 10, and the BLOSUM62 scoring matrix (see Henikoff & 

Henikoff (1989) Proc. Natl. Acad. Sci. USA 89:10915). 

[0061] In addition to calculating percent sequence identity, 
the BLAST algorithm also performs a statistical analysis of 

the similarity between two sequences (see, e.g., Karlin & 
Altschul, Proc. Natl. Acad. Sci. USA 90:5873-5787 (1993)). 

One measure of similarity provided by the BLAST algo- 
rithm is the smallest sum probability (P(N)), which provides 

an indication of the probability by which a match between 

two nucleotide or amino acid sequences would occur by 
chance. For example, a nucleic acid is considered similar to 

a reference sequence if the smallest sum probability in a 
comparison of the test nucleic acid to the reference nucleic 

acid is less than about 0.1, more preferably less than about 
0.01, and most preferably less than about 0.001. The above- 

described techniques are useful in identifying homologous 

sequences for use in the methods described herein. 

[0062] The terms “identical” or “percent identity”, in the 

context of two or more nucleic acid or polypeptide 

sequences, refer to two or more sequences or subsequences 
that are the same or have a specified percentage of amino 

acid residues or nucleotides that are the same, when com-
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pared and aligned for maximum correspondence, as mea- 
sured using one of the sequence comparison algorithms 

described above (or other algorithms available to persons of 
skill) or by visual inspection. 

[0063] The phrase “substantially identical” in the context 

of two nucleic acids or polypeptides refers to two or more 
sequences or subsequences that have at least about 60%, 

about 65%, about 70%, about 75%, about 80%, about 85%, 
about 90, about 95%, about 98%, or about 99% or more 

nucleotide or amino acid residue identity, when compared 
and aligned for maximum correspondence, as measured 

using a sequence comparison algorithm or by visual inspec- 
tion. Such “substantially identical” sequences are typically 
considered to be “homologous,” without reference to actual 

ancestry. Preferably, the “substantial identity” exists over a 
region of the sequences that is at least about 50 residues in 

length, more preferably over a region of at least about 100 

residues, and most preferably, the sequences are substan- 
tially identical over at least about 150 residues, at least about 

250 residues, or over the full length of the two sequences to 
be compared. 

[0064] Derived: When used with reference to a nucleic 

acid or protein, “derived” means that the nucleic acid or 
polypeptide is isolated from a described source or is at least 

70%, 80%, 90%, 95%, 99%, or more identical to a nucleic 
acid or polypeptide included in the described source. 

[0065] Endogenous: As used herein with reference to a 

nucleic acid molecule, genetic element (e.g., gene, promoter, 
etc.), or polypeptide in a particular cell, “endogenous” refers 
to a nucleic acid molecule, genetic element, or polypeptide 
that is in the cell and was not introduced into the cell or 

transferred within the genome of the cell using recombinant 
engineering techniques. For example, an endogenous 

genetic element is a genetic element that was present in a 

cell in its particular locus in the genome when the cell was 
originally isolated from nature. 

[0066] Exogenous: As used herein with reference to a 
nucleic acid molecule, genetic element (e.g., gene, promoter, 
etc.), or polypeptide in a particular cell, “exogenous” refers 

to any nucleic acid molecule, genetic element, or polypep- 
tide that was introduced into the cell or transferred within the 

genome of the cell using recombinant engineering tech- 
niques. For example, an exogenous genetic element is a 

genetic element that was not present in its particular locus in 

the genome when the cell was originally isolated from 
nature. 

[0067] Expression: The process by which a gene’s coded 
information is converted into the structures and functions of 

a cell, such as a protein, transfer RNA, or ribosomal RNA. 

Expressed genes include those that are transcribed into 
mRNA and then translated into protein and those that are 

transcribed into RNA but not translated into protein (for 
example, transfer and ribosomal RNAs). 

[0068] Introduce: When used with reference to genetic 

material, such as a nucleic acid, and a cell, “introduce” refers 
to the delivery of the genetic material to the cell in a manner 

such that the genetic material is capable of being expressed 
within the cell. Introduction of genetic material includes 

both transformation and transfection. Transformation 
encompasses techniques by which a nucleic acid molecule 

can be introduced into cells such as prokaryotic cells or 

non-animal eukaryotic cells. Transfection encompasses 
techniques by which a nucleic acid molecule can be intro- 

duced into cells such as animal cells. These techniques 
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include but are not limited to introduction of a nucleic acid 
via conjugation, electroporation, lipofection, infection, and 

particle gun acceleration. 

[0069] Isolated: An “isolated” biological component (such 

as a nucleic acid molecule, polypeptide, or cell) has been 

substantially separated or purified away from other biologi- 
cal components in which the component naturally occurs, 

such as other chromosomal and extrachromosomal DNA and 
RNA and proteins. Nucleic acid molecules and polypeptides 

that have been “isolated” include nucleic acid molecules and 
polypeptides purified by standard purification methods. The 

term also includes nucleic acid molecules and polypeptides 
prepared by recombinant expression in a cell as well as 
chemically synthesized nucleic acid molecules and polypep- 

tides. In one example, “isolated” refers to a naturally occur- 
ring nucleic acid molecule that is not immediately contigu- 

ous with both of the sequences with which it is immediately 
contiguous (one on the 5' end and one on the 3' end) in the 

naturally-occurring genome of the organism from which it is 

derived. 

[0070] Gene: Genes minmally include a promoter opera- 
tionally linked to a coding sequence, and can include other 
elements that facilitate or regulate the transcription and/or 

translation of the coding sequence. 

[0071] Heterologous: The term “heterologous” refers to an 
element in an arrangement with another element that does 

not occur in nature. For example, a gene or protein that is 
heterologous to a given cell is a gene or protein that does not 

occur in the cell in nature. A promoter that is heterologous 
to a given coding sequence is a promoter that is not operably 
linked to the coding sequence in nature. 

[0072] Nucleic acid: Encompasses both RNA and DNA 
molecules including, without limitation, cDNA, genomic 

DNA, and mRNA. Nucleic acids also include synthetic 

nucleic acid molecules, such as those that are chemically 
synthesized or recombinantly produced. The nucleic acid 

can be double-stranded or single-stranded. Where single- 
stranded, the nucleic acid molecule can be the sense strand, 
the antisense strand, or both. In addition, the nucleic acid can 
be circular or linear. 

[0073] Operably linked: A first element is operably linked 

with a second element when the first element is placed in a 
functional relationship with the second element. For 

instance, a promoter is operably linked to a coding sequence 

if the promoter affects the transcription or expression of the 
coding sequence. A secretion signal sequence is operably 

linked to a protein (such as an enzyme) when the secretion 
signal sequence affects secretion of the protein from a cell. 

[0074] Overexpress: When a gene is caused to be tran- 

scribed at an elevated rate compared to the endogenous or 
basal transcription rate for that gene. In some examples, 

overexpression additionally includes an elevated rate of 
translation of the gene compared to the endogenous trans- 

lation rate for that gene. Methods of testing for overexpres- 
sion are well known in the art, for example transcribed RNA 
levels can be assessed using RT-PCR and protein levels can 

be assessed using SDS-PAGE gel analysis. 

[0075] Recombinant: A recombinant nucleic acid or poly- 

peptide is one comprising a sequence that is not naturally 
occurring. A recombinant gene is a gene that comprises a 

recombinant nucleic acid sequence, is present within a cell 

in which it does not naturally occur, and/or is present in a 
different locus (e.g., genetic locus or on an extrachromo- 

somal plasmid) within a particular cell than in a correspond-
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ing native cell. A recombinant cell (such as a recombinant 
microorganism) is one that comprises a recombinant nucleic 

acid, a recombinant gene, or a recombinant polypeptide. An 
example of a recombinant gene is a gene that has a coding 

sequence operably linked to a heterologous promoter. 

[0076] Recombinant variant: Used with reference to an 
ortholog, “recombinant variant” refers to a variant of the 

ortholog that comprises one or more modifications to amino 
acid sequence of the ortholog. Exemplary modifications 

include substitutions, deletions, and insertions. The recom- 
binant variant preferably comprises an amino acid sequence 

at least 95% identical to the amino acid sequence of the 
ortholog. 

[0077] Another aspect of the invention is directed to 

methods of catabolizing a lignin aromatic. The methods can 
comprise culturing the recombinant microorganism of the 

invention in a medium comprising the lignin aromatic to 

thereby catabolize the lignin aromatic. 

[0078] “Lignin aromatic” as used herein refers to an 

aromatic present in or derived from lignin. The lignin 
aromatics can be a monomer, a dimer, an oligomer, or a 

polymer. The lignin aromatics can comprise syringyl aro- 

matics, guaiacyl aromatics, p-hydroxyphenyl aromatics, or 
any combinations thereof. Syringyl, guaiacyl, and p-hy- 

droxyphenyl aromatics differ in their degree of methoxila- 
tion of the aromatic ring. Syringyl aromatics comprise 

methoxy groups at the 3 and 5 positions of the aromatic ring. 
Guaiacyl aromatics comprise a methoxy group on only one 

of the 3 and 5 positions on the aromatic ring. p-Hydroxy- 
phenyl] aromatics are devoid of methoxy groups on either of 
the 3 and 5 positions of the aromatic ring. 

[0079] In some versions, the lignin aromatic comprises a 
B-5 linked lignin aromatic. 6-5 linked lignin aromatics 

include lignin aromatics that comprise at least one B-5 

linkage. 

[0080] In some versions, the lignin aromatic comprises 

one or more of dehydrodiconiferyl alcohol (DC-A), dehyd- 
rodiconiferyl aldehyde (DC-L), dehydrodiconiferyl carbox- 
ylic acid (DC-C), dehydrodiconifery] stilbene carboxylic 

acid (DC-S-C), 5-formyl ferulate (5-FF), 5-carboxyferulate 
(5-CF) or a 4-hydroxypheny] or syringyl analog thereof. The 

4-hydroxypheny] or syringyl analogs of these compounds 
lack methoxy groups at both of the 3 and 5 positions of the 

aromatic ring or comprise methoxy groups at both of the 3 

and 5 positions of the aromatic ring, respectively. 

[0081] In some versions, the lignin aromatic can be 

derived from (and optionally isolated from) and/or provided 
in the form of depolymerized lignin, such as chemically 

depolymerized lignin. Methods of depolymerizing lignin are 

well known in the art. See Pandey et al. 2010 (Pandey M P, 
Kim C S. Lignin Depolymerization and Conversion: A 

Review of Thermochemical Methods. Chemical & Engi- 
neering Technology, 2010, Vol. 34, Issue 1, pp. 3-145) and 

Wang et al. 2013 (Wang H, Tucker M, Ji Y. Recent Devel- 
opment in Chemical Depolymerization of Lignin: A Review. 
Journal of Applied Chemistry, 2013, Volume 2013, Article 

ID 838645). 
[0082] The depolymerized lignin can be derived from 

pretreated lignocellulosic biomass. Methods of pretreating 
lignocellulosic biomass are well known in the art. See 

Kumar et al. 2017 (Kumar A K and Sharma S. Recent 

Updates on Different Methods of Pretreatment of Lignocel- 
lulosic Feedstocks: A Review. Bioresour. Bioprocess. (2017) 

4:7); Kumar et al. 2009 (Kumar, P.; Barrett, D. M.; Del- 
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wiche, M. J.; Stroeve, P., Methods for Pretreatment of 
lignocellulosic Biomass for Efficient Hydrolysis and Biofuel 

Production. Industrial & Engineering Chemistry Research 
2009, 48, (8), 3713-3729); Wang et al. 2013 (Wang H, 

Tucker M, Ji Y. Recent Development in Chemical Depo- 
lymerization of Lignin: A Review. (2013) Journal of Applied 

Chemistry. 2013:1-9), and Karlen et al. 2020 (Karlen S D, 

Fasahati P, Mazaheri M, Serate J, Smith R A, Sirobhush- 
anam S, Chen M, Tymkhin V I, Cass C L, Liu S, Padmak- 

shan D, Xie D, Zhang Y, McGee M A, Russell J D, Coon J 
J, Kaeppler H F, de Leon N, Maravelias C T, Runge T M, 

Kaeppler S M, Sedbrook J C, Ralph J. Assessing the 
viability of recovering hydroxycinnamic acids from ligno- 

cellulosic biorefinery alkaline pretreatment waste streams. 

ChemSusChem. 2020 Jan. 26). Examples include chipping, 
grinding, milling, steam pretreatment, ammonia fiber expan- 

sion (AFEX, also referred to as ammonia fiber explosion), 
ammonia recycle percolation (ARP), CO, explosion, steam 

explosion, ozonolysis, wet oxidation, acid hydrolysis, 

dilute-acid hydrolysis, alkaline hydrolysis, organosolv, ionic 
liquids, gamma-valerolactone, enzymatic pretreatment, bio- 
logical pretreatment, and pulsed electrical field treatment, 
among others. 

[0083] The lignocellulosic biomass can be derived from 
any source, such as corn cobs, corn stover, cotton seed hairs, 

grasses, hardwood stems, leaves, newspaper, nut shells, 

paper, softwood stems, sorghum, switchgrass, waste papers 
from chemical pulps, wheat straw, wood, woody residues, 

mixed biomass species such as those produced by native 
prairie, and other sources. Sources that maintain 6-5 bonds 

in lignin are preferred. 

[0084] It is noted that the aromatic analogs of the com- 
pounds described herein will have modifications to aromatic 

groups only at positions on the aromatic groups where they 
are chemically possible. For example, only one of the two 

aromatic groups in DC-A, DC-L, DC-C, and DC-S-C permit 
the presence of syringyl analogs due to the B-5 bonds or 

other bonding at the relevant position on the aromatic ring. 
Similarly, 5-FF and 5-CF do not permit the presence of 
syringyl analogs due to the presence of the aldehyde and 

carboxy groups, respectively, at the relevant position on the 
aromatic ring. Mixed type B-5 aromatics (e.g., those con- 

taining one syringyl type aromatic and one 4-hydroxyphenyl 
type aromatic) are contemplated as examples of aromatic 

analogs of the compounds herein. 

[0085] Unless explained otherwise, all technical and sci- 
entific terms used herein have the same meaning as com- 
monly understood to one of ordinary skill in the art to which 
this disclosure belongs. Although methods and materials 

similar or equivalent to those described herein can be used 

in the practice or testing of the present disclosure, suitable 
methods and materials are described below. 

[0086] The elements and method steps described herein 

can be used in any combination whether explicitly described 
or not. 

[0087] All combinations of method steps as used herein 
can be performed in any order, unless otherwise specified or 

clearly implied to the contrary by the context in which the 

referenced combination is made. 

[0088] As used herein, the singular forms “a,” “an,” and 

“the” include plural referents unless the content clearly 
dictates otherwise. 

[0089] Numerical ranges as used herein are intended to 

include every number and subset of numbers contained
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within that range, whether specifically disclosed or not. 
Further, these numerical ranges should be construed as 

providing support for a claim directed to any number or 
subset of numbers in that range. For example, a disclosure 

of from 1 to 10 should be construed as supporting a range of 
from 2 to 8, from 3 to 7, from 5 to 6, from 1 to 9, from 3.6 

to 4.6, from 3.5 to 9.9, and so forth. 

[0090] All patents, patent publications, and peer-reviewed 
publications (i.e., “references”) cited herein are expressly 

incorporated by reference to the same extent as if each 
individual reference were specifically and individually indi- 

cated as being incorporated by reference. In case of conflict 
between the present disclosure and the incorporated refer- 
ences, the present disclosure controls. 

[0091] Itis understood that the invention is not confined to 

the particular construction and arrangement of parts herein 
illustrated and described, but embraces such modified forms 

thereof as come within the scope of the claims. 

Examples 

Catabolism of 6-5 Linked Aromatics by Novosphingobium 

aromaticivorans 

Summary 

[0092] Aromatic compounds are an important source of 
commodity chemicals traditionally produced from fossil 

fuels. Aromatics derived from plant lignin can potentially be 
converted into commodity chemicals through depolymer- 
ization followed by microbial funneling of monomers and 

low molecular weight oligomers. This study investigates the 
catabolism of the 6-5 linked aromatic dimer dehydrodico- 

niferyl alcohol (DC-A) by the bactertum Novosphingobium 
aromaticivorans. We used genome-wide screens to identify 

candidate genes involved in DC-A catabolism. Subsequent 
in vivo and in vitro analyses of these candidate genes 

elucidated a catabolic pathway composed of four required 

gene products and several partially redundant dehydroge- 
nases that convert DC-A to aromatic monomers that can be 

funneled into the central aromatic metabolic pathway of N. 
aromaticivorans. Specifically, a newly identified y-formal- 

dehyde lyase, PcfL, opens the phenylcoumaran ring to form 
a stilbene and formaldehyde. A lignostilbene dioxygenase, 

LsdD, then cleaves the stilbene to generate the aromatic 

monomers vanillin and 5-formylferulate (5-FF). We also 
show that the aldehyde dehydrogenase FerD oxidizes 5-FF 

before it is decarboxylated by LigW, yielding ferulic acid. 
We found that some enzymes involved in the 6-5 catabolism 

pathway can act on multiple substrates and that some steps 
in the pathway can be mediated by multiple enzymes, 

providing new insights into the robust flexibility of aromatic 

catabolism in N. aromaticivorans. A comparative genomic 
analysis predicted that the newly discovered 6-5 aromatic 

catabolic pathway is common within the order Sphin- 
gomonadales. 

[0093] In the transition to a circular bioeconomy, the plant 

polymer lignin holds promise as a renewable source of 
industrially important aromatic chemicals. However, since 

lignin contains aromatic subunits joined by various chemical 
linkages, producing single chemical products from this 

polymer can be challenging. One strategy to overcome this 

challenge is using microbes to funnel a mixture of lignin- 
derived aromatics into target chemical products. This 

approach requires strategies to cleave the major inter-unit 
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linkages of lignin to release monomers for funneling into 
valuable products. In this study, we report newly discovered 

aspects of a pathway by which the Novosphingobium aro- 
maticivorans DSM12444 catabolizes aromatics joined by 

the second most common inter-unit linkage in lignin, the B-5 
linkage. This work advances our knowledge of aromatic 

catabolic pathways, laying the groundwork for future meta- 

bolic engineering of this and other microbes for optimized 
conversion of lignin into products. 

Introduction 

[0094] Novosphingobium aromaticivorans DSM12444 is 
an Alphaproteobacterium with properties that make it a 

potential microbial chassis for lignin valorization. N. aro- 
maticivorans can metabolize a variety of natural and chemi- 

cally modified aromatic monomers and oligomers and it can 
co-metabolize aromatic compounds with other carbon 

sources (13, 14). Additionally, native metabolic pathways 

enable engineered strains of this bacterium to funnel the 
products of depolymerized lignin into commodity chemicals 
such as 2-pyrone-4,6-dicarboxylic acid (PDC) (10, 15), 
cis-cis-muconic acid (16), and carotenoids (17). This study 

uses a previously engineered strain of N. aromaticivorans 

(12444PDC), in which ligI, desC, and desD have been 
deleted so that it converts S-, G- and H-aromatics into PDC 

(10), which is a potential platform chemical for industrial 
valorization (18, 19). 

[0095] While metabolic pathways by which N. aromati- 
civorans funnels aromatic monomers into central aromatic 
metabolism have been characterized (10, 20, 21), less is 

known about how it catabolizes aromatics joined by the 
various interunit bonds present in lignin. To date, only the 

pathways for catabolism of the most abundant interunit 
bond, the 3-O-4 linkage (22, 23), as well as the R-1 linkage 

(24) have been elucidated in N. aromaticivorans. Catabolic 
pathways for aromatic oligomers containing other abundant 

interunit linkages have been reported in some organisms, but 

knowledge gaps remain in the pathways used by this bac- 
terium. 

[0096] This work sought to investigate the ability of N. 
aromaticivorans to catabolize B-5 (phenylcoumaran) linked 

aromatics. B-5 linked aromatics represent the second most 

abundant interunit linkage in lignin, accounting for up to 
12% of the total interunit bonds depending on the biomass 

source (25, 26). The only pathway for the catabolism of 6-5 
linked aromatics has been proposed in Sphingomonas pauci- 
mobilis TMY10009 (27) and characterized in Sphingobium 
sp. SYK-6 (28-32), while one enzyme with activity on B-5 

linked aromatics has been identified in Agrobacterium sp. 

(33). However, there are reports of significant differences in 
either the ability to catabolize aromatic compounds or the 

enzymes involved in the catabolic pathways of members of 
the order Sphingomonadales (11, 12, 20). Thus, it is impor- 

tant to identify similarities and differences in aromatic 
catabolism among different bacteria when developing strat- 
egies to valorize lignin. 

[0097] The goal of this study was to determine if and how 
N. aromaticivorans catabolizes aromatics joined by a B-5 

linkage. To do this, we synthesized dehydrodiconiferyl alco- 
hol (DC-A), a dimer composed of two G-aromatic mono- 

mers connected by a B-5 interunit linkage (FIG. 1 (B)). We 

found that NV. aromaticivorans can grow on DC-A and funnel 
it through its central aromatic metabolism. We combined 

data from two genome-wide screens to identify candidate
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genes involved in DC-A catabolism, followed by in vivo 
analysis of defined mutants and in vitro enzyme activity 

assays to test the roles of candidate genes and proteins in 
catabolism of this 6-5 linked aromatic dimer. This approach 

defined a pathway for N. aromaticivorans DC-A catabolism 
that contains enzymes not previously known to be involved 

in aromatic dimer catabolism. Furthermore, comparative 

genomic analysis allows us to predict that gene products 
involved in this catabolic pathway are widespread among 

the order Sphingomonadales. 

Results 

N. aromaticivorans Catabolizes DC-A 

[0098] To test whether N. aromaticivorans can catabolize 

the 6-5 linked dimer DC-A, we used a sacB- strain (23) as 
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assuming that one mole of DC-A would generate two moles 

of PDC (FIG. 2 (C)). We used HPLC-MS to identify 

unknown aromatics (Table 1), including 5-carboxyferulate 

(5-CF), which represents 5% of the aromatics present in the 

medium at the end of the incubation period (FIG. 2 (C)). 

Finally, we observed the transient extracellular accumula- 

tion of trace amounts of a compound that was subsequently 

identified as dehydrodiconiferyl aldehyde (DC-L) (FIG. 11) 

and the accumulation of a compound identified as dehyd- 

rodiconiferyl carboxylic acid (DC-C), suggesting the side 

chain of DC-A is oxidized from an alcohol to an aldehyde 

and then to a carboxylic acid. These results led us to 

conclude that N. aromaticivorans possesses the ability to 

funnel both G-family monomers of the B-5 linked DC-A 

dimer through its central aromatic metabolic pathway. 

TABLE 1 
  

HPLC-MS multiple reaction monitoring conditions and elution 

times for the compounds analyzed in this study.   

  

Parent Elution 

MW Jon (—) Transition Transition Transition Time 

Compound (g/mol) m/z 1 m/z 2 m/z 3 m/z (min)! 

PDC 184.10 183.30 111.00 139.05 95.00 1.11 
Vanillic Acid 168.14 167.25 152.05 108.05 123.05 2.13 
Vanillin 152.15 151.15 136.00 92.00 108.00 2.41 
Ferulic Acid 194.18 193.25 134.15 178.00 149.10 2.99 
5-carboxyferulate 238.19 237.10 134.10 178.10 149.15 3.36 
5-formylferulate 222.19 = 221.10 206.10 134.10 162.10 3.87 
DC-A 358.38 357.15 203.10 339.15 221.20 5.25 
DC-C 372.37. 371.15 352.30 341.20 191.05 5.62 
DC-L 356.37 355.15 337.15 219.05 190.05 5.97 
DC-S-C 342.34 341.15 267.15 326.15 282.10 6.72 
DC-T-C 682.68 681.25 339.20 637.25 324.15 6.84 
  

1Elution times can differ when measurements are taken on different days. The elution times listed are those 
that are found in the HPLC chromatograms shown in this study. 

the wild-type (WT) and grew it in standard mineral base 

(SMB) minimal medium with DC-A as the sole carbon 
source. We found that WT N. aromaticivorans grows on 

DC-A under these conditions (FIG. 2 (A)). This led us to 
predict that the N. aromaticivorans genome encodes 

enzymes that cleave the B-5 linkage and metabolize the 

resulting G-family aromatic monomers. 

[0099] We then asked whether N. aromaticivorans funnels 

these monomers through the known central aromatic meta- 
bolic pathway. To answer this question, we took advantage 

of the properties of N. aromaticivorans strain 12444PDC, 
which contains mutations in the central aromatic catabolic 

pathway that allow it to produce PDC when grown in the 

presence of many G-family aromatics (10). However, since 
G-aromatics are funneled into PDC in this strain, glucose or 

another alternative carbon source is required for growth. 
12444PDC grown in the presence of 1 g/L glucose and 0.4 

mM DC-A grows at a similar rate but to a slightly higher 
density than when it uses glucose as a sole carbon source 
(FIG. 2 (B)), suggesting that both the glucose and some of 

the DC-A are used to produce biomass. 

[0100] We used high pressure liquid chromatography- 

mass spectrometry (HPLC-MS) to analyze the culture 
medium of 12444PDC grown in the presence of DC-A and 

glucose for consumption of DC-A and accumulation of PDC 

or other aromatic intermediates (see FIG. 4 for chemical 
structures). We found that DC-A disappears from the culture 

medium and PDC accumulates at 92% of the expected yield, 

Genome-Wide Screens Identify Candidate Genes Involved 

in DC-A Catabolism 

[0101] Based on the above results, we sought to identify 

potential gene products involved in the catabolic pathway 

for 6-5 linked aromatics in N. aromaticivorans. To do this, 
we integrated data from a pair of genome-wide screens. In 

one approach, we used RNA-Seq to compare mid-log phase 
transcript abundances of N. aromaticivorans 12444PDC 

grown on glucose plus either DC-A or the G-family aromatic 

monomer vanillin, which was used as a control because we 
predicted this aromatic monomer to be a product of DC-A 

catabolism that is further metabolized by known pathways 
(20, 21). We focused on the 126 transcripts that exhibited a 

greater than 2-fold, statistically significant increase in abun- 
dance when grown in the presence of DC-A compared to 

cells grown in the presence of vanillin (FIG. 3 (A)). Addi- 

tionally, we performed RNA-Seq experiments using glucose 
alone (FIG. 12 (A)) and glucose plus the G-family monomer 

ferulic acid (FIG. 12 (B)) as controls, which yielded similar 
results. 

[0102] In a second genome-wide screen, we used an 

existing N. aromaticivorans randomly barcoded transposon 
insertion sequencing (RB-TnSeq) library (21) to identify 

insertions that led to fitness defects when cells were grown 

on DC-A as a sole carbon source compared to those grown 
on glucose alone. In this screen, we found 91 genes for 

which transposon insertions led to a greater than 2-fold
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reduced abundance (>50% fitness decrease) after ~6.5 dou- 
blings when using DC-A compared to glucose as sole carbon 

sources (FIG. 3 (A)). 
[0103] Of the 91 transposon insertions that met the 2-fold 

abundance reduction threshold in the RB-TnSeq screen, 22 
were also among the candidates from the DC-A vs. vanillin 

RNA-Seq screen. Subsequent analysis centered on five 

candidate genes annotated as encoding proteins with pre- 
dicted enzymatic activity (Table 2). Four of these five genes 

are found in two adjacent predicted transcription units (FIG. 
3 (B)), leading us to hypothesize that the gene products 

encoded by this region of the genome play a key role in 
DC-A catabolism. 

[0104] Below, we present data from in vivo and in vitro 

experiments used to test this hypothesis. Combined, the data 
from these experiments identify dehydrogenases that can 

oxidize the allylic side chain of DC-A in a stepwise manner 
as well as gene products that open the phenylcoumaran ring 

in the 6-5 interunit linkage of DC-C, cleave the resulting 

dehydrodiconiferyl stilbene carboxylic acid (DC-S-C), and 
funnel the monomeric G-family cleavage product 5-formyl 
ferulate (5-FF) into the N. aromaticivorans central aromatic 
metabolic pathway (FIG. 4). 

TABLE 2 

Dec. 11, 2025 

between PcfL and the y-formaldehyde lyase LdpA that 
contributes to 3-1 linked aromatic catabolism in N. aromati- 

civorans (24, 37), we proposed that PcfL removes formal- 
dehyde from DC-C to form the stilbene DC-S-C. We further 

predicted that the formaldehyde released during this reaction 
is oxidized by the putative glutathione-dependent dehydro- 

genase Saro_0874, which we named FdhA (formaldehyde 

dehydrogenase A), based on homology with an enzyme 
found in Rhodobacter sphaeroides (38, 39). Upon testing 

these hypotheses, we found that PcfL produces formalde- 
hyde from DC-C in vitro (FIG. 13) and that a 

12444PDCAfdhA mutant accumulates more extracellular 
formaldehyde than the parent strain when grown in the 

presence of DC-A and glucose (FIG. 14). In sum, our data 

indicate that PcfL is a newly identified y-formaldehyde lyase 
that deformylates DC-C, yielding DC-S-C and formalde- 

hyde (FIG. 5C). Based on these results, we named this gene 
product PcfL to denote its activity as a phenylcoumaran 

y-formaldehyde lyase. 

LsdD Cleaves DC-S-C into Two Aromatic Monomers 
[0107] Our results suggest that N. aromaticivorans con- 
tains one or more gene products that use the stilbene DC-S-C 
as a substrate. LsdD (Saro_0802) is a candidate for cleavage 

  

DC-A catabolismcandidate genes identified from RNA-Seq and RB-TnSeg data.   

Transcript Abundance Function in DC-A 

  

Name Locus Tag Increase! Reduction? Annotation Catabolism 

pefL Saro__0796 5.39 -5.71 Nuclear transport factor Phenylcoumaran ring 

2 family protein opening 

fdhA Saro__0874 2.17 -3.27 S-(hydroxymethyl) Formaldehyde 

glutathione metabolism; 

dehydrogenase Allylic alcohol oxidation 

IsdD Saro__0802 3.80 -5.34 Carotenoid oxygenase Stilbene cleavage 

family protein 

ferD Saro_0797 4.25 -4.18 NAD*-dependent succinate-semialdehyde Allylic aldehyde 

dehydrogenase 5-FF oxidation; 

oxidation 

ligW  Saro__0799 4.65 -1.90 Amidohydrolase 5-CF decarboxylation 
  

Nogy comparing transcript abundance when N. aromaticivorans PDC12444 is grown on DC-A plus glucose compared and vanillin plus glucose. 

log comparing abundance of N. aromaticivorans DSM12444 transposon mutants grown on DC-A to those grown on glucose. 

PcfL Opens the DC-A Phenylcoumaran Ring 

[0105] We examined the role of PcefL (Saro_0796) in 

DC-A catabolism by comparing metabolism of this B-5 
linked aromatic dimer in the 12444PDC strain with a ApcefL 
in-frame deletion strain (12444PDCApcfL). We found that 

DC-A disappears from the growth medium of this mutant 
(FIG. 5A), but unlike the parent strain (FIG. 2 (C)), it does 

not accumulate PDC. Instead, when grown in the presence 
of DC-A and glucose, 12444PDCApcfL accumulates a com- 

pound which we were able to identify as DC-C using a 
synthetic DC-C standard. In addition, when we quantified 

DC-C in the 12444PDCApcfL medium, we found that one 

mole of DC-C accumulates per mole of DC-A. Since DC-A 
catabolism does not progress past DC-C in cells that lack 

pcefL, we proposed that DC-C is a substrate for this enzyme. 
[0106] To evaluate this hypothesis, we incubated FE. coli 

cell extracts containing a recombinant PcfL enzyme with 
pure DC-C. We found that PcfL-containing cell extract 

converts DC-C to another compound that matches synthetic 

DC-S-C, while a control extract exhibits no detectable 
conversion of DC-C under the same conditions (FIG. 5B). 

Based on these data and the 44% amino acid identity 

of DC-S-C since this gene product shares 80% amino acid 
identity with the Sphingobium sp. SYK-6 enzyme LsdD, 

which has been reported to convert DC-S-C into vanillin and 

5-FF (30). Furthermore, N. aromaticivorans LsdD (named 
NOV1 in other work) has been shown to be an iron- 
dependent dioxygenase that cleaves stilbenes such as res- 
veratrol in vitro (40, 41). 

[0108] As predicted by this hypothesis, we found that 
12444PDCAlsdD grown in the presence of DC-A and glu- 

cose accumulates DC-S-C in the medium (FIG. 6A). This 
strain also accumulates more DC-C than the parent strain 

(FIG. 2 (B)) before it is metabolized to DC-S-C, with a 

detectable amount of DC-C still present in the medium after 
the 18-hour incubation. In addition, HPLC-MS analysis of 

extracellular compounds in the 12444PDCAlsdD strain indi- 
cated the presence of another unknown aromatic compound 

in the medium. In control experiments, we found that 
DC-S-C is subject to abiotic homodimerization to form the 

dehydroconiferyl tetramer carboxylic acid DC-T-C when 

incubated in SMB minimal medium (FIG. 15 (A,B)). At the 
end of the incubation, 76% of the extracellular aromatics 

produced from DC-A by 12444PDCAIsdD are found in the
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sum of DC-S-C and DC-T-C, while only 9% are converted 

into PDC. We propose that the low amount of PDC excreted 

by this strain is derived from the activity of one or more 

enzymes besides LsdD in cleaving DC-S-C (see Discus- 

sion). 

[0109] We tested the predicted activity of LsdD by incu- 

bating FE. coli cell extracts containing a recombinant LsdD 

enzyme with synthetic DC-S-C. When incubated with DC- 

S-C in the absence of any cofactors, LsdD converts this 

substrate to 5-FF and vanillin (FIG. 6B). Therefore, we 

concluded that LsdD cleaves the B-5 linked stilbene DC-S-C 

into two G-family monomers (FIG. 6C) that can then be 

funneled into the central pathway for aromatic metabolism. 

FerD and LigW Convert 5-FF to Ferulic Acid 

[0110] Our data indicate that the two monomeric products 

of DC-A catabolism are the G-aromatic monomers vanillin 
and 5-FF. In N. aromaticivorans, vanillin is known to be 
oxidized to vanillic acid by LigV before entering central 

G-aromatic metabolism (21). However, the enzymes that 
metabolize 5-FF have not been identified in this organism. 

Based on the data from our genome-wide screens, we 
hypothesized that the putative pyridine nucleotide-depen- 

dent ALDH FerD (Saro_0797) oxidizes 5-FF to 5-CF, which 
is then decarboxylated by LigW (Saro_0799) to form ferulic 

acid. Ferulic acid is known to be converted into vanillin via 

a previously described pathway in N. aromaticivorans (21). 

[0111] Since the conversion of 5-FF to 5-CF occurs after 

DC-S-C cleavage, we predicted that growing 
12444PDCAferD in the presence of DC-A and glucose 

would result in the accumulation of one mole of both 5-FF 
and PDC per mole of DC-A. We found that 12444PDCAferD 

cells transiently accumulate 5-FF in the medium. However, 
at later time points, as the concentration of 5-FF decreases, 

the concentration of 5-CF increases. 5-CF can then be 
funneled into PDC production, leading to the accumulation 
of 1.17 moles of PDC per mole of DC-A by the end of the 

incubation (FIG. 7A). To explain these results, we hypoth- 
esize that one or more other N. aromaticivorans dehydro- 

genases can oxidize 5-FF to 5-CF, albeit at a slower rate than 
FerD. Additionally, #. coli cell extract containing recombi- 

nant FerD converts 5-FF into 5-CF (FIG. 7B). As expected, 

FerD-containing cell extract requires NAD* to convert 5-FF 
to 5-CF (FIG. 16A) and a purified recombinant FerD protein 
reduces NAD* to NADH during this reaction (FIG. 16B). 
From these data, we propose that the NAD*-dependent 

dehydrogenase FerD is the major gene product responsible 
for 5-FF to 5-CF conversion (FIG. 7C) when cells are grown 

on DC-A, but that other yet uncharacterized enzymes can 

also catalyze this reaction. 

[0112] We investigated the predicted role of LigW in 

decarboxylation of 5-CF to ferulic acid by growing a 
12444PDCAligW strain in medium containing DC-A and 

glucose. Under these conditions, we found that cells lacking 
ligW accumulate ~1 mole of both PDC and 5-CF per mole 

of DC-A (FIG. 7A), suggesting that this gene product is 
responsible for decarboxylation of 5-CF. As predicted, we 

found that F. coli cell extracts expressing recombinant LigW 

are able to convert 5-CF into ferulic acid in vitro (FIG. 7B). 
We therefore concluded that LigW decarboxylates 5-CF in 

N. aromaticivorans (FIG. 7C). 
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Multiple Dehydrogenases can Oxidize the DC-A Allylic 
Alcohol Side Chain 

[0113] Given the predicted intermediates of DC-A catabo- 

lism (FIG. 4), we hypothesized that N. aromaticivorans 
contains enzymes that oxidize the allylic alcohol to an 

aldehyde and then to a carboxylic acid. The only proteins 
annotated as either alcohol dehydrogenases (ADH) or alde- 

hyde dehydrogenases (ALDH) that were identified as can- 

didates in our genome-wide screens were FdhA and FerD, 
respectively. However, in the 12444PDCAferD and 

12444PDCAfdhA strains, the DC-A allylic side chain was 
still oxidized to a carboxylic acid (FIG. 7A, FIG. 14 (A)). 

Based on these findings, we hypothesized that N. aromati- 
civorans contains multiple partially redundant ADHs and 

ALDHs that convert DC-A to DC-L and DC-L to DC-C. 

[0114] We tested this hypothesis by analyzing the activity 

of 8 putative ADHs and 9 putative ALDHs for which 
transcripts represented >2% of the total RNA coding for 

ADHs or ALDHs when N. aromaticivorans is grown in the 
presence of DC-A (Table 3). We performed enzyme assays 

to determine the activity of these gene products by express- 

ing recombinant versions of the proteins in E. coli and 
incubating cell extracts normalized to the same protein 

concentration with either DC-A or DC-L with and without 
NAD* (or PQQ for Saro_2870). We used differences in 

absorption spectra (FIG. 17) to monitor conversion from 
DC-A to DC-L and DC-L to DC-C. Control experiments 

show that none of the cell extracts containing recombinant 
ADHs or ALDHs were active on these substrates in the 
absence of NAD*. 

TABLE 3 
  

Candidate ADHs and ALDHs identified from RNA-Seq data.   

  

Name/ Enzyme Percent of Total ADH Activity on DC-A 

Locus Tag Class or ALDH Transcripts’ or DC-L 

FdhA ADH 46.65% Yes 
Saro__0995 ADH 2.16% Yes 
Saro_1431 ADH 2.95% No 
Saro_1476 ADH 2.38% No 
Saro__2795 ADH 2.17% No 
Saro__2870 ADH 30.89% No 
Saro__3899 ADH 3.41% Yes 
Saro__3463 ADH 3.84% No 
Saro__0060 ALDH 2.36% No 
FerD ALDH 7.43% Yes 
Saro__1104 ALDH 16.02% Yes 
Saro_1197 ALDH 12.16% Yes 
Saro_1410 ALDH 10.16% No 
LigV ALDH 2.04% No 
Saro__1967 ALDH 22.20% No 
Saro__2869 ALDH 14.74% Yes 
Saro__3848 ALDH 4.76% No 
  

Percent of total putative ADH or ALDH transcripts when N. aromaticivorans 12444PDC 
is grown in the presence of DC-A. 

[0115] We found that the putative ADHs FdhA, Saro_ 
0995, and Saro_3899 convert DC-A to DC-L in vitro, with 

Saro_0995 exhibiting the highest activity under our assay 
conditions (FIG. 8 (A)). There was some conversion of 

DC-A to DC-L when a control E. coli extract was incubated 
with DC-A, suggesting that one or more native E. coli 

enzymes have limited activity on DC-A. However, the 

conversion of DC-A to DC-L was much faster when using 
extracts prepared from cells expressing the ADHs listed 

above.
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[0116] Using the same approach, we found that the cell 
extracts containing recombinant versions of the putative 

ALDHs FerD, Saro_1104, Saro_1197, and Saro_2869 are 

able to convert DC-L to DC-C in vitro (FIG. 8 (B)). The 

similar activity of extracts containing these ALDHs on 
DC-L suggests that they could each make a significant 

contribution to the metabolism of DC-L in vivo. Combined, 

the results of these experiments predict that multiple N. 
aromaticivorans enzymes can oxidize the DC-A allylic 

alcohol side chain to an aldehyde and then to a carboxylic 
acid. 

Reconstructing the DC-A Catabolic Pathway In Vitro 

[0117] As an independent test of whether the enzymes 
described above are sufficient for the catabolism of DC-A to 

G-family aromatic monomers, we sought to reconstruct the 

entire N. aromaticivorans DC-A catabolic pathway in vitro. 
Based on the above results, we predicted that a mixture of 

cell extracts containing NAD*, the y-formaldehyde lyase 
PcfL, the stilbene cleaving dioxygenase LsdD, the ALDH 

FerD, the decarboxylase LigW, and the ADH Saro_0995 
would be able to convert DC-A to G-family aromatics. After 

incubating DC-A with these five cell extracts and NAD*, we 

observed complete conversion of DC-A to ferulic and van- 
illic acid (FIG. 9). When incubated with a control £. coli cell 

extract containing none of these N. aromaticivorans 
enzymes, ferulic acid and vanillic acid do not accumulate. 

However, DC-A is slowly converted to DC-L by the control 
extract, resulting in a mixture of DC-A and DC-L, in 

agreement with observations that some native E. coli 

enzymes have limited activity on DC-A (FIG. 8A). Overall, 
this experiment confirms that the N. aromaticivorans 

enzymes we identified are sufficient for the catabolism of 
DC-A to aromatic monomers that are funneled through 

known pathways into N. aromaticivorans central aromatic 
metabolism. 

Discussion 

[0118] Aromatic compounds are an important source of 
industrial products and there is increasing interest in renew- 

able sources of these compounds. The abundant plant poly- 

mer lignin is a potential source of aromatics that could be 
used in the production of commodity chemicals. To valorize 

lignin, the various interunit linkages between aromatic sub- 
units of this polymer must be cleaved and the resulting 
mixture of monomers funneled into products (9, 10, 12). 
Recently, progress has been made in the biological funneling 

of aromatics into valuable chemicals using the Alphapro- 

teobacterium N. aromaticivorans (15). In this study, we 
found that N. aromaticivorans contains enzymes capable of 

catabolizing aromatic dimers with 6-5 linkages, which is the 
second most abundant interunit linkage in lignin (25, 26). 

[0119] Specifically, we showed that N. aromaticivorans 
can grow on the model $-5 linked G-family aromatic dimer 

DC-A and that the engineered 12444PDC strain funnels both 
of its aromatic monomers into PDC production. By com- 

bining genomic, genetic, and biochemical assays, we iden- 
tified gene products that are necessary and sufficient for 

catabolism of DC-A. Based on these studies, we proposed a 

catabolic pathway for conversion of DC-A to intermediates 
in the known N. aromaticivorans central aromatic metabolic 

pathway. 
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Oxidation of the DC-A Allylic Side Chain 

[0120] We identified enzymes that oxidize the allylic 
alcohol side chain of DC-A to an aldehyde and the aldehyde 
to a carboxylic acid. Our data show that three N. aromati- 

civorans pyridine nucleotide-dependent ADHs (FdhA, 
Saro_0995, and Saro_3899) can oxidize the allylic alcohol 

side chain of DC-A, producing the aldehyde DC-L. We also 

identified four pyridine nucleotide-dependent ALDHs 
(FerD, Saro_1104, Saro_1197, and Saro_2869) that can 

oxidize the aldehyde side chain of DC-L to generate the 
carboxylic acid DC-C. These findings are consistent with 
RNA-Seq and RB-TnSeq data that indicate increased tran- 
script abundance for multiple ADHs and ALDHs but small 

or no fitness defects when these dehydrogenases are 

mutated, suggesting that oxidization of the allylic alcohol 
side chain of DC-A could be performed by multiple ADHs 

and ALDHs in vivo (FIG. 3A). Additional biochemical and 
genetic analyses would be needed to quantify the activity of 

each ADH and ALDH enzyme on DC-A or DC-L and their 
relative contribution to catabolism of these and other B-5 
linked aromatics in vivo. 

Cleavage of the B-5 Linkage 

[0121] We found that the phenylcoumaran DC-C is con- 
verted to the stilbene DC-S-C and formaldehyde by the 

newly identified y-formaldehyde lyase PcfL. This strategy 

for catabolism of a phenylcoumaran by N. aromaticivorans 
diverges from the one reported in another aromatic metabo- 
lizing member of the order Sphingomonadales, Sphingo- 
bium sp. SYK-6 (28, 29). In this bacterium, a pair of 

enantiospecific oxidoreductases, PhcC and PhcD, as well as 
other partially redundant dehydrogenases, were shown to 

sequentially oxidize the phenylcoumaran alcohol to an alde- 

hyde and then a carboxylic acid (28). Next, a pair of 
enantiospecific decarboxylases, PhcF and PheG, decarboxy- 

late and open the phenylcoumaran ring on DC-C to produce 
DC-S-C and CO, (29). By comparison, the N. aromaticiv- 
orans pathway for generating a stilbene from DC-C requires 
only a single enzyme as PcfL opens the phenylcoumaran 

ring and releases formaldehyde in a single step. In addition, 

our finding that recombinant PcfL can completely convert 
DC-C into DC-S-C indicates that this enzyme is agnostic to 

the enantiomeric state of its substrate. Additionally, an 
Agrobacterium sp. enzyme catalyzes a similar reaction in 

which it converts a phenylcoumaran to a stilbene, but this 

enzyme is a glutathione-dependent LigE family enzyme 
rather than a y-formaldehyde lyase like PclF. 

[0122] To our knowledge, the only homolog of PefL that 
has been characterized is LdpA, which is another N. aro- 

maticivorans gene product that converts a dimeric aromatic 

substrate into a stilbene and releases formaldehyde (24, 37). 
While we found that PcfL has activity with a phenylcou- 

maran substrate, LdpA acts on a diarylpropane dimer which 
is a reported intermediate in the N. aromaticivorans B-1 
linked aromatic catabolic pathway (24). Since PcfL shares 
eight of the eleven active site residues of LdpA, future work 

should test if and how these amino acid differences contrib- 

ute to the substrate preferences of these two enzymes. 

[0123] Once DC-S-C forms, our data show this aromatic 

dimer is cleaved to form 5-FF and vanillin by the lignostil- 

bene dioxygenase LsdD, a homolog of an enzyme previ- 
ously reported in Sphingobium sp. SYK-6 (30). Cleavage of 

this B-5 linked stilbene by N. aromaticivorans mirrors the
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process in 3-1 aromatic dimer metabolism, in which the 
stilbene produced by LdpA is then cleaved by the dioxy- 

genase NOV2. This combination of a y-formaldehyde lyase 
followed by a lignostilbene dioxygenase is a newly 

described strategy for breaking both 6-5 and 3-1 interunit 
linkages in lignin. 

Funneling of Monomers into Central Aromatic Metabolism 

[0124] Once the B-5 linked dimer DC-A is cleaved into 
monomeric products, vanillin and 5-FF are funneled into the 

N. aromaticivorans central G-aromatic metabolic pathway 
and can be converted into PDC. While vanillin is metabo- 

lized through a known pathway (21), our experiments iden- 
tified enzymes involved in the conversion of 5-FF to 5-CF 

and then to ferulic acid. We found that 5-FF is oxidized to 

5-CF by FerD with minor contributions from one or more 
uncharacterized ALDHs. We also found that LigW decar- 

boxylates 5-CF to ferulic acid, which is metabolized to 
vanillin through a known pathway (21). Arecently published 

analysis of 5-FF metabolism in Sphingobium sp. SYK-6 

reports the same functions for FerD and LigW (G1). N. 
aromaticivorans LigW has previously been shown to decar- 
boxylate 5-carboxyvanillate (5-CV) (42), which contains a 
simple carboxylic acid in place of the allylic acid side chain 

of 5-CF. Thus, it appears that N. aromaticivorans LigW is a 
relatively broad specificity manganese-dependent aromatic 

decarboxylase that can function in the metabolism of both 

the 6-5 linked aromatic catabolic pathway intermediate 
5-CF and the predicted 5-5 linked aromatic catabolic path- 

way intermediate 5-CV (43). 

Redundant Enzymes in Catabolism of 6-5 Linked Aromatics 

[0125] N. aromaticivorans is known to contain several 

enzymes with multiple functions in aromatic metabolism 
(20, 44), so it is not surprising for us to find that Lig W is not 

the only enzyme in this pathway with activity on multiple 
aromatics. We also showed that the dehydrogenases FerD 

and FdhA display activity on multiple intermediates in the 

DC-A catabolic pathway. While FdhA is active in conver- 
sion of DC-A to DC-L and in the catabolism of formalde- 

hyde, FerD is a promiscuous ALDH that plays a crucial role 
in the oxidation of 5-FF to 5-CF but is also able to oxidize 

both DC-L to DC-C and vanillin to vanillic acid (FIG. 18). 

[0126] In addition, PcfL deformylates not only DC-C, but 
also DC-A and DC-L in vitro (FIGS. 19A and 19B), forming 

products that match the m/z of predicted allylic alcohol and 
allylic aldehyde stilbenes (FIG. 19C). While we propose that 

side chain oxidation precedes conversion of the phenylcou- 
maran to a stilbene based on the transient accumulation of 

DC-C in the medium when 12444PDC is grown on DC-A 

(FIG. 2B), it is possible that PcfL converts some DC-A or 
DC-L to a stilbene prior to side chain oxidation (FIG. 20). 

[0127] In addition to N. aromaticivorans enzymes acting 
on multiple aromatic substrates, it is known that multiple 

enzymes often mediate the same reaction in aromatic 

metabolism. Consistent with this, we found that allylic side 
chain oxidation of DC-A and oxidation of 5-FF are per- 

formed by multiple dehydrogenases. While our data indicate 
that LsdD plays a major role in cleavage of DC-S-C into 

monomers, it is possible that one or both of two other N. 
aromaticivorans homologs of this dioxygenase (NOV2 

(Saro_2809) and Saro_3580) can also perform this reaction. 

Overall, our findings showcase the robust and flexible strat- 
egies N. aromaticivorans uses for funneling a range of 

aromatics into a central metabolic pathway. 
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Conservation of 3-5 Linked Aromatic Catabolic Pathways in 
the Order Sphingomonadales 

[0128] After uncovering the pathway for B-5 linked aro- 
matic catabolism in N. aromaticivorans, we asked whether 

other organisms contain enzymes predicted to function in 
this pathway. To do so, we searched for homologs (>50% 

amino acid identity, >70% query coverage) of PcfL, LsdD, 
FerD, and LigW across all bacteria. We found that 82 

organisms, all Alphaproteobacteria, are predicted to contain 

all four of these enzymes. Of those 82, all but Maricaulis 
flavus are members of the order Sphingomonadales. We also 
identified organisms with at least two homologs of B-5 
linked aromatic catabolism enzymes, which are distributed 

across both gram-negative and gram-positive bacteria, 
including members of the orders Actinomyces, Gammapro- 

teobacteria, Betaproteobacteria, and Bacilli (FIGS. 21A- 

21C). Thus, we concluded that the complete N. aromaticiv- 
orans pathway for 6-5 linked aromatics is almost 

exclusively found in Sphingomonadales, but that other bac- 
teria are predicted to contain some of the enzymes described 
in this study. 
[0129] We also used comparative genomics to analyze the 

distribution of the 6-5 linked aromatic catabolic pathways 

found in N. aromaticivorans and Sphingobium sp. SYK-6 
(FIG. 10). For this analysis, we included the two pairs of 

enantiospecific enzymes (PheC/PheD and PhcF/PheG) from 
the Sphingobium sp. SYK-6 pathway that are not shared by 

N. aromaticivorans. We found that most species predicted to 
have the enzymes needed for B-5 linked aromatic catabolism 
contain homologs of LsdD, FerD, and LigW, but they differ 

in whether they are predicted to convert DC-C to DC-S-C 
using a PcfL homolog (N. aromaticivorans pathway) or 

through oxidation and decarboxylation of DC-C (Sphingo- 
bium sp. SYK-6 pathway). Most of the organisms identified 

by our search contain homologs of either PefL or PheC/ 
PheD and/or PhcF/PhcG, but ten species contain homologs 

of all of these enzymes, suggesting they can convert a 

phenylcoumaran to a stilbene via both of these pathways. 

[0130] The largest clades of Alphaproteobacteria with 

predicted 6-5 catabolism capabilities are members of the 
genera Novosphingobium, Sphingobium, and Sphingomo- 

nas, and other members of the family Erythrobacteraceae 

aside from Novosphingobium. Our analysis predicts that the 
PcfL-dependent formaldehyde releasing pathway found in 

N. aromaticivorans is common in the genus Novosphingo- 
bium, while the phenylcoumaran oxidation and decarboxy- 

lation pathway discovered in Sphingobium sp. SYK-6 is 
common in other Erythrobacteraceae. The Sphingobium 

clade can be split into two groups, one of which is predicted 

to use either pathway. By contrast, the Sphingomonas clade 
is comprised of organisms predicted to contain either or both 

pathways for B-5 linked aromatic catabolism. In total, while 
the PcfL-dependent pathway is found in 82 Alphaproteo- 

bacteria, homologs of both PhcC/PhcD and PhcF/PhcG are 
found in 32 organisms. Overall, this analysis has revealed a 
conserved core pathway among the Sphingomonadales for 

metabolism of a B-5 linked stilbene and a pair of diverging 
pathways for the conversion of a phenylcoumaran to a 

stilbene. 

[0131] In sum, we identified a catabolic pathway for B-5 

linked aromatics in N. aromaticivorans that uses four con- 

served enzymes in addition to several partially redundant 
enzymes to funnel each monomeric unit into the N. aro- 

maticivorans central aromatic pathway. Notably, this work
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showed that N. aromaticivorans uses a heretofore unde- 
scribed y-formaldehyde lyase, PcfL, for converting phenyl- 
coumarans to stilbenes. Future studies should focus on 
biochemically and mechanistically characterizing PcfL, as 
well as comparing it to its homolog, LdpA (24, 37), which 
is reported to generate a stilbene from a R-1 linked aromatic 
dimer. 
[0132] The results of this analysis have expanded our 
knowledge of the aromatic metabolism of N. aromaticiv- 
orans and the order Sphingomonadales, laying the ground- 
work for future metabolic engineering to optimize the pro- 
duction of commodity chemicals from additional major 
components of deconstructed lignin. This N. aromaticiv- 
orans pathway holds promise for industrial applications 
since its catabolism of B-5 linked aromatics to vanillic acid 
and ferulic acid requires a minimal set of five gene products, 
as we demonstrated in vitro. These five genes could confer 
6-5 linked aromatic catabolism on other industrially relevant 
species. To increase the impact of our findings, future work 
is needed to assess whether B-5 linked aromatics that have 
been subjected to different pretreatment conditions are cat- 
abolized by N. aromaticivorans through a similar pathway to 
the one elucidated in this study. 

Methods 

Chemicals 

[0133] Other than those noted below, all chemicals used 
were analytical grade and were purchased commercially. 
[0134] (E)-4-(3-(hydroxymethy])-5-(3-hydroxyprop-1-en- 
1-yl)-7-methoxy-2,3-dihydrobenzofuran-2-yl)-2-methoxy- 
phenol (DC-A) was synthesized in 65% yield by DIBAL-H 
reduction of 8-5-coupled diferulate (DFA) (45), which was 
synthesized from ethyl ferulate through peroxidase-H,O, 
oxidative coupling reaction (46). (E)-3-(2-(4-hydroxy-3- 
methoxyphenyl)-3-(hydroxymethy1)-7-methoxy-2,3-dihyd- 
robenzofuran-5-yl)acrylaldehyde (DC-L) was synthesized 
in 80% yield from DC-A by p-benzoquinone oxidation as 
previously described (47). (E)-3-(4-hydroxy-3-((E)-4-hy- 
droxy-3-methoxystyryl)-5-methoxyphenyl)acrylic acid 
(DC-S-C) was synthesized in 23% yield from DFA by alkali 
hydrolysis at 90° C. as previously described (48). To syn- 

Dec. 11, 2025 

thesize (E)-3-(2-(4-hydroxy-3-methoxyphenyl)-3-(hy- 
droxymethy])-7-methoxy-2, 3-dihydrobenzofuran-5-yl) 
acrylic acid (DC-C), DFA was selectively reduced in 95% 
ethanol by NaBH, to produce the alcohol DFA-1 (32% 
yield). Protection of phenolic hydroxyl in DFA-1 by phen- 
acyl ether was accomplished in 90% yield. Alkali hydrolysis 
of the ester group in DFA-2 was performed in 1N NaOH/ 
ethanol (1/1, v/v) solution, producing the acid DFA-3 in 85% 
yield. Finally, deprotection of the phenacyl ether in DFA-3 
by Zinc dust in acetic acid resulted in DC-C in 70% yield. 
The synthesis of DC-A, DC-L, DC-C, and DC-S-C is 
depicted in FIG. 12 (A). Each product was confirmed by 
NMR (FIGS. 12B-12E, Table 4). 

[0135] (E)-3-@G-formyl-4-hydroxy-5-methoxyphenyl) 
acrylic acid (5-FF) was synthesized in 38% yield from 
ferulic acid by ortho formylation with paraformaldehyde and 
ammonium acetate in acetic acid as previously described 
(49). To synthesize (E)-5-(2-carboxyvinyl)-2-hydroxy-3- 
methoxybenzoic acid (5-CF), the phenolic hydroxy] of 5-FF 
was protected by acetylation in acetic anhydride/pyridine 
(1/1, v/v) to produce acetylated 5-FF. The aldehyde group 
was then converted to carboxylic acid in 85% yield by 
Oxone oxidation in DMF as previously described (50). 
Finally, the acetylated 5-CF was transferred in 95% yield to 
5-CF by hydrolysis of the acetate with K,CO, in 60% 
aqueous ethanol. The synthesis of 5-FF and 5-CF is depicted 
in FIG. 23A. Each product was confirmed by NMR (FIGS. 
23B and 23C), Table 4). 

[0136] To generate DC-T-C, DC-S-C was incubated under 
abiotic conditions in SMB minimal medium supplemented 
with 1 g/L glucose at 30° C. for 2 weeks. DMSO was then 
added to a 30% final concentration (v/v). The resulting 
product was recovered by ethyl acetate extraction of the 
SMB buffer solution. After removing the solvent, the crude 
residue was directly examined by NMR. It was found that 
the DC-S-C was completely converted and the majority of 
products were two stereoisomers of 8-8-coupled dimer DC- 
T-C, which was identified by comparison of their NMR data 
with those published (FIG. 15A, Table 4) (51). This material 
was used as a 1 mM DC-T-C standard. All other standards 
were created by dissolving the appropriate compound in 
DMSO at a final concentration of 100 mM. 

TABLE 4 
  

'H and '3C NMR (acetone-d,) analysis of indicated compounds.   

Compound 'H NMR Data 13C NMR Data 
  

DC-A 

DC-L 

DC-C 

DC-S-C 

3.52, 3.78-3.88, 3.81,3.85, 4.19, 5.56, 
6.23, 6.52, 6.80, 6.87, 6.94, 6.97, 7.03 

3.61, 3.82, 3.91, 3.87-3.91, 5.65, 6.65, 
6.81, 6.88, 7.04, 7.29, 7.32, 7.59, 9.63 

3.59 (m, 1H), 3.82 (s, 3H, —OMe), 3.83- 
3.92 (m, 2H), 3.90 (s, 3H, —OMe), 4.18, 
5.63, 6.38 (d, J = 15.92 Hz), 6.81 (d, J = 
8.15 Hz), 6.88 (dd, J = 8.15, 1.93 Hz), 
7.05 (d, J = 1.93 Hz), 7.23 (br-s), 7.25 
(br-s), 7.61(d, J = 15.92 Hz) 
3.91 (s, OMe), 3.95 (s, OMe), 6.44 (d, 
J = 15.9 Hz),6.83(d, J = 8.1 Hz), 7.05 
(dd, J = 8.1, 2.0, ), 7.22 (d, J = 2.0 Hz), 
7.23 (d, J = 1.9 Hz), 7.31 and 7.33 
(ABgt, AVAB = 7.39 Hz, JAB = 16.5 Hz), 
7.54 (d, J = 1.9 Hz), 7.63 (1 H, d, 
J = 15.9 Hz) 

54.70, 56.13, 56.21, 63.33, 64.49, 88.45, 
110.30, 111.41, 115.58, 115.96, 119.51, 
128.28, 130.29, 130.42, 131.82, 134.28, 
145.09, 147.19, 148.28, 148.82 
54.25, 56.29, 56.46, 64.32, 89.39, 110.59, 
113.56, 115.76, 119.64, 119.73, 127.14, 
129.00, 131.24, 133.75, 145.65, 147.55, 
148.46, 152.41, 154.10, 193.77 
54.36, 56.20, 56.33, 64.28, 89.14, 110.45, 
113.12, 115.67, 116.00, 118.73, 119.67, 
129.01, 130.88, 133.86, 145.46, 145.98, 
147.41, 148.38, 151.54, 168.04. 

56.10, 56.44, 108.96, 109.89, 115.90, 
116.18, 120.41, 120.82, 121.10, 125.33, 
126.83, 130.57, 130.77, 146.21, 146.88, 
147.46, 148.49, 148.71, 168.35
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TABLE 4-continued 
  

'H and '3C NMR (acetone-d,) analysis of indicated compounds. 
  

  

Compound ‘'H NMR Data 13C NMR Data 

5-FF 3.98 (s, 3H, OMe), 6.52 (d, J = 16.0 56.68, 116.36, 118.06, 122.11, 125.31, 
Hz), 7.64 (d, J = 16.0 Hz), 7.64 and 7.64 —-:127.39, 144.34, 149.74, 154.02, 167.70, 
(ABaqt, AVAB = 3.56 Hz, JAB = 2.15 Hz), 196.04 (CHO) 
10.15 (s, —CHO) 

5-CF 3.95 (s, OMe), 6.48 (d, J = 15.95 Hz), 56.50 (OMe), 113.17, 115.43, 117.60, 
7.59 (d, J = 2.0 Hz), 7.62 (d, J = 15.95 123.87, 126.30, 144.75, 150.12, 155.52, 
Hz), 7.71 (d, J = 2.0 Hz) 167.78, 172.64 

DC-T-C 3.62(s), 3.98 (s), 4.13 (d, J = 3.64 Hz), 55.76, 55.98, 56.48, 87.12, 109.10, 113.15, 
(threo 5.53 (d, J = 3.64 Hz), 6.30 (d, J = 1.90 115.59, 117.72, 118.56, 118.77, 129.60, 
isomer) Hz), 6.39 (d, J = 15.90 Hz), 6.53 (dd, J= —- 130.13, 133.63, 144.20, 145.65, 146.96, 

8.15, 1.90 Hz), 6.67 (d, J = 8.15 Hz), 148.30, 151.41, 169.60 
7.30 (d, J = 1.50 Hz), 7.35 (d, J = 1.50 
Hz), 7.59 (d, J = 15.90 Hz) 

DC-L-C 3.78 (s, OMe), 3.91 (s, OMe), 4.18 (d, 53.50 (C-8), 56.22, 56.38, 88.67, 110.83, 
(meso J = 6.15 Hz), 5.52 (d, J = 6.15 Hz), 6.25 113.57, 115.85, 116.43, 118.48, 120.12, 
isomer) (d, J = 15.90 Hz), 6.80 (d, J = 1.2 Hz), 129.35, 130.11, 132.91, 145.65, 145.70, 

6.82 (d, J = 8.10 Hz), 6.84 (dd, J = 8.10, 147.81, 148.50, 151.92, 167.93 
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1.36 Hz), 6.98 (d, J = 1.56 Hz), 7.30 (4, 
J = 1.56 Hz), 7.52 (d, J = 15.90 Hz) 
  

Bacterial Strains and Growth Media 

[0137] N. aromaticivorans strain 1244441879 is referred 

to as the wild-type elsewhere in this paper. In 12444A1879, 

a putative sacB homolog (Saro_1879) has been deleted (23) 

to allow for genomic modifications to be made using the 

pK18mobsacB plasmid system (52). The 12444PDC strain 

harbors several gene deletions that allow it to funnel aro- 

matics into production of the aromatic metabolic pathway 

intermediate PDC (10). 12444PDC was used as a parent 

strain for the construction of the deletion mutants used to 

study DC-A catabolism. All N. aromaticivorans strains 

(Table 5) were grown at 30° C. and shaking at 200 rpm in 

SMB minimal medium supplemented with 1 g/L glucose, 

except where noted. SMB minimal medium was prepared as 

previously described (23). 

[0138] &. coli NEB5a (New England Biolabs, Ipswich, 
MA) was used as a plasmid host. F. coli WM6026 (53) was 

used as a conjugal donor for mobilizing plasmids into N. 
aromaticivorans while E. coli B834 (54) was used to express 

recombinant proteins. All E£. coli strains (Table 5) were 

grown in lysogeny broth (LB) at 37° C. and shaking at 200 
rpm, except where noted below. 

TABLE 5 

RNA-Seq Analysis 

[0139] Four isolated N. aromaticivorans PDC12444 colo- 

nies were cultured and grown overnight. The next day, the 

overnight cultures were diluted 1:1 with SMB minimal 

medium supplemented with 1 g/L glucose and grown for one 

hour. The cultures were then diluted 1:100 into separate 

cultures of SMB minimal medium supplemented with 1 g/L 

glucose, 1 g/L glucose plus 0.5 mM DC-A, 1 g/L glucose 

plus 0.5 mM vanillin, or 1 g/L glucose plus 0.5 mM ferulic 

acid. These cultures were grown until they reached mid- 

exponential growth phase, at which point growth was 

stopped by the 1:8 addition of ice cold 5% acid phenol: 

chloroform (5:1) in ethanol. The cells were pelleted by 

centrifugation (4,300xg for 10 minutes) at 4° C. and stored 

at -80° C. RNA was extracted using hot acid phenol: 

chloroform (5:1), as previously described (55). RNA was 

purified using the RNeasy Kit (Qiagen, Germantown, MD), 

checked for purity by NanoDrop spectrophotometry (OD 

260:280 ratio >2.0, OD 260:230 ratio >2.0), visualized after 

electrophoresis on a 1% agarose gel, and quantified with a 

Qubit fluorometer. 

  

Bacterial strains used in this study. 
  

  

Strain Relevant Characteristics Source 

12444A1879 WT N. aromaticivorans A1879 (sacB-) (23) 

12444PDC 1244441879 A2819 (ligl) A2864 (desC) A2865 (desD) (10) 
12444PDCApcefL 12444PDC A0796 (pcfL) This study 
12444PDCAferD 12444PDC A0797 (ferD) This study 
12444PDCAligW 12444PDC A0799 (lig W) This study 
12444PDCAlsdD 12444PDC A0802 (IsdD) This study 
12444PDCAfdhA 12444PDC A0874 (fdhA) This study 
E. coli NEBSa fhuA2 A(argF-lacZ)U169 phoA glnV44 @80 A(lacZ)M15 = New England 

gytA96 recAl relAl endAl thi-1 hsdR17 Biolabs 

E. coli WM6026 _ lacI?, rmB3, AlacZA787, hsdR514, AaraBAD567, (53) 
ArhaBADS568, rph-1, attA::pAE12(AoriR6K-cat::Frt5), 

AendA::Frt, uidA(AMIlul)::pir, attHK::pJK1006D(oriR6K- 

cati:Frt5; trfA::Frt) dap 

E. coli B834 F hsdS metE gal ompT (54) 
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[0140] RNA-Seq library preparation and sequencing was 
performed by the Joint Genome Institute (JGI) using default 

parameters. rRNA in the samples was depleted using the 
QIAseq FastSelect kit (Qiagen, Germantown, MD). Librar- 

ies were constructed using the TruSeq stranded mRNA kit 
(Illumina, San Diego, CA) following standard JGI protocols. 

The libraries were sequenced on an Illumina NovaSeq to 

produce 2x150 reads. All paired-end FASTQ files were 
processed through the same pipeline. Reads were trimmed 

using Trimmomatic version 0.3 with the default settings 
except fora HEADCROP of 5, LEADING of 3, TRAILING 

of 3, SLIDING WINDOW of 3:30, and MINLEN of 36 (56). 
After trimming, the reads were aligned to the N. aromati- 

civorans DSM12444 genome sequence (GenBank accession 

GCF_000013325.1) using bwa-mem (version 0.7.17- 
h5bf99c6_8) with default settings (57). Alignment files were 

further processed with Picard-tools (version 2.26.10) 
(https://broadinstitute.github.io/picard/) (CleanSAM and 

AddOrReplaceReadGroups commands) and samtools (ver- 

sion 1.2) (sort and index commands) (58). Paired aligned 
reads were mapped to gene locations using HTSeq version 
0.6.0 (59). The R package edgeR (version 3.30.3) (60) with 
default settings was used to identify significantly differen- 

tially expressed genes from pairwise analyses, using Ben- 
jamini and Hochberg false discovery rate (FDR) less than 

0.05 as a significance threshold (61). Raw sequencing reads 

were normalized using the fragments per kilobase per mil- 
lion mapped reads method (FPKM). Fold change, FPKM, 

and FDR for all genes are described elsewhere herein. 

Screening a Genome-Scale RB-TnSeq Library 

[0141] A previously generated RB-TnSeq library in wild- 
type N. aromaticivorans was used to screen for fitness (21). 

An aliquot of the library was thawed and cultured in LB 
supplemented with 50 mg/L kanamycin and grown over- 

night. The culture was diluted 1:100 into three flasks con- 

taining 2 g/L glucose in SMB minimal medium and grown 
to saturation (~6.5 doublings). Each culture was then diluted 

to a starting cell density of 40 Klett units in SMB minimal 
medium with 1 g/L glucose or 1 g/L DC-A as the sole carbon 

source. The cultures were grown to saturation (~6.5 dou- 
blings), split into 0.6 mL aliquots, frozen, and stored at -80° 

C. The cells were harvested by centrifugation (2,300xg for 

5 minutes) at 4° C., resuspended in lysis buffer (0.16 mM 
EDTA and 2% SDS), and incubated at 65° C. for 5 minutes. 

Genomic DNA was extracted using 25:24:1 phenol:chloro- 
form:isoamyl alcohol. Barcode DNA sequences were ampli- 

fied from the genome using custom indexing primers 
BarSeq_P1 and BarSeq_P2_ITOO1 to BarSeq_P2_IT009 

(62). Barcode amplicons were quantified using a Qubit 

fluorometer and pooled before being sequenced at Azenta/ 
GENEWIZ on an Illumina MiSeq with paired-end 150 bp 

reads (Illumina, San Diego, CA). Barcode frequencies and 
fitness values were calculated as previously described (62). 

Heterologous Protein Expression 

[0142] To express recombinant proteins, a single isolated 

colony of each F. coli B834 expression strain was cultured 
in LB medium containing kanamycin (50 mg/L). The next 

day, the overnight cultures were diluted 1:1 in LB medium 

and grown for one hour at 37° C. Next, flasks containing 
either 48 ml, 2xYPTG medium (16 g/L, tryptone, 10 g/L 

yeast extract, 5 g/L NaCl, 7 g/L, KH,PO,, 3 g/L K,HPO,, 
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18 g/L glucose) or 49.5 mL ZMS-80155 auto-inducing 
medium (63) were inoculated with 2_mL or 0.5 mL of £. 

coli B834 culture, respectively. The 2xYPTG cultures were 
allowed to grow until their OD600 reached 0.6-0.8, at which 

point expression of the recombinant protein was induced via 
addition of 1 mM isopropyl B-D-1-thiogalactopyranosid 

(IPTG). Since significant recombinant FdhA was present in 

inclusion bodies, we added 0.5 M sorbitol and 0.2 M 
arginine to its culture at the same time we added IPTG (64). 

2xYPTG and ZMS-801555 cultures were both grown over- 
night at room temperature (~24 hours). The cultures were 

washed twice with cold S30 buffer supplemented with 2 mM 
dithiothreitol (DTT) (65) and the cells were harvested by 

centrifugation (3000xg for 10 minutes) at 4° C. The cell 

pellets were flash frozen in a dry ice-ethanol bath and stored 
at -80° C. Heterologous expression of His-tagged proteins 

for purification was performed as described above except the 
cultures contained 990 mL ZMS-80155 auto-inducing 

medium and were inoculated with 10 mL £. coli B834 

culture. 

Harvesting Cell Extracts 

[0143] Harvested £. coli B834 cells containing the recom- 

binant proteins were resuspended in 12 mL ice-cold S30 
buffer supplemented with 2 mM DTT for untagged con- 

structs or in 2.5 mL/g pellet lysis buffer (50 mM 
NatPO,*H,O, 0.5 mM _ tris(2-carboxyethyl)phosphine, 5 

mM imidazole, 100 mM NaCl, 10% glycerol, and 1% 
Triton-X-100, pH 8.0) for His-tagged constructs. Cells were 

sonicated on ice using a QSonic sonicator set to amplitude 

40 with 20 seconds on and 40 seconds off cycles for 15 
minutes. The sonicated solutions were then centrifuged 

(7,600xg for 20 minutes) at 4° C. and the supernatant was 
collected as a crude cell extract, flash frozen in a dry 

ice-ethanol bath, and stored at -80° C. 

Growth Experiments 

[0144] All N. aromaticivorans strains were cultured in 

triplicate from three isolated colonies and grown overnight. 
The next day, the cultures were diluted 1:1 in SMB minimal 

medium supplemented with 1 g/L glucose and incubated for 

one hour before being diluted with additional 1 g/L glucose 
in SMB minimal medium to the same cell density. A portion 

of these cultures were centrifuged (2,300xg for 5 minutes), 
the supernatant was discarded, and the cell pellets were 
diluted in the appropriate growth medium (SMB minimal 
medium with 1 g/L glucose and with or without 0.5 mM 

DC-A). One mL aliquots of the resuspended cells were used 

to inoculate triplicate flasks containing 19 mL of the appro- 
priate medium, giving a starting cell density of 20-25 Klett 

units. The cultures were grown for 18 hours and growth was 
monitored using a Klett-Summerson colorimeter (FIG. 24). 

At indicated time points, 0.8 mL of the cultures were 

removed, the cells were pelleted by centrifugation (2,300xg 
for 5 minutes) at 4° C., and the supernatants were passed 

through a 0.22 m PVDF syringe filter to collect extracellular 
samples that were stored at -80° C. for subsequent analysis. 

[0145] Since DC-A has low solubility in SMB minimal 

medium, a 100 mM DC-A stock in DMSO was added to 

SMB minimal medium that was heated to 65° C. to achieve 
final concentrations of ~0.45 mM DC-A and 0.5% DMSO 

after filtering the medium.
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Analysis of Extracellular Aromatic Metabolites 

[0146] The aromatics in extracellular samples were ana- 
lyzed on a Shimadzu triple quadrupole liquid chromatogra- 
phy mass spectrometer (Nexera XR HPLC-8045 MS/MS). 
The mobile phase was a binary gradient with solvent A 
(0.2% formic acid in water) and solvent B (methanol) using 
the protocol in FIG. 25 and flowing at a rate of 0.4 mL/min. 
The stationary phase was a Phemonenex Kinetex F5 column 
(2.6 um pore size, 2.1 mm ID, 150 mm length, P/N: 
H18-105937). The m/z of peaks was determined using a 
negative ion mode scan. Aromatic compound standards were 
generated as described above and used to confirm the 
identity of unknown chemicals through elution and mul- 
tiple-reaction monitoring (MRM). 
(0147] A series of 2-fold dilutions were performed to 
create a standard curve of eight concentrations of each 
compound. The standard curves were then used to quantify 
extracellular concentrations of aromatics via MRM (Table 
2). The percent yields of individual compounds were cal- 
culated using equation (1). 

([aromatic] nat X 2) Equation (1) 
([pc—a] x 100 ercent yield = ps y x 2) 

initial 

Where = number of aromatic rings in the compound 

In Vitro Enzyme Activity Assays 

[0148] Crude cell extracts containing individual recombi- 
nant proteins were prepared as described above. The cell 
extracts expressing candidate DC-A catabolism proteins and 
control E. coli B834 cell extract or control extract alone 
were added to 3 separate reaction mixtures containing S30 
buffer (pH 8.2) supplemented with aromatic substrate and 
NAD*, where appropriate. In candidate test conditions, 
candidate protein and control extracts each comprised 15% 
of the final volume and the aromatic and NAD* (where 
appropriate) concentrations were 0.25 mM and | mM, 
respectively. For the in vitro reconstruction of the DC-A 
catabolic pathway experiment, each of the five protein 
expression cell extracts made up 5% of the final reaction 
volume instead. For control reactions, the crude extract from 

E. coli B834 comprised 30% of the final mixture. These 
reactions were incubated at 30° C. for 6 hours and then 
diluted 1:1 with 40% acetonitrile, 40% methanol, and 100 
mM formic acid in water to terminate enzyme activity. The 
samples were centrifuged (21,000xg for 5 minutes) at 4° C. 
and the supernatants were passed through a 0.22 m PVDF 
syringe filter and stored at —80° C. for further analysis. 
Experiments testing in vitro activity of purified Pcfl. and 
FerD were performed in the same fashion, except HEPES 
buffer (pH 7.66) was used in placed of S30 buffer and 
control experiments were conducted by adding additional 
HEPES buffer instead of crude £. coli B834 cell extract. 
(0149] Analysis of the in vitro reaction products was 
performed on a Shimadzu triple quadrupole liquid chroma- 
tography mass spectrometer as described above. LC traces 
were collected and reaction products were identified using 
MRM methods developed from synthetic standards (Table 
2). 
{0150] To assay the relative rate of conversion of sub- 
strates to products by candidate ADHs and ALDHs, absor- 
bance at 370 nm was used for measuring DC-L concentra- 
tion since DC-L absorbs at this wavelength while DC-A and 
DC-C do not (FIG. 17). E. coli B834 cell extracts expressing 
candidate ADHs or ALDHs as well as control extracts were 
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collected as described above and diluted with S30 buffer 
plus 2 mM DTT to a total protein concentration of 2 mg/mL. 
The dehydrogenase and control E. coli B834 cell extracts 
were each added to triplicate wells of a 96-well plate 
containing $30 buffer (pH 8.2) supplemented with 0.15 mM 
DC-A or 0.15 mM DC-L, as well as 1 mM electron acceptor 
(NAD* or PQQ, where appropriate). The diluted extracts 
comprised 5% of the final reaction volume. Each enzyme 
was tested for activity in assays with and without added 
electron acceptor. After addition of cell extract to the wells, 
the 96-well plate was immediately placed in a Tecan Infinite 
M1000 reader set to maintain a temperature of 30° C. At 
indicated timepoints over the course of one hour, absorbance 
of DC-L was measured at 370 nm. Control experiments 
show that NADH does not accumulate significantly in this 
cell extract system, potentially due to the activity of native 
E. coli dehydrogenases (FIG. 16B). A series of standards 
created by 2-fold dilutions of DC-L in $30 buffer plus 2 mM 
DTT were used to generate an 8-point standard curve and 
quantify the concentration of DC-L in the reactions based on 
absorbance at 370 nm. 

(0151] Due to absorbance of PQQ at 370 nm, the activity 
assay for the putative PQQ-dependent ALDH Saro_2870 
was performed as described above except 15 L samples were 
collected from the reaction at each indicated time point and 
diluted 1:1 with 40% acetonitrile, 40% methanol, and 100 

mM formic acid in water to terminate enzyme activity. 
These samples were then diluted 5:1 with S30 buffer and 
analyzed by LC-MS as described above. 

(0152] Formaldehyde was measured as a product of PcfL 
activity by using small aliquots of the cell extract reaction 

2mixtures and the Invitrogen Formaldehyde Fluorescent 
Detection Kit (Invitrogen, Carlsbad, CA). To test for con- 

version of NAD* to NADH by FerD, assays were performed 
as described above for both the purified FerD and FerD- 

containing cell extract, except the S30 or HEPES buffer was 

supplemented with 0.4 mM NAD* and 0.4 mM 5-FF. NAD* 
and NADH were quantified using small aliquots of the 

reactions and the Sigma Aldrich NAD/NADH Quantitation 
Kit (Sigma Aldrich, St. Louis, MO). 

Phylogenetic Analysis 

[0153] Predicted homologs of DC-A catabolism genes 
were identified using NCBI protein-protein BLAST to 

search all genomes in the NCBI database as of July 2023, 
excluding uncultured/environmental sample sequences and 
using cut-offs of 50% amino acid identity and 70% query 

coverage. All bacteria containing homologs of at least two 
N. aromaticivorans DC-A catabolism enzymes (PcfL, FerD, 

LigW, and LsdD) were used to create a phylogenetic tree. 
Alphaproteobacteria containing homologs of at least two N. 

aromaticivorans DC-A catabolism enzymes (PcfL, FerD, 

LigW, and LsdD) and/or Sphingobium sp. SYK-6 DC-A 

catabolism enzymes that differ from N. aromaticivorans 

(PhcC/PhcD and PhcF/PhcG) were used to create an addi- 
tional phylogenetic tree. 

[0154] Phylogenetic analysis was performed on genomes 

identified in these BLAST searches (Table 6) using GDTB- 
Tk (version 2.1.1, release 207_v2) to identify and align the 

bacterial reference genes using default parameters (66). The 
multiple sequence alignment file was used to construct 

maximum likelihood trees using RAxML-ng (version 0.9.0) 

using model LG+G8+F and default parameters (67). Bacil- 
lus subtilis subsp. subtilis str. 168 was used as an outgroup. 

Trees were visualized in Tree Viewer (version 2.2.0) (68).
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TABLE 6 
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Organisms included in the phylogenetic analyses 

in FIGS, 10A-10G and FIGS. 21A-21C.   

Scientific Name 

Assembly Accession 

Number Class 
  

Alteraurantiacibacter aestuarii 

Alteraurantiacibacter aquimixticola 

Alteraurantiacibacter buctensis 

Altererythrobacter segetis 

Altererythrobacter sp. B11 

Altererythrobacter sp. CC-YST694 

Altererythrobacter sp. KTW20L 

Altererythrobacter sp. Root672 

Altericroceibacterium endophyticum 

Altericroceibacterium indicum 

Altericroceibacterium spongiae 

Altericroceibacterium xinjiangense 

Aurantiacibacter arachoides 

Aurantiacibacter odishensis 

Aurantiacibacter rhizosphaerae 

Aurantiacibacter sp. MUD11 

Aurantiacibacter suaedae 

Aurantiacibacter xanthus 

Blastomonas fulva 

Blastomonas sp. AAP25 

Blastomonas sp. RACO4 

Bradyrhizobium nifiali 

Caulobacter sp. S45 

Chakrabartia godavariana 

Croceibacterium atlanticum 

Croceibacterium salegens 

Croceibacterium selenioxidans 

Croceibacterium soli 

Croceibacterium xixiisoli 

Emcibacter nanhaiensis 

Erythrobacter sp. SG61-1L 

Hephaestia sp. MAHUQ-44 

Marinicaulis flavus 

Neorhizobium galegae 

Neorhizobium sp. T25_13 

Niveispirillum irakense 

Niveispirillum sp. BGYR6 

Niveispirillum sp. SYP-B3756 

Novosphingobium acidiphilum 

Novosphingobium aerophilum 

Novosphingobium aromaticivorans 

Novosphingobium arvoryzae 

Novosphingobium capsulatum 

Novosphingobium decolorationis 

Novosphingobium fuchskuhlense 

Novosphingobium hassiacum 

Novosphingobium humi 

Novosphingobium jiangmenense 

Novosphingobium lentum 

Novosphingobium mangrovi 

Novosphingobium mathurense 

Novosphingobium organovorum 

Novosphingobium ovatum 

Novosphingobium pentaromativorans 

Novosphingobium piscinae 

Novosphingobium pokkalii 

Novosphingobium profundi 

Novosphingobium sediminicola 

Novosphingobium sediminis 

Novosphingobium sp. AAP1 

Novosphingobium sp. AAP83 

Novosphingobium sp. AAP93 

Novosphingobium sp. B 225 

Novosphingobium sp. B-7 

Novosphingobium sp. B1 

Novosphingobium sp. BW1 

GCF _009827405.1 

GCF _004965515.1 

GCF _009827655.1 

GCF_011320115.1 

GCF_003569745.1 

GCF_020539485.1 

GCF _023501975.1 

GCF _001427865.1 

GCF _009827595.1 

GCF _009828105.1 

GCF _003610805.1 

GCF _003958635.1 

GCF _009827335.1 

GCF_003605195.1 

GCF _009807005.1 

GCF _026967575.1 

GCF _005434915.1 

GCF _003584015.1 

GCF _003431825.1 

GCF _001295965.1 

GCF_001713435.1 

GCF _004571025.1 

GCF _009765965.1 

GCA 023260075.1 

GCF_001008165.2 

GCF_009827435.1 

GCF_018599195.1 

GCF _009828065.1 

GCF _009827305.1 

GCF _006385175.1 

GCF _001305965.1 

GCF _023806085.1 

GCF _002943565.1 

GCF _008806425.1 

GCF _002968675.1 

GCF _000429645.1 

GCF_027568365.1 

GCF _009495745.1 

GCF _000429005.1 

GCF _014230345.1 

GCF _900102455.1 

GCF _014652615.1 

GCF _031454595.1 

GCF _018417475.1 

GCF_001519075.1 

GCF_014196055.1 

GCF_028607105.1 

GCF _015694345.1 

GCF_001590965.1 

GCF _022818885.1 

GCF _900168325.1 

GCF _022832435.1 

GCF _009909235.1 

GCA 003241455.1 

GCF_014230355.1 

GCF_014652855.1 

GCF _018491765.1 

GCF _014196525.1 

GCF_007991615.1 

GCF _001295765.1 

GCF _001295795.1 

GCF _001296055.1 

GCF _002198665.1 

GCF _000410615.1 

GCF_900176395.1 

GCF _008107685.1 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 
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Organisms included in the phylogenetic analyses 

in FIGS. 10A-10G and FIGS. 21A-21C.   

Scientific Name 

Assembly Accession 

Number Class 
  

Novosphingobium sp. CCH12-A3 

Novosphingobium sp. CECT 9465 

Novosphingobium sp. CF614 

Novosphingobium sp. EMRT-2 

Novosphingobium sp. ERNO7 

Novosphingobium sp. ERW19 

Novosphingobium sp. ES2-1 

Novosphingobium sp. FKTRR1 

Novosphingobium sp. FSW06-99 

Novosphingobium sp. Fuku2-ISO-50 

Novosphingobium sp. HBC54 

Novosphingobium sp. KACC 22771 

Novosphingobium sp. KN65.2 

Novosphingobium sp. LASNST 

Novosphingobium sp. MBES04 

Novosphingobium sp. MD-1 

Novosphingobium sp. NBM11 

Novosphingobium sp. NDB2Meth1 

Novosphingobium sp. PP1Y 

Novosphingobium sp. PY1 

Novosphingobium sp. SG707 

Novosphingobium sp. SG720 

Novosphingobium sp. SG751A 

Novosphingobium sp. SL115 

Novosphingobium sp. THN1 

Novosphingobium sp. UBA1939 

Novosphingobium subterraneum 

Novosphingobium taihuense 

Novosphingobium terrae 

Novosphingobium umbonatum 

Pararhodobacter zhoushanensis 

Parasphingopyxis marina 

Parerythrobacter sp. C18 

Pseudoruegeria sp. HB172150 

Rhizobium sp. CFO80 

Rhizobium terrae 

Rhizorhapis suberifaciens 

Roseinatronobacter sp. HIB301 

Sphingobium chungbukense 

Sphingobium cupriresistens 
Sphingobium jiangsuense 

Sphingobium lactosutens 

Sphingobium lignivorans 

Sphingobium nicotianae 

Sphingobium psychrophilum 

Sphingobium sp. 3R8 

Sphingobium sp. AntQ-1 

Sphingobium sp. AP50 

Sphingobium sp. B11D3B 

Sphingobium sp. B11D3D 

Sphingobium sp. B12D2B 

Sphingobium sp. B2 

Sphingobium sp. B7D2B 

Sphingobium sp. BYY-5 

Sphingobium sp. CAP-1 

Sphingobium sp. LB126 

Sphingobium sp. Leaf26 

Sphingobium sp. SYK-6 

Sphingobium sp. TCM1 

Sphingobium sp. V4 

Sphingobium sp. YR768 

Sphingobium sp. Z007 

Sphingobium terrigena 

Sphingobium xanthum 

Sphingobium xenophagum 

Sphingomonas asaccharolytica 

Sphingomonas baiyangensis 

Sphingomonas bisphenolicum 

Sphingomonas caeni 

Sphingomonas canadensis 

Sphingomonas hengshuiensis 

GCF_001556015.1 

GCF _920987055.1 

GCF _900113255.1 

GCF_005145025.1 

GCF_012641335.1 

GCF_012641315.1 

GCF _015169775.1 

GCF _020404405.1 

GCF_001519065.1 

GCF_001519055.1 

GCF _029436685.1 

GCF _028736195.1 

GCF _001368935.1 

GCF _003856955.1 

GCF _000813185.1 

GCF_001014975.1 

GCF_015390225.1 

GCF_900117425.1 

GCF _000253255.1 

GCF_017312445.1 

GCF_012275515.1 

GCF _012275365.1 

GCF_013149295.1 

GCF _026672515.1 

GCF _003454795.1 

GCF _002336885.1 

GCF _000807925.1 

GCF_007830315.1 

GCF _017163935.1 

GCF _004005905.1 

GCF _003990445.1 

GCF _014237875.1 

GCF _030140925.1 

GCF _013184805.1 

GCF _000282095.2 

GCF _003425685.1 

GCF_014200045.1 

GCF _028745735.1 

GCF_001005725.1 

GCF_004152865.1 

GCF _014196495.1 

GCF _013393185.1 

GCF _014203955.1 

GCF _018603885.1 

GCF_012927105.1 

GCF _020166615.1 

GCF _028538045.1 

GCF_900109095.1 

GCF_025961735.1 

GCF_025961755.1 

GCF _025961775.1 

GCF _007693735.1 

GCF _025961895.1 

GCF _022758885.1 

GCF _009720145.1 

GCF _002795205.1 

GCF _001421665.1 

GCF _000283515.1 

GCF_001650725.1 

GCF_029590555.1 

GCF_900111125.1 

GCF_900013445.1 

GCF_003591655.1 

GCF_019737615.1 

GCF _002288285.1 

GCF _001598355.1 

GCF_005144715.1 

GCF _024349785.1 

GCF _026013415.1 

GCF _026013525.1 

GCF _000935025.1 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 
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TABLE 6-continued 

Organisms included in the phylogenetic analyses 

in FIGS. 10A-10G and FIGS. 21A-21C. 

Assembly Accession 

Scientific Name Number Class 

Sphingomonas lycopersici GCF_026130585.1 Alphaproteobacteria 

Sphingomonas mali GCF_001598415.1 Alphaproteobacteria 

Sphingomonas paucimobilis GCF_001029575.1 Alphaproteobacteria 

Sphingomonas pruni GCF_001598455.1 Alphaproteobacteria 

Sphingomonas psychrotolerans 

Sphingomonas sp. AR_OILA1 

Sphingomonas sp. HMWFO008 
Sphingomonas sp. S064.6b 

Sphingomonas sp. SUNO19 

Sphingomonas sp. UNC305MFCol5.2 

Sphingopyxis granuli 

Sphingorhabdus sp. M41 

Sphingosinicella sp. CPCC 101087 

Sphingosinicella terrae 

Caldimonas tepidiphila 

Glaciimonas soli 

Massilia cavernae 
Noviherbaspirillum humi 

Luteimonas sp. BDR2-5 

Pseudomonas capeferrum 

Pseudomonas sp. LS1212 

Pseudomonas sp. R5(2019) 

Geodermatophilus sabuli 

Lipingzhangella halophila 

Pseudonocardia sp. CNS-004 

Pseudonocardia sp. DSM 110487 

Pseudonocardia hierapolitana 

Rhodococcus jostii 

Rhodococcus opacus 

Streptomyces sp. NRRL 8-813 

Streptomyces spiralis 

Thermopolyspora flexuosa 

Bacillus subtilis subsp. subtilis str. 168 

Paenibacillus sp. tmac-D7 

GCF _002796605.1 

GCF_029911635.1 

GCA 003061185.1 

GCF_014171475.1 

GCF _024758705.1 

GCF _000712135.1 

GCF _001956775.1 

GCF _001586275.1 

GCF _004151485.1 

GCF _003347635.1 

GCF _003569765.1 

GCF_009497155.1 

GCF_003590855.1 

GCF_900188095.1 

GCF _021191695.1 

GCF _000731675.1 

GCF _024741815.1 

GCF _009905435.1 

GCF_900215145.1 

GCF _014203805.1 

GCF _001942185.1 

GCF _019468565.1 

GCF _007994075.1 

GCF_900105375.1 

GCF _019856255.1 

GCF _000718945.1 

GCF _014654675.1 

GCF _006716785.1 

GCF _000155325.1 

GCF _006519665.1 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Alphaproteobacteria 

Betaproteobacteria 

Betaproteobacteria 

Betaproteobacteria 

Betaproteobacteria 

Gammaproteobacteria 

Gammaproteobacteria 

Gammaproteobacteria 

Gammaproteobacteria 

Actinomycetes 

Actinomycetes 

Actinomycetes 

Actinomycetes 

Actinomycetes 

Actinomycetes 

Actinomycetes 

Actinomycetes 

Actinomycetes 

Actinomycetes 

Bacilli 

Bacilli 
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Construction of in-Frame Deletion Mutants 

[0155] Gene deletion mutants were constructed using 

12444PDC as a parent strain and the pk 18mobsacB suicide 
plasmid. This plasmid was linearized via polymerase chain 

reaction (PCR) as previously described (23). Regions of N. 
aromaticivorans genomic DNA ~1,000 bp upstream and 

downstream of each gene of interest (Table 7) were ampli- 

fied via PCR using the primers listed in Table 8 that contain 
overhanging regions complementary to the ends of linear- 

ized pK18mobsacB. NEBuilder HiFi Assembly system 
(New England Biolabs, Ipswich, MA) was used to insert the 

amplified fragments into the linearized plasmid, creating a 
construct in which the genomic regions upstream and down- 

stream of the gene to be deleted are adjacent to each other 

with no coding region between them. All plasmids used are 
listed in Table 9. 

TABLE 7 
  

N. aromaticivorans genes analyzed in this study and their 

associated locus tags. Unnamed alcohol dehydrogenase gene 

products (ADHs) and aldehyde dehydrogenase gene products 

(ALDHs) investigated are labeled by enzyme class. 
  

N. aromaticivorans gene Saro_Locus Tag SARO_RS Locus Tag 
  

PefL Saro__0796 

FerD Saro__0797 

LigW Saro__0799 

SARO__RS03975 

SARO__RS03980 

SARO_RS03990 

TABLE 7-continued 
  

N. aromaticivorans genes analyzed in this study and their 

associated locus tags. Unnamed alcohol dehydrogenase gene 

products (ADHs) and aldehyde dehydrogenase gene products 

(ALDHs) investigated are labeled by enzyme class.   

N. aromaticivorans gene Saro_Locus Tag SARO_RS Locus Tag 
  

LsdD Saro__0802 SARO_RS04005 

FdhA Saro_0874 SARO_RS04375 

LigV Saro_1668 SARO_RS08360 

Putative ADH Saro__0995 SARO_RS04970 

Putative ADH Saro_1431 SARO_RS07175 

Putative ADH Saro_ 1476 SARO_RS07405 

Putative ADH Saro_2795 SARO_RS14810 

Putative ADH Saro__2870 SARO_RS14555 

Putative ADH Saro__3463 SARO_RS18190 

Putative ADH Saro_3899 SARO_RS17300 

Putative ALDH Saro__0060 SARO_RS02990 

Putative ALDH Saro_1104 SARO_RS05510 

Putative ALDH Saro_1197 SARO_RS05980 

Putative ALDH Saro_1410 SARO RS07070 

Putative ALDH Saro_1967 SARO_RS09870 

Putative ALDH Saro__2869 SARO_RS14550 

Putative ALDH Saro__3848 SARO_RS17045 
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TABLE 8 
  

Primers used to create gene deletion mutants. Capitalized regions are complemen- 

tary to 

the end of linearized pKi8mobsacB. Underlined bases do not match template.   

PCR Reaction Primers 
  

Linearize 

pK18mobsacB 

Amplify region 

upstream of 

pefL 

Amplify region 

downstream of 

pefL 

Amplify region 

upstream of 

ferD 

Amplify region 

downstream of 

ferD 

Amplify region 

upstream of 

ligwW 

Amplify region 

downstream of 

ligW 

Amplify region 

upstream of 

1sdD 

Amplify region 

downstream of 

1sdD 

Amplify region 

upstream of 

fdha 

Amplify region 

downstream of 

fdhA 

pKigmsB AseI ampl F: 

ctgtcgtgccagctgcattaatg (SEQ ID NO: 21) 

pKi8msB -MCS XbaI R: 

gaacatctagaaagccagt ccgcagaaac (SEQ ID NO: 22) 

PcfL pkis F: 

CGATTCATTAATGCAGCTGGCACGACAGcttttegettctccagetcgg (SEQ 

ID NO: 23) 

PcfL Del R.2: 

cccacccgcaatctcttatttccggtccaactcccatcaatttagtttgtc (SEQ ID NO: 24) 

PcofL pk18 R.2: 
GTTTCTGCGGACTGGCTTTCTAGATGTTCcttccacgatgaagcgggttgg 

(SEQ ID NO: 25) 

PefL Del F.2: 

gacaaactaaattgatgggagttggaccggaaataagagattgcgggtggg (SEQ ID NO: 26) 

FerD pk18 F: 

CGATTCATTAATGCAGCTGGCACGACAGcggctcgcgcaatttgttagtaag 

(SEQ ID NO: 27) 

FerD Del R.3: 

ctgccgaccgacaccgcaattatatttaatctccggaagecttttgectg (SEQ ID NO: 28) 

FerD pk18 R.2: 

GTTTCTGCGGACTGGCTTTCTAGATGTTCcggatcatgcgcaggtagacgtc 

(SEQ ID NO: 29) 

FerD Del F.3: 

caggcaaaaggcettccggagattaaatataattgeggtgtcggtcggcag (SEQ ID NO: 30 

LigW pkis F: 

CGATTCATTAATGCAGCTGGCACGACAGgaaggcgcaatccggagttctce 

(SEQ ID NO: 31) 

LigW Del R: 

cect cceggegetggtcaaaggceaggettccttccagggaag (SEQ ID NO: 32) 

LigW pk1is R: 

GTTTCTGCGGACTGGCTTTCTAGATGTTCtccagtggaagecgggagtgace 

(SEQ ID NO: 33) 

LigW Del F: 

cttcccgggaaggaagectgectttgaccagegecegggaggg (SEQ ID NO: 34) 

LsdD pk18 F.4: 

CGATTCATTAATGCAGCTGGCACGACAGgggggctaaccgecagtctctatcttec 

(SEQ ID NO: 35) 

LsdD Del R.4: 

gcaatacatacaatattgcaaggaggatgecgecgcatgatccagecceggag (SEQ ID NO: 36) 

LsdD pk18 R.3: 

GTTTCTGCGGACTGGCTTTCTAGATGTTCccaacaggcagecgaggatag 

(SEQ ID NO: 37) 

LsdD Del F.4: 

ctccgggctggatcatgeggeggcatcctccttgcaatattgtatgtattge (SEQ ID NO: 38) 

FdhA pk18 F: 

CGATTCATTAATGCAGCTGGCACGACAGctgacacggatotctcctcaacc 

(SEQ ID NO: 39) 

FdhA Del R: 

gtaaaccgtgtaaacccgttcaggtattgctacagecctgttaaattgeg (SEQ ID NO: 40) 

FdhA pk18 R: 

cgcaatttaacagggctgtagcaatacctgaacgggtttacacggtttac (SEQ ID NO: 41 

FdhA Del F: 

cegcaatttaacagggctgtagcaatacctgaacgggtttacacggtttac (SEQ ID NO: 42) 
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TABLE 9 

Plasmids used in this study. 

Plasmid Relevant Characteristics Source 

pK18mobsacB pMBlori sacB kan® mobT oriT(RP4) lacZa (52) 

PVP302K lac promoter lacl, Tev site rtxA (K cholera) kan®; (8) 

coding sequence for 8 x His-tag 

pK18mobsacBApcfL pK18mobsacB containing genomic regions flanking This study 

pefL 

pK18mobsacBAlsdD pK18mobsacB containing genomic regions flanking This study 

IsdD 

pK18mobsacBAferD pK18mobsacB containing genomic regions flanking This study 

ferD 
pK18mobsacBAligW  pK18mobsacB containing genomic regions flanking This study 

ligW 

pK18mobsacBAfdhA pK18mobsacB containing genomic regions flanking This study 

fdhA 
PVP302K-PcfL pVP302K containing codon optimized PcfL This study 

PVP302K-PcfL-NTag pVP302K containing codon optimized PefL This study 

downstream of His-tag coding sequence and Tev 

protease site 

PVP302K-LsdD pVP302K containing codon optimized LsdD This study 

PVP302K-FerD pVP302K containing codon optimized FerD This study 

PVP302K-FerD-NTag pVP302K containing codon optimized FerD This study 

downstream of His-tag coding sequence and Tev 

protease site 

PVP302K-LigW PVP302K containing codon optimized LigW This study 

PVP302K-FdhA pVP302K containing codon optimized FdhA This study 

pVP302K-LigV pVP302K containing codon optimized LigV This study 

PVP302K-0995 pVP302K containing codon optimized Saro_0995 This study 

PVP302K-1431 pVP302K containing codon optimized Saro_1431 This study 

PVP302K-1476 pVP302K containing codon optimized Saro_1476 This study 

PVP302K-2795 pVP302K containing codon optimized Saro_2795 This study 

pVP302K-2870 pVP302K containing codon optimized Saro_2870 This study 

pVP302K-3463 pVP302K containing codon optimized Saro_3463 This study 

PVP302K-3899 pVP302K containing codon optimized Saro_3899 This study 

pVP302K-0060 pVP302K containing codon optimized Saro_0060 This study 

PVP302K-1104 pVP302K containing codon optimized Saro_1104 This study 

PVP302K-1197 pVP302K containing codon optimized Saro_1197 This study 

PVP302K-1410 pVP302K containing codon optimized Saro_1410 This study 

PVP302K-1967 pVP302K containing codon optimized Saro_1967 This study 

PVP302K-2869 pVP302K containing codon optimized Saro_2869 This study 

PVP302K-3848 pVP302K containing codon optimized Saro_3848 This study 
  

[0156] These plasmids were transformed into FE. coli using the primers listed in Table 10. Codon optimized 
NEBSa by heat shock. Plasmids were isolated from 
NEBSacultures using the QIAprep Miniprep Kit (Q)iagen, 
Germantown, NID) and the insert regions of the plasmids 
were amplified and submitted for Sanger sequencing at 
Functional Biosciences (Madison, WI) or the, University of 
Wisconsin-Madison DNA Sequencing core facility. Once 
the sequences of these plasmids were verified, they were 
transformed via heat shock into E. coli WM46026, which 
served as a conjugal donor to mobilize the plasmids into N. 
aromaticivorans as previously described (16), except that 
the SMB minimal medium contained 1 g/L glucose. 

Construction of Protein Expression Strains 

[0157] Plasmids for recombinant protein expression were 
constructed using pVP302K, which was linearized via PCR 

(Benchling Biological Software) gBlocks (Table 11) of 
genes of interest (Table 7) for heterologous recombinant 
protein expression were obtained from Integrated DNA 
Technologies (San Diego, California) and amplified by PCR 
using the primers in Table 9 that contain overhanging 
regions complementary to the ends of linearized pVP302K. 
NEBuilder HiFi Assembly system was used to insert the 
amplified gBlocks into the linearized plasmid, yielding 
untagged expression plasmids for all genes as well as 
N-terminal His-tagged constructs with a TEV-protease 
cleavage site between the tag and the protein for PefL and 
FerD. All plasmids used are listed in Table 9. 
[0158] These pVP302K derivatives were transformed into 
E. coli NEBSa and their sequences were verified as 
described above. They were then transformed into FE. coli 
B834 by heat shock. 

TABLE 10 
  

Primers used to create recombinant protein expression plasmids. Capitalized 

DNA sequences are complementary to the end of linearized pVP302K. 
  

PCR Reaction Primers 
  

Linearize 

PVP302K with 

no His-tag 

PVP302K No His Lin F: 

taacagaaagccgaaaataacaaagttage 

PVP302K No His Lin R: 

catggttaatttctcctctttaatgaattctgtg (SEQ ID NO: 

(SEQ ID NO: 43) 

44)
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TABLE 10-continued 
  

Primers used to create recombinant protein expression plasmids. Capitalized 

DNA sequences are complementary to the end of linearized pVP302K.   

PCR Reaction Primers 
  

Linearize 

PVP302K with 

an N-terminal 

His-tag 

Amplify PcfL 

gBlock (no His- 

tag construct) 

Amplify FerD 

gBlock (no His- 

tag construct) 

Amplify LigW 

gBlock 

Amplify LsdD 

gBlock 

Amplify FdhA 

gBlock 

Amplify PcfL 

gBlock (N- 

terminal His-tag 

construct) 

Amplify FerD 

gBlock (N- 

terminal His-tag 

construct) 

Amplify LigV 

gBlock 

Amplify 

Saro_0995 

gBlock 

Amplify 

Saro_1431 

gBlock 

PVP302K N-Term Lin F: 

cagaaagccgaaaataacaaagttagectgag (SEQ ID NO: 45) 

PVP302K N-Term Lin R: 

tgcgatcgcgctctgaaaatacag (SEQ ID NO: 46 

pVP302K No His PcfL HiFi F: 

TAAAGAGGAGAAATTAACCATGtccgatagcaatcagattgece (SEQ ID 

NO: 47) 
PVP302K No His PcfL HiFi R: 

TGTTATTTTCGGCTTTCTGTTAtttccgegcattttcge (SEQ ID NO: 48) 

PVP302K No His FerD HiFi F: 

TAAAGAGGAGAAATTAACCATGactgcgtacccttctctce (SEQ ID 

NO: 49) 

pVP302K No His FerD HiFi R: 

TGTTATTTTCGGCTTTCTGTTAcccttcatgtaccgctttgg (SEQ ID NO: 50) 

PVP302K No His LigW HiFi F: 

TAAAGAGGAGAAATTAACCATGacacaagacctgaagaccgg (SEQ ID 

NO: 51) 

pVP302K No His LigW HiFi R: 

TGTTATTTTCGGCTTTCTGTTAaagtttaaaccatttttcagegttgg (SEQ ID 

NO: 52) 

PVP302K No His LsdD HiFi F: 

TAAAGAGGAGAAATTAACCATGgctcaatttccgaataccccaag (SEQ ID 

NO: 53) 

PVP302K No His LsdD HiFi R: 

TGTTATTTTCGGCTTTCTGTTAtgeggccaggacctttte (SEQ ID NO: 54) 

PVP302K No His LsdD HiFi F: 

TAAAGAGGAGAAATTAACCATGctaagcgacaggcacgtcaaag (SEQ ID 

NO: 55) 

PVP302K No His LsdD HiFi R: 

TGTTATTTTCGGCTTTCTGTTAgaacaccactactgaacgaatcgatttac (SEQ 

ID NO: 56) 

pVP302K-N PcfL HiFi F: 

AAATCTGTATTTTCAGAGCGCGATCGCAtccgatagcaatcagattgccg 

(SEQ ID NO: 57) 

PVP302K-N PcfL HiFi R: 

GGCTAACTTTGTTATTTTCGGCTTTCTGttatttccgegeattttcgeg (SEQ 

ID NO: 58) 

PVP302K-N FerD HiFi F: 

AAATCTGTATTTTCAGAGCGCGATCGCAactgcgtacccttctctccacatg 

(SEQ ID NO: 59) 

PVP302K-N FerD HiFi R: 

GGCTAACTTTGTTATTTTCGGCTTTCTGttacccttcatgtaccgctttggtgac 

(SEQ ID NO: 60) 

LigV Exp LigV F: 

CATTAAAGAGGAGAAATTAACCatgcagtttgaacgtatcaatccgatg (SEQ 

ID NO: 61) 

Exp LigV R: 

GTTTAAACTATTAATGATGATGttaaattggatagtgacctggttggg (SEQ 

ID NO: 62) 

0995 Exp F: 
CATTAAAGAGGAGAAATTAACCatgaaagecgecgtactc (SEQ ID 

NO: 63) 

0995 Exp R: 

GTTTAAACTATTAATGATGATGttattgatcaaacacaataacagaacg (SEQ 

ID NO: 64) 

1431 Exp F: 
CATTAAAGAGGAGAAATTAACCatgacaatcaatacaattcgegtacg (SEQ 

ID NO: 65) 

1431 Exp R: 
CGTTTAAACTATTAATGATGATttaacaaaaatgacggcagetctg (SEQ ID 

NO: 66) 
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TABLE 10-continued 
  

Primers used to create recombinant protein expression plasmids. Capitalized 

DNA sequences are complementary to the end of linearized pVP302K. 
  

  

PCR Reaction Primers 

Amplify 1476 Exp F: 

Saro_1476 CATTAAAGAGGAGAAATTAACCatgttgggacgtgcatcgg (SEQ ID 

gBlock NO: 67) 
1476 Exp R: 
GTTTAAACTATTAATGATGATGttacgtgatcgtoggatcgatce (SEQ ID 

NO: 68) 

Amplify Exp 2795 F: 

Saro_ 2795 CAT TAAAGAGGAGAAATTAACCatggcggcaattaatcttcccceg (SEQ ID 

gBlock NO: 69) 
Exp 2795 R: 
GTTTAAACTATTAATGATGATGttagccaaagacttcggcatagagge (SEQ 

ID NO: 70) 

Amplify Exp 2870x F: 

Saro_2870 CATTAAAGAGGAGAAATTAACCatgcgattgaaagtactgggacttatgg 

gBlock (SEQ ID NO: 71) 

Exp 2870 R: 

GTTTAAACTATTAATGATGATGttagecacctttggcttctaaag (SEQ ID 

NO: 72) 

Amplify Exp 3463 F: 

Saro_3463 CATTAAAGAGGAGAAATTAACCatgattccgcatggtgaacattcaatgctg 

gBlock (SEQ ID NO: 73) 

Exp 3463 R: 
GTTTAAACTATTAATGATGATGttatggcaccaaaaccagagcegecac (SEQ 

ID NO: 74) 

Amplify Exp 3899 F: 

Saro_3899 CATTAAAGAGGAGAAATTAACCatggacgcatacgctgcaattatc (SEQ ID 

gBlock NO: 75) 

Exp 3899 R: 
GTTTAAACTATTAATGATGATGttacattttgagaatggcettttatcgettttec 

(SEQ ID NO: 76) 

Amplify Exp 0060 F: 

Saro_0060 CATTAAAGAGGAGAAATTAACCatgtctacacagcectgcaaccatagctg 

gBlock (SEQ ID NO: 77) 

Exp 0060 R: 

GTTTAAACTATTAATGATGATGttatggacgagtttgcccegettce (SEQ ID 

NO: 78) 

Amplify Exp 1104 F: 

Saro_1104 CATTAAAGAGGAGAAATTAACCatgcgcgaacggctacagcaatacattg 

gBlock (SEQ ID NO: 79) 

Exp 1104 R: 
GTTTAAACTATTAATGATGATGttaggcaggcaggecgctgatcg (SEQ ID 

NO: 80) 

Amplify Exp 1197 F: 

Saro_1197 CATTAAAGAGGAGAAATTAACCatgactgcccctaccgee (SEQ ID 

gBlock NO: 81) 

Exp 1197 R: 
GTTTAAACTATTAATGATGATGttactgctgatgacgatatacagee (SEQ ID 

NO: 82) 

Amplify Exp 1410 F: 

Saro_1410 CATTAAAGAGGAGAAATTAACCatgggttaccgggttgtagtggtg (SEQ ID 

gBlock NO: 83) 

Exp 1410 R: 

CATTAAAGAGGAGAAATTAACCatgcagtttgaacgtatcaatccgatg (SEQ 

ID NO: 84) 

Amplify Exp 1967 F: 

Saro_1967 CATTAAAGAGGAGAAATTAACCatggcgatcaaagttgcgataaac (SEQ 

gBlock ID NO: 85) 

Exp 1967 R: 
GTTTAAACTATTAATGATGATGttaaaggaatttcgecattgctce (SEQ ID 

NO: 86) 
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TABLE 10-continued 
  

Primers used to create recombinant protein expression plasmids. Capitalized 

DNA sequences are complementary to the end of linearized pVP302K.   

  

PCR Reaction Primers 

Amplify Exp 2869 F: 

Saro_2869 CATTAAAGAGGAGAAATTAACCatgaatgacatgactaccatctec (SEQ ID 

gBlock NO: 87) 

Exp 2869 R: 
GTTTAAACTATTAATGATGATGttacatttgaataattactgttttagtctc (SEQ 

ID NO: 88) 

Amplify Exp 3848 F: 

Saro_3848 CATTAAAGAGGAGAAATTAACCatggctacgcagttgagaagtgcag (SEQ 

gBlock ID NO: 89) 

Exp 3848 R: 
GTTTAAACTATTAATGATGATGttactgatcgaacattccggtacgace (SEQ 

ID NO: 90) 

  

TABLE 11 
  

gBlocks of N. aromaticivorans genes codon optimized for E. coli and 

used to create heterologous protein expression constructs.   

  

gBlock Sequence 

PcfL cegatagcaatcagattgecgcgcttgaaagtcgectgaatgacctcgaa 

gBlock aggcgactgacggttagagaggacgagctggacgtacgcaaactccagca 

tttatacggttatctgattgataaatgcatgtataacgagacagttgace 

tgttcacagaagatggggaagtgeggttctttggtggcegtatggaaagge 

aaggagggcatccgeegtttgtacgttgaacgttttcagaaacgtttcac 

ctatggcaataacggecegattgatgggttcctgttagatcatccacaac 

ttcaagatattattcacgtgcaggatgatggggtcacggetttgggecge 

gegegttccatgatgcaagecggtcgecacaaggattatgagggagatge 

acctcatctgaaagcegegtcagtggtgggaaggtggtatatacgaaaaca 

cttataaaaaagtggatggegtgtggcegtatgcatatcctaaactacatg 

cegatctggcacgcagattttgaaageggcetgggcecaataccecgcacga 

atacgttccttttcccaaagtcacctatccagaagacccgactggacegg 

atgaactgattgctgaccattggttatggecgacccataagctgaaccce 

tttcacatgaaacatccggtgacgggtgaggaaatggtcgeacagegetg 

geagggtgacatcgatcgcgaaaatgcegceggaaataa 

(SEQ ID NO: 91) 

FerD actgcgtacccttctctccacatgattattgacggtgcccgtgtcagegg 

gBlock eggaggacgtcgcacccacgeggtcgtcaatccggctaccggagagacca 

teggtgaactgccgctggcagaagttgcagatctggatcgagegttagaa 

gtageggegaagggcettccgtatttggcgtgacagcacaccgcagcageg 

egcagecgtgttacagggegeggeccggcetgatgctggaacggcaagagg 

atctcgctcgcatagecacgatggaagaaggt aaaaccctgcccgaggeg 

egcatcgaagttctgatgaacgtgggectgttcaatttttacgetggaga 

agtatttcgtttatatggccgaaccctagtgegecctgegggtcagagaa 

gceacgatcacgcatgaaccggtagggecggtggecgectttgetccegtgg 

aactttccgettgggaatccaggtcgcaaactgggegegecaattgecge 

eggttgctcggtgattctaaaageggcggaagaaacgecggettcagegt 

taggggtgctgcaatgtctgctggatgctggectgcctaaagaagtggec 

caggctgtgtteggtgtgcectgacgaggtgagtcgecacctgttgggcag 

ttecegttatccgcaagcetctcgtttacaggttctaccgtcateggcaage 

atctgatgcgacttgcagecgacaacatgttgcgtacaactatggagctt 

ggceggecatggtcctgtcttagttttcggtgatgcagatattgacaaage 

getcgataccatggcagcttccaaatatcgtaacgegggcecaagtttgtg 

tttcaccaaccagatttatagtggaagaaagegtgttcgaacgttttcgt 

gatggttttgcagagegtgteggtcggatcaaagttggaaatggtttgga 

tcaggatgegcagatgggaccgatggcaaatgcccgcagecaggaggega 

tggatcgtctgateggggacgecgtgactcgeggcegcaaggttgeatact 

gggggegaacgtgtcggcaacgecggetatttttatgecceccacggttct 

gagtgaagtaccgcetggacgeggctattatgaacgaagaacegtttggec 

eggtagctctgattaatccattcggcggtgaggaagegatgatcgecgaa 

gceaaaccgtctgccgtatggettggcagectacgcatggacagatagege 

ggcgegggcaaaacgettageacgegagattgagacggggatgctgggge 

ttaattctaccatgattggeggcegceggattcgecattcggtggggtgaaa 

tggtcceggacacggttcagaggacggtcccgaaggtgttatggectgect 

tgtcaccaaageggtacatgaagggtaa (SEQ ID NO: 92)
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TABLE 11-continued 
  

gBlocks of N. aromaticivorans genes codon optimized for E. 

used to create heterologous protein expression constructs. 

coli and 

  

gBlock Sequence 
  

Ligw 

gBlock 

LsdD 

gBlock 

FdhA 

gBlock 

acacaagacctgaagaccggcggggagcagggttacctgcgtategecac 

cgaagaagctttcgccacgegagaaatcattgatgtctacctgcgcatga 

tacgcgatggaactgctgataaaggtatggtatcattgtggggcettttat 

geccagtccecttcagagegegecacccagatcttagaacgtctgttaga 

tettggegageggegtattgcagatatggatgcgacaggcattgacaagg 

ctattctagegctgacctcgccgggegtacagecgetgcatgacttagat 

gaagcacggacgcetcgcaacccgtgcaaatgatactcttgecgatgegtg 

ccaaaagtatccagaccgatttattggaatgggcacegtggeccegcagg 

atcceggaatggagtgcegegcegaaattcatcgtggtgcaagggaactgggt 

tttaagggcatccagatcaacagecacacgcaagggcgetacttggatga 

ggaattctttgatccgatattcegtgecctcgttgaagtcgaccagecge 

tgtatattcatcctgccacttcgecagattccatgatcgatccgatgttg 

gaagegggectggacggtgcaatctteggettcggtgtggagacgggcat 

geatctgctgcegectgatcacgattgggattttcgacaaatatcccaget 

tgcaaattatggttgggcacatgggegaggegetgecctactggetctat 

agactggattatatgcaccaggctggtgtgcegctctcagegctatgaacg 

tatgaaaccactgaaaaaaaccatcgaaggttatcttaaaageaacgtgt 

tagtgacaaattctggagtcgegtgggaacctgcegattaaattttgtcag 

caagtaatgggtgaggatcgggttatgtacgegatggactacecgtatca 

gtacgttgcagacgaagtgcgtgcgatggatgecatggacatgagtgcege 

aaacgaaaaaaaaattttttcagaccaacgctgaaaaatggtttaaactt 

taa (SEQ ID NO: 93) 

atggctcaatttccgaataccccaagcttcacgggattcaacacgecgtec 

teggattgaggceggatattgcagatctggeccacgaaggtacgattccge 

aagggttaaacggcgcattttatcgtgtccageccgatecgceagtttcct 

ccacgectcgatgatgacattgectttaacggagacgggatgattacccg 

attccatatacatgatggccaggtcgacttccgtcaacgttgggcgaaaa 

ccgataaatggaaactggaaaacgceggecggaaaagecctgtttggtgec 

taccgcaacccactgaccgatgacgaggcggttaaaggcegagatccgttc 

gaccgccaacactaacgecttcgttttcggtggcaaactgtgggcegatga 

aagaggacagtccagcactcgtaatggatccggcgacgatggaaacctte 

gggttcgaaaagttcggcggt aaaatgacaggcecagacctttactgcecca 

tecgaaggtagat ccgaaaaccggcaatatggtagegatcggttatgcetg 

caagegggttgtgcacagatgatgtgacctacatggaagttagtccggag 

ggtgaattagtacgcgaagtgtggttcaaagtgecgtattattgceatgat 

gcacgacttcggcattacagaggattacctcgtgctgcacattgttcectt 

ccatcggaagctgggaaagattagaacagggcaaaccgeactttggcettt 

gatactactatgccggttcacctaggtatcattccgaggegtgacggtgt 

gegecaggaagatatccgttggttcacgegggataattgttttgecagte 

atgtactgaatgcttggcaagaagggaccaaaattcactttgtgacttge 

gaagcgaaaaacaacatgtttcctttctttccagatgtccatggegegec 

cetttaacggtatggaggcaatgtcacatcctacggactgggtggtcgaca 

tggcaagceaacggcegaggactttgctgggatcgtgaagetttccgataca 

gctgcagaatttcctcgcatcgacgaccggtttaccggccagaaaacccg 

ccatggttggttcttagaaatggatatgaaacgaccagtggaattgegeg 

gtggttcagegggeggectgctgatgaattgtctgtttcacaaggacttec 

gaaacgggtcgtgaacageattggtggtgeggeccggtttegtctcttca 

ggagecgtgttttgttccgcegegcegaaagatgcccccgaaggtgatggat 

ggattgtgcaagtttgtaatcgtctggaagaacagegttccegatttgctg 

atatttgatgcgctggatattgagaaaggceccggtggctacggtcaatat 

eccccatccgectgegctttggcttgcatggtaattgggcgaatgcagacg 

aaattgggcttgcggaaaaggtectggcecgcagegatcgcaggaagegaa 

aatctgtattttcagagcgcattggcacatcaccatcatcaccatcacca 

ttaa (SEQ ID NO: 94) 

ctaagcgacaggcacgt caaagggagaccgcatgaaatgaaaacacgege 

egceagttgegtttgcgcecaaagcaaccgttggaaattgtagaactggatec 

tggaaggtcccaaagetggggaagttctggttgagattatggegactgga 

gtgtgtcacaccgatgcatatacgttagacgggttcgacagegaaggceat 

tttccctagegtgctgggtcatgaaggtgecggtatcgtgegegaagtgg 

geccetggggtaacttccgtgaaacctggegatcatgtgatccegetctat 

acgecggaatgtcgccagtgcaaatcgtgcettgtcgggtaagaccaacct 

gtgcacegcetattcgegecacgeaagggcagggectgatgeccgatggca 

ccagtegtttttcttacaaaggecagaccgtgttccactacatgggttge 

agtacattctctaattttacagttctgccagagatcgeggttgcaaagat 

tegegaggatgcegecgtttaaaacctcatgttatattggctgtggegtga 

egacgggtgttggegeggtgattaacactgctaaagtacaggtcggtgac 

aacgtcgtggtctttggattaggeggcataggtctcaatgttattcaggg 

agegeggettgcecggtgcagggaaaatcattggegtcgatatcaatccag 

atcgggaggaatggggccgtaaatttggcatgactgactttctgaatagt 

aagggcatgagecgcegaggacgtagttgctaaagtcgtcgecatgacega 
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TABLE 11-continued 
  

gBlocks of N. aromaticivorans genes codon optimized for E. 

used to create heterologous protein expression constructs. 

coli and 

  

gBlock Sequence 
  

LigV 

gBlock 

Saro_0995 

gBlock 

Saro_1431 

gBlock 

tggeggtgceggactatacctttgatgcecaccggtaataccgaagtgatge 

gtacggcegcttgaagcatgcecatcgtggttggggaacctccataatcatt 

ggtgtggcagaggcgggtaaagaaattagcacgegtccgttccaattagt 

tactggccgtaactggcgaggcacggecttcggaggcegecaaggggegca 

cagatgttccgaaaattgtagatatgtacatgaccggaaaaatcgaaatc 

gatccgatgatcacccatgtcatggggctggaagagatcaacacageatt 

tgatctgatgcacgctggtaaatcgattcgttcagtagtggtgttctaa 

(SEQ ID NO: 95) 

cagtttgaacgtatcaatccgatgacaggggcagtagectcgeaggceaga 

ggccatgaaagegtcggacattecttccattgcetgceccegegcaggacagg 

eetttccggegtgggcagegatgggecccaacgeacgtegeggegtactg 

atgaaggggctgeggegttggaagegegggcetgatgetttegtcgaagec 

atgatgggcgaaatcggegegactagagggtgggcegcetgtttaaccttgg 

cettgcagcaageatggtgcegegaagecgecgegcetgaccactcaaatct 

ctggagaggttattccatctgacaaaccggggtgtatttcgatggetctg 

egegaaceggttggtgtgattttgggcategegecgtggaatgegecgat 

tatecttggggtgegegcaattgecgtgcegettgectgaggtaacgegg 

tgatattaaaagcaagcgaaacatgtccgcegaacccacgegctcatcate 

gaggectttgctgaagcaggtttcccagaaggegtggttaatgtagtgac 

gaacgegectgcagatgcageggaagtggteggggegetgattgatgege 

cggaagtgcgtcgtataaactttaccggtagtactaatgtaggcaggatt 

at cgcaaaacgggggecgagcatttgaaaccctgtttactcgaactggge 

ggtaaagceaccgttaatagttctggatgatgceggatctagacgaageggt 

caaagetgeggettttggcegecttcatgaaccaagggcagatttgcatgt 

caacggagceggatcatcgttgtagatgecgttgecgatgcattcgcagat 

aaattcaaggccaaggtcgectccatggctgtaggegaccegegtgaggg 

tacgacccegttgggtgcagttgtcgacgctaaaactgtcgetcattgece 

gtagcttaattgacgatgccctggcaaaaggtgeccgtctgctgacegge 

ggtgaaaccacgeacaatgtgctcatgecegeccatgtcgtagatggegt 

gacgcaggatatgaagetgttccgegatgagagetttggeccagtggtgg 

gegtgattcgegegegegacgaagetcatgecattgaactggcgaacgac 

agtgaatatggactgtcageggctgttttcacacgtgacacagegegegg 

cetgegagttgccegecagatccgtageggtatttgccatgttaatggac 

ctaccgtccacgatgaggcgcagatgecttttggtggagtgggtgegtce 

ggctacggtegttttgggggt aaagecggcatcgatagttttaccegaget 

gagatggattacgatggaaacccaaccaggtcactatccaatttaa 

(SEQ ID NO: 96) 

aaagecgecgtactcgtcgaaccgggtaaaccgcetggatattcagcattt 

aagegtgagt aaaccceggceectcatgaagtccttatacgcacageagect 

gegggetgtgcecatagtgacttgcacttcatcgaaggtgectatccacat 

cegetgceceggctgtgcecagggcacgaggcetgctgggattgtggaageggt 

aggt tcagaagtgcgcacagt aaaagtgggtgacgetgttgttacctgec 

tgtccegegttctgtggtcattgcgagttttgegtgaceggecggatgteg 

ctgtgtcttggtggcgatacteggegeggtgcegggtgaggeacctegett 

gacacgcaccgacgatggaagcgcagtgaaccagatgctcaacctatcgg 

cetttgcagaacaaatgetggttcacgaacatgectgtgttgcegatcaat 

ccecegagatgccgetcgatagagctgeggttatcggetgtgeggtaaccac 

tggegegggtgeggtgtttaatgetgcgaaactgaccccaggagagacgg 

tatgegttgteggetgtggeggegtaggcettagcaacggtcaatgcecgeg 

aaaattgecggggcaggecgtattatcgcetgtggatccgatgecggaaaa 

acgcgaactggccatgaaactgggtgcgaccgatgtgatggacgegggac 

cegatgctgcggcacagatcgttgaaatgacgaaaggeggegttcaccat 

gegategaggccegtggggegtcctgcatctggegaccttgceggtcgegac 

getgegtegtgggggcaccgecacgattttaggtatgatgecegetggcac 

acaaggtcggattatcagcgatggatctgctgagcgataagaagetgcag 

ggtgcaattatgggcecgcaaccacttcccagtggatctgecgegactggt 

egacttctacatgcegtggcttgttggatctagacactatcattgecgaaa 

ggattccgcttgaagggat aaacgatggttttgaaaaaatgaaacaggga 

cattcegecegttctgttattgtgtttgatcaataa 

(SEQ ID NO: 97) 

acaatcaatacaattcgegtacgttcgecggecactctegacaccttaaa 

tttcgatacgctgacggattgtggacaaccgggaacgagcgaaatccgca 

ttegtctgcegegcaacttctctgaacttccactactacgcgatgattace 

agaatgctgccggctgcaacaagtcgaattcctatgtctaacggegectg 

acaggttttceggggtgtgcgatggcegtgaccaaattccaggegegtaacg 

cagttatctcgacctttttcaccgacaggaacgecggteccgecacagtca 

geegegtttacgaccgtcacggctgatgggattaatcgetacgegeggga 

agaagtggtggcecccggetcattggtttaccegegegecegttatgctata 

gtcacgcaaaagecgecacgetgacctgegegggecttactgcatggegt 
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TABLE 11-continued 
  

gBlocks of N. aromaticivorans genes codon optimized for E. 

used to create heterologous protein expression constructs. 

coli and 

  

gBlock Sequence 
  

Saro_1476 

gBlock 

Saro_2795 

gBlock 

Saro_2870 

gBlock 

getttgttcatagataacgctatcaagecgggcegacacggtecttggtgca 

gggcactggcagegttteggttttcgegetgcagttaacaaaggeggceat 

gegegegtgtcatcgcaacgagttcctcccaccagtaactgaaacgectg 

egeagecttagagcgaataaaaccat aaactataaaacgcaaacctcacg 

ggggatgcagacactagatttcactgccggtatttgtgtacactgtattg 

tegagattagecggeccggtacgtttcatcaagegatgatgtccacccge 

gtgcegtgctcatatcgegetgateggtgttctegegegttttgegggtcc 

agtttaaaccactttgctgatggcacagaatctgcgcegtataaggectta 

cegtggectcacgtaccaatcatctgcgaatgattcceggtategaggca 

aacegtatccaacctgtcattcacegecattttecatttcegtattttge 

egetgectttcgecatcaacagagetgccgtcatttttgttaaatcgtga 

ttgacatttga (SEQ ID NO: 98) 

ttgggacgtgcatcggtgctggt aaaaccgaaccaactggagacgtggga 

tgttaaagtagecgatccggaacegggeggtgecttagtttcgattgtge 

tgggtggggtatgegggagegacgtccatatattgaceggegaggetgge 

gtgatgceegtttccgatcattctgggacatgagggcegtgggaaggatcga 

aaaactggggcacggegtcagcactgattacgctggtgaggaacttaaac 

ceggegatctggtatattggtcgecgattgcetctgtgtcatcgatgttat 

tectgcaatgttctcgatgaaacaccttgcgaaaatacccagtttttcga 

agatgcttccaagecgaactggggttcatacgcagattatgcatggetge 

ccaacggtatgccgttctataaactgcecagceccaagegeagectgaageg 

gttgctgegettggctgtgcacttccaaccgeectgegeggetttgatcg 

ctgcggcagtgttagagtgggtgaaactgtggttgtccaaggtgceaggec 

ctgtcggectgtctgcagtgcetcgtggeggegcaggcecggggegegtgac 

gtgattgttattgacggttcaccacttcgtcgegaageggctaccegeatt 

gggtgectctctgacgattggcttagatgtcgegectgaggaacggegec 

ggatgatttacgatcgegttggtcgceaatggtcccaatgtagtcatcgag 

geagceggagttctgccagegtttccggaaggggtggacctgaccggtaa 

ccacggecgttacattgtgctaggattgtggggegcaatagggacccage 

egatcagecegegegacttaacaatcaaaaacctgactategetggtgeg 

accttccctaaaccaaaacattattatcaggecttgcatttagegacgge 

cetgcaggaccgtgtacegttagecggtctggtgagecacegttttggeg 

tcagecaggegggegaagegetgagt ct caccaagagtgggacagegatt 

aaggccgtgatcgatccgacgatcacgtaa (SEQ ID NO: 99) 

geggcaattaatcttccccegegtgattegtgctggtgggggtgcattage 

egaactgcccgatgcaatggcgcagtgceggectttcacgecegttcgtgg 

tgaccgatgcattcttagtgcaaagegggatggtcgetcggatgttagag 

gttctggacggegcetgggattgeggecacggtcttegatgcetacggtace 

tgatccgactgttgctgtggtagaacaggegettggcegcattgegagagg 

eggaatgtgattgtgtgatcgggtttgqgaggtggtagecegatcgacacec 

agtaaagecattgecgecctggegetgqgaacegegtgcagttcaatecat 

gaaggcaccagegacgaccgacgtccegggtctgecgatcattgecgtec 

egacgaccgecggcaccggctcggaggcegactaaatttacaatcgtgacc 

gatgaggcgacgagtgaaaaaatgctctgegeaggtctggecttcectgec 

tactatagcecattgtagatttcgagctgaccatgggcaaaccggetegge 

taactgcecgacacaggtattgattcgctgacacatgegattgaggectat 

gtttctaagaaagcecaatccgtttagtgatgetatggegatcteggegat 

gaaactgatcgegcecgaacattcgeaccgectgcgecgaacccggaaace 

gtgctgcacgegaagegatgatgattggegegcaccatgecggtattgeg 

ttttccaacgcetagegttgcactggtgcacggtatgagecgeccaategg 

egeattctttcatgtgcecgcacggattgtccaacgeaatgttgetgectg 

egattaccgegttttccegetccgtcagegttaccacgttacgecgattgt 

gecegtgegatgggtgtagetttggaaagegaaggegaccagtctgceegt 

tgcaaggetgctcgacgaactggeggegctgaacgeagacettagtgtcc 

egacgecgcagtcgcatgggatcagegetgatcgttggtttgaagtagtg 

ectgaaatggcgagacaggcaatagcatcaggcetctccaggcaataatcc 

acgegttcctgatgcggcggaaatcgagegectctatgecgaagtctttg 

gctaa (SEQ ID NO: 100) 

egattgaaagttctgggacttatggcagcactgetgcagetggeggettg 

taacat caaaagcegagggtggaggggatgcagtcgecaacgcetggagtca 

cagatgccectgattgceccaagegeccgaaggegaatggetgagctatgge 

egegattatggggaacaacgettttcaccgttgacccaaattaatgatgg 

taacgtcgggcagttgggtcttgectggtttcatgacctggagactgege 

gegggcaagaagegacgecgetgatgcatgatggtacgttatatatctcg 

actgcgtggt caatggtgaaagegttcgatgcaaaaaceggegegctgaa 

atggagttacgatcccgaagtaccgegtgaaacgetggtgegegeatget 

gegacgeggtcaatcgtggegtcegegetgtatggagataaagtttttgta 

ggtacgctcgatggtcgtctagtagegttagatcagaagaccggaaaagt 

agtttggtccaaggtagtagtgcccaatcaggaggactacaccataactg 
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TABLE 11-continued 
  

gBlocks of N. aromaticivorans genes codon optimized for E. 

used to create heterologous protein expression constructs. 

coli and 

  

gBlock Sequence 
  

Saro_3463 

gBlock 

Saro_3899 

gBlock 

gtgececegegegtggtgaaaggeaaagttctgattggtageggtggetcg 

gagtacaaagctcgaggctatattgccgectatgacgttaacacaggcaa 

cgaagtgtggaaattccacaccgtccctggcaatccageggatgggtttg 

agaacaaagcgatggaaaatgecgctcgcacttgggctggtgaatggtgg 

aaactcggtgggggtggcacggtgtgggattccatcacctatgatccage 

caccaacctagttctgttcggcacaggcaatgcagaaccatggaacccegg 

cagcagecggggggagggagacagettgtacacgtcctctattgtagegg 

tgaatgecgatactggcgactatgtatggcattttcaagaaaccccggaa 

gacegttgggacttcgattccegegcagcagattacgcetggcecgacctgac 

aattgatgggcageggcegecacgtgatccttcatgcgectaagaacggtec 

atgtttatgtgttggacgcaagaaccgggcagtttctgtceggeaacgece 

tttgtgatggtgaactgggegaccggtattgatcct aaaacgggceaagge 

cactgtcaatccagaageccgttatgaaaaaaccggcaaacctttcgtta 

gectgecaggtgcggtaggegcacattcatggcagecgceagagtttcage 

ccgaaaaccggectgcetgtaccttccggtgaacaatgeggeatttcctta 

tgcagecgecaaagactggaaagcaaccgatattggtttccagaceggtc 

tegacggctatgttaccagtatgcecagecgacgcaaaggtecagggegca 

gegatgaaagegaccactggtacgttagtggcegtgggaccceggttgegaa 

gaaagecgettggaaagtcgaactgecgageccgagtaacggtggcattt 

tatcgacagcetggcaatttagtgtttcaaggtaccgegggeggtgatttt 

gttgcatacaacgcecgataagggcaaacaattatggtcttttcceggegca 

gagtggcatccttgccgegecgatgacctatgctatcgatggggaacagt 

acgttgcggtcatggtgggetggggaggtgtgtgggacgtegecacaggt 

gtgctcgetcataaggccaaaaaacagaggaacataagecgectggtagt 

gttcaaactgggcgggaaagecacgetgecggetgcetcctccgatggcaa 

aaatggttttggatccgecgcecgtttacaggtacgeccgaacaagctaag 

gecggtggcgaattatacggacgttactgcaacgtttgtcatggtgatge 

tgeggttgegggeggegtgaatccagatctgegtcactcagetgegetta 

atgcaccagaggcgatcceggtctgtggtgattgagggggegetgceagceac 

aacgggatggtctcgttcaaatctgegcetgaagectgaggatgeggataa 

tatccgecactacttgatcaaacgtgcaaatgaagacaaagctctcgaag 

ccaaaggaggctaa (SEQ ID NO: 101) 

attccgcatggtgaacattcaatgctggcaatgceagttggatggtccagg 

caaacggctgcacccagtcgtgcgecctctgcecgttaceggggegaggtg 

aagtgcgggtaaaagtgceatgectgtggtgtttgcecgtacggacctgcac 

gttgcagatggegatattcacggtctgctacctattgtgccggggcacga 

agtgataggcegttgtcgatgcactggggecgggggtgacggatgttgaac 

ct ggtgegegtgtaggtgtecegtggcetcggecatgectgtggcacctge 

ccatattgcegacagcegggagggaaaacctttgtgatgegecgetgttcac 

eggttttactcgegatggceggatacgctacccatgtgattgcagatgege 

gettttgcetttcctattccagagggttttgacgatctgcacgeggegecg 

ctcatgtgegegggcettgatcggetatcgegetctteggettgcceggega 

tgcacctgtactcggattctatggttttggageggeggegeatattttag 

ctcaggtggecctgtggcagggtagaacggtttacgegtttactegegat 

ggcgacgcetaaggeccaggectttgctcgtgacatcggttgccaatggge 

eggacectctggegcetgegecgecgcaagetctggacgeagegatcatct 

tegectccegegggagaattggtgecgacagecectgcgtgcagtgegceaaa 

ggegggegtgttgtctgtgccggtattcatatgagegatatcceggcatt 

ecectacgecgatttatgggaggaacgtcagatcctgtcggtagegaatt 

taacccgacgegatggcgtagaattectgececttgcagegegtgcagge 

gttcgcacacatgtcgaggccatgcecgttaatgaaagegaacgaggecct 

ggacegectgcegtcgtggegacgtcagtggegetctggttttggtgecat 

aa (SEQ ID NO: 102) 

gacgcatacgctgcaattatcgagegtcagggtggagaattcgttctgga 

taacgtatctatcgaggatccgcegegatggcgaagtgctggttaaggttg 

cegcagctggcatgtgtcataccgatctgacggttcgcgatcaatattac 

cegacgeegettceggeggtgcetgggecacgaaggtageggegttgttga 

aaaagtgggacgtggcgtcaccactgtcaaaccaggtgacaaagtagtgt 

tatecttcagctattgcggtacttgtccttcgtgcctcaaagggeatcag 

geatactgtccgagectgttcccgttaaatttcatgggecgtcgectgga 

tggttcaacgeccattacacgcaacggt caagaggtcaacgectgetttt 

tegggcaatcctcttttgcgacctatagtattgcgtcagaaaacaattge 

gtcaaggttgccgacgatgcacagattgaacttttgggeccactgggctg 

ceggcattcagaccggtgcgggaagtattttaaatgetctttgtcccgaac 

cetggttcctctatagegatctttggggggggagtgtaggettaagegecg 

tgatggctgctaaagcatcgggctgcttgaagatcatcgeggttgacaga 

aatgcaggtcgcttggaactggcgegtgaactgggcegecaccgatgtgat 

tgacgcecaacacggtcaatgctcaggaagegatcgtcgegatgactggtg 

geggegecegactatgcaatggataccacagecattccageggtgcetgegg 

agtgceggtggatagcacgcacaatatgggtgaaacageagtggtgggegg 
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TABLE 11-continued 
  

gBlocks of N. aromaticivorans genes codon optimized for E. 

used to create heterologous protein expression constructs. 

coli and 

  

gBlock Sequence 
  

Saro_0060 

gBlock 

Saro_1104 

gBlock 

Saro_1197 

gBlock 

ggcgaaactgggtaccgagttttcactagacatgaataacatgctgtttg 

gtcgaaaattgegtggcgtagtcgaaggatcgagcacgectcaggtgttec 

atcccgcaactgattgcgatgcagaaagecgggcetgtttccegtttgagaa 

actctgtaccttttatgatctggatcagatcaaccaggecgtagaggata 

ccgaaaagactggaaaagcegataaaagecattctcaaaatgtaa 

(SEQ ID NO: 103) 

tetacacagectgcaaccatagctgattccgegaccgatctggttgaggg 

tettgcacgtgcagecegttctgegcagegecagttggegeggatggatt 

caccggtaaaagaacgegegcetgacgttagecgetgcagegcetgegtgec 

gctgaggcecgaaattttagecgctaacgcegcaggatatggcegaatggege 

agcaaacggectgtcctcggecatgcetcgaccggctgaagttaacgecag 

agegtctggccggcattgcecgatgctgtggcegcaagtegecgggcetggec 

gatceggtcggegaggtgatcagtgaagctgegegtccgaatggceatggt 

gctgcagagagtgcegtattccggtcggagttatcggcatcatttacgaaa 

gecgeeccaacgttaccgcecgatgcagceagegcetctgcgtgegttcaggt 

aatgceggegattctgcgcggtggctcggaageggttcatagtaaccgtge 

gatccataaagegctggttgctgggcettgecgaaggeggagtgcecggcag 

aagcggtgcagcttgtacctacgcaggaccgtgctgccgtaggggcaatg 

etaggtgccgegggactgatcgacatgatcgttccgegeggcggaaaaag 

cettgtegetcgegtccaggcagatgecegegtgccggtgttagcacact 

tggacggtatcaaccacacgtttgttcatgcecagtgcagatccggcegatg 

geccaagcegatagtgttgaatgecaaaatgegtcgcaceggegtttgtgg 

tgcgatggaaaccctgctgattgacgcgacttatccagatccccacggec 

tggtcgaaccgcetgctagacgecggttgcgagcetgcegeggegatgctega 

gcgagagcaattgatccgaggattgcgecagetgcecgacaacgactggga 

tacagaatatttggaagcgattctttcggttgcagtggtcgacggtttgg 

atgaagegctcgeccacatcgegcegecatgectctggtcataccgatgca 

atcgtcgcggcggaccaagatgtggcagaccgattcttagctgaagtaga 

tagegcaattgtaatgcataatgcatccagecagtttgctgatggeggtg 

agtteggectgggtgctgagattggtattgecacggggggetgcacgege 

geggeectgtagegctcgaagggcetgactacctacaaatggetggtgege 

ggaagcegggcaaactcgtccataa (SEQ ID NO: 104) 

egcgaacggctacagcaatacattgatggaaagtgggtagacagtgaagg 

tggcaaacgtcacgaagtcattaatccgactacagaggaaccctgttgtg 

tgattacgctgggcacgcaagcagatgtcgacaaagcagtggecgeggca 

cagegegectttaaaaccttcagcaaaacgacgegtgaggaacgactgge 

gctgcttgaacgcatcgtagaagaatacaagaagegtgtccctgatttag 

cegecgegatggcecgaggaaatgggagetccggtaagetttgecageace 
gegeaagttggegecggaatcggagcatttctgggcaccatggeegegcet 

cecegtaatttctcctttgttgaggacaacggtgcegtttaaagtggectacg 

aaccgataggtgttgtgggtatgattacgecatggaactggccactgaat 

cagatagetctgaaagtagceaccggegcetggecgeggggaataccatgat 

ectgaaaccgtccgaggaatgceccaaccaacgcagegatctttaccgaaa 

ttttggatgcecgcaggggttccgecaggggtttttaacctgattcaggge 

gatggtcctggtgtaggcactgcgatcagtagtcatccgggcattgatat 

ggttagtttcaccggttcgaccaegtgcegggcatcctcgtggcegaaagcetg 

eggecgataccgtcaagegggtgcatcaggaacttggcggtaaatctcce 

aatgtggtgctgceccgatgcagacttcgcaaaatatctgecgtctacege 

gtcaggecegttggtgaacageggecagagcetgceatttegecaacecgta 
ttttagtaccaagagaacgcgaagcagaageegeggettttgtttctgeg 
atgtactccgcaacaccggtcggggatccgatgcaagaaggtgegcacat 

tgggcecggtggttaacaaagcetcagtttgacaagatccegeggtctgatte 

aatcggcaatagacgaaggcgcgaaactcgagacagggggeccgacttac 

eggccaatgtgaaccgeggctattatatcaaaccaacggtcttttcagge 

gttactcctgatatgcegcattgctcaggaagaaatcttcggeccggtgge 

gacgattatggcgtacgattcattagaggaggccattgagatcgcaaatg 

atacagcctatggactgtcggcctgcattactggtgatccggcgaaageg 

gctgaagtcgctcctgagettcgtgcaggtatggtggctatcaataactg 

gggecctactccgggtgctccegttcggtggctataaacagtccggtaacg 

gtaggggggagggttgtatgggttgaaagacttcatggaaatgaaagega 
teageggectgectgectaa (SEQ ID NO: 105) 

actgcccctacegecgcagacctttccgecgatattgcacgggtttttge 

actgcaacaagcegcacatgtgggaggecaaggegtccaccgeggeggage 

gcaaagaaaaattggcgegtctgaaggecgeggt tgaagcacacgeggat 

gacattgtggccgeggttctggaagatacgegcaaacctgttggtgaaat 

aagggtgaccgaagttctgaatgtaaccgecaatatccagegaaacatcg 

ataatctcgatgaatggatgaaaccggtcgaggtcgctacctcactgaat 

ecageggaccgegegcagataattcatgaagegegeggegtatgectgat 

tettggcccatggaatttccccttaggtctggegcetgggtcaggtegecg 
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TABLE 11-continued 
  

gBlocks of N. aromaticivorans genes codon optimized for E. 

used to create heterologous protein expression constructs. 

coli and 

  

gBlock Sequence 
  

Saro_1410 

gBlock 

Saro_1967 

gBlock 

Saro_2869 

gBlock 

ctgctatcgecgcaggcaatacttgtatcgtgaaattaacggacttgtgt 

cecagegaccgcaagagtggcatcggtgatcgtgcegtgaagegttcgatga 

aaaagatgtggctctgtttgagggagacgttagtgtagetacegegettt 

tggatctgccgtttaatcatgtattttttacaggctctecacgtgtagge 

aaaattgtgatggctgctgcggcaaageatctgaccagegtcacgttaga 

gettggtgggaagtctcccgttattgtcgatgatagegcagatatcgatec 

aagttgctgcccagttagccgeggcecaaacaatt caacggegggcaggec 

tgcatttccecggactatgtgtttgtgaaagaagacaaaaaagetgegcet 

ggtagaaggtttccgtgccaatgtgcagaaaaacttgtatgatgatgcag 

gcaacctgaaaaaagacagtattgcacaggtggtcaacaaagegaacttt 

gatcegtgtgaaagecatgttcgacgatgcagt cgcaaaaggegegacegt 

egeegetggtggaacgtttgaageggatgacttgactattcatccgacaa 

tgctgacaggcgtaaccecgcagatgactattctccaggatgagatcttt 

gecectgtcattccggtgatgacctacgacacgctggatcaagegatcgg 

gtatatcgaagcacgcegacaaaccgcetagcactctatgtttacagtaaag 

atgaagcgaacgttgaaaaggtcttageccegeacgtcategggtggtgtt 

acggtgaatggtgtgttctcgcactacctggaaaacaacctgecgttegg 

gggggttaacacaageggtatgggceagcetaccatggegtgttcggattta 

agtgctttagcecacgagegggctgtatatcgtcatcageagtaa 

(SEQ ID NO: 106) 

ggttaccgggttgtagtggtgggtgegactgggaatgtggggegtgaaat 

gcetgaacattctggcagaacgegagtttecttgtgacgagatcgcagegg 

ttgctagetctegttcgcagggcaccgaaatagaatttggegaaactgge 

cggaagctgaaagtacagaatgttgaaaattttgattttaccggatggga 

cattgcactgtttgcggegggat caggeccgacgcagatccatgetccac 

gtgecegettctcagggctgcgtggtgatcgataacagtagettataccege 

atggacceggacgtgectctgategtgeccegaggtgaatccggatgegat 

tgatggctataccaaaaaaaacattattgecaatccaaactgttccaceg 

egcaaatggtcgtggegcetgaaaccegttacatgatgecgccaaaattaaa 

agagttgtcgtctccacgtatcaaagegtttccggcgegggtaaagaagg 

gatggatgaactgttcgaacaaagecgegcegatatttgtcggggacccgg 

tggaaccgaaaaaattcaccaaacagatcgcattcaacgtgatcectcat 

atcgatgtattcctagacgatggttcgact aaagaagagtggaaaatggt 

cgccgaaaccaaaaaaattttggaccccaaggttaaggtaacggcaacct 

gegtgegtgtgecggtgttcateggecactcggaagegttaaacattgag 

ttcgagaatgaaattagtgccgaggaagcegcagaatatectgegegaage 

accaggtgtgatgctcgtcgataagegegagaacggceggatatgttacge 

eggtcgaatgegttggtgattttgcecacatttgttagecgegtacgtgag 

gattcaacagttgataacggecttaatatttggtgtgtcagtgataacct 

gaggaaaggtgcetgecttgaacgetgtacagattgcagaactgcteggtec 

gtcgacaccttaaaaagggttaa (SEQ ID NO: 107) 

gegatcaaagttgcgataaacggttttggacgtatcgggaggaatgtgge 

cegegecattttagaacgtccegattgtgggttagaactggttagcatta 

acgacctggctgatgcecaaggctaacgecectgctgtttaaacgegacage 

gttcatggcegegttcagtggcgaagtatcagtggatggcaatgatctgat 

tgtgaatggcaagegceattcaggtgactgcagagegegatectgctaace 

tgccacacggagecaatggtattgacattgcegctggaatgeacgggettt 

ttcaccaatcgtgatggtggccagaaacacttggacgegggegecaaacg 

egttctgatttccgcetccggcaaaaaacgtagacctgacggtcgtctatg 

gtgtgaaccacgacaaactgaccggcegatcataagatcgtgtccaacgceg 

agttgcacgaccaactgtttggcgecgatggcaaaagtectgcatgaatec 

tatcgggattgagegtggtctaatgacaacgattcattcgtataccaatg 

at caaaaaatactcgaccagatccatagegatcctagacgggetegggcea 

geggcegatgaatatgatccccacaagcaccggggecgeagttgcagtggg 

tgaagttctgccagacttaaaagggaaacttgatggttegtcgattcgag 

teccegaceccgaacgtatctgtcgtggatcttactttcacgecgaagegt 

gataccagcegtagaggaagtaaatggtctcttgaaageggcetgecgaagg 

egcattgaaaggegtgttaggttacaccgacgaacegetggtttcaateg 

attttaaccacgatccgcatagttcaacaatcgacagecttgagactgec 

gtgctcgaaggtaaactggtgegegtectgtcttggtacgataatgagtg 

gggettttccaaccgtatgctggatacggcgggagcaatggcgaaattce 

tttaa (SEQ ID NO: 108) 

aatgacatgactaccatctcacgcacgcagegtgaatactecgaggecge 

aaaagctttcctcgcgagaaagecgceaattgtttattaataacgagtggg 

tegatagcagtcacgatgcagtgatcgaagtggaagacecctcgaatggg 

aggattgtaggtcatgtcgttgatgectcggacaaagacgttgaceggge 

ggttgeegetgegegggecgetttcgatgatggtcgttggtccaacctge 

egecaatggtacgegatcgtaccatgaatcgectggccgacctgettgaa 

gcaaacgcagatctctttgcagagetggaagegattgataatggtaaace 
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TABLE 11-continued 
  

gBlocks of N. aromaticivorans genes codon optimized for E. 

used to create heterologous protein expression constructs. 

coli and 

  

gBlock Sequence 
  

Saro_3848 

gBlock 

gaagggtatggecggegecgttgatattccaggtgcgataagecaactac 

gettcatggcaggatgggcecagcaaggtagetggegaaacgacgeagect 

tacacgatgcecgaatggcaccgtgtttagttacaccgtcaaagaacecgt 

eggtgtctgcgegcagattgtgccgtggaacttccegetgetgatggcat 

cattgaagatcgecceggegetggeggcetggatgtacactggtgctgaaa 

ectgccgaacagacatcgcttaccgegttaaaactggcagatttggtggt 

tgaggetggctttcctgcegggagtgatcaacattatcacagggaacggec 

acaccgcaggtgatcgcatggtcaaacatcccgacgtagacaaagtcgcec 

tttactggetccaccgaaatcgggaaactgataaatcgaaacgcaaccac 

cacgcettaaacgggttacgctcgaactggggggaaaagtcecgtagtggt 

tatgccagacgtagatgtggcgcagaccegegectggegttgecggtgega 

tttttttcaacgetggcecaggtttgtgttgecggtagtegtttatatgeg 

cacegttcggtgttcgattccgtgttagaaggtatgacccagactgegec 

gttttgggegeegegeecgagectggatccagaagceacacatgggacegt 

tggtcagcaaagagcaacatgaccgtgtgatgggatatatcgaggeggge 

aagegtgatggegecagegtagtgatgggceggtgattgeccaagegetga 

tggagggtactatgttaatccgacgattctggcagacgtgaatccgcaga 

tgtctgtcgtgegegaggaaatttttggtceggttgtegtegeccaacge 

ttcgacgatttagatgaagtggcgaaaatggcaaacgacacctgttttgg 

ettaggtgegggegtgtggacgegegatgttgeggtgatgcataaacttg 

cttcaaagatcaaatctggcactgtgtggggcaactgecatgecctgatec 

gatacagegetgecttttggceggctataaagaatctgggcetgggtcgaga 

acaggggcgtgcecggtattgatgcttatttggagactaaaacagtaatta 

ttcaaatgtaa (SEQ ID NO: 109 

gctacgcagt tgagaagtgcagaaaatgaatatgggatcaaatccgagta 

tggtcattatataggaggtgagtggattgcaggggatageggeaagacca 

tagatttactaaatccctctaccggtaaagtgctgaccaaaattcaagec 

ggcaacgcaaaagatattgaacgegegattgccgctgcaaaageggegtt 

tecgaagtggagecagagectgccaggggagegecaagaaatectgatag 

aggttgcgegtcgtctgaaagcacgecattcgcactatgcaaccttagaa 

acgctcaataacggtaaaccgatgcgcegaatcaatgtatttcgatatgec 

tcaaacgatcgggcaatttgagetgttcegecggtgecgectatggectge 

atggccagacgctggattatccagacgegattggcatcgtccacegtgaa 

cegttaggegtatgcegcegcagattattccatggaacgtgccgatgttgat 

gatggegtgcaaaatcgegecagegetggectctggcaacactgtcgttc 

tgaaaccggcecgaaacggtgtgectttctgtgattgaatttttcgtggaa 

atggctgatctgttgectccegggtgtgatcaacgttgttaccegggtatgg 

tgctgacgttggegaggegcettgtaacaagecectgatgtagctaaagtgg 

eetttaceggttcgattgctacggegegceeggattattcagtatgectcg 

gecaatatcattccacagacgctcgagttgggceggt aaatcagegcatat 

egtgtgtggcgatgcecgatattgacgceggceggtggaaagtgegactatgt 

ccaccgttttaaataaaggtgaagtctgtctggctggttcacgectgttt 

ctgcatcagtccatccaggatgaattcctggccaaatttaaaacageget 

tgaaggcattcgcecaaggcegacccgcetagatatggcgactcaacttggag 

cegcaggcatcgaagatgcagtttgacaaggtgcaaagetacttaaggetg 

gctacagaggaaggggcagaggtactgaccggeggtagtcgttcagatge 

cegcagatctggcagatggcaattttatcaaaccgacggtttttactaacg 

tcaataactccatgcggatcgegcaggaagagattttceggaceggttace 

agcgtaattacatggagcgacgaagacgacatgatgaaacaggccaacaa 

tacaacttacggcttggetggeggtgtctggaccaaggacatcgceacgag 

cacaccgtattgcgcgtaaactcgaaactggcacggtctggatcaatcge 

tactacaacctgaaagecaacatgcecgctgggaggttacaageaaagtgg 

etttgggcgtgaattcagecatgaagtgctgaatcactacacecagacca 

aatctgtggttgtcaacctccaggaaggtcgtaccggaatgttcgatcag 

taa (SEQ ID NO: 110) 
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Protein Purification 

[0159] PcfL and FerD were purified from the crude cell 
extract by fast protein liquid chromatography. The crude cell 

extracts were applied directly to a Ni-NTA column and 
washed with buffer A (50 mM NaH,PO,*H,O, 0.5 mM 

tris(2-carboxyethyl) phosphine, 25 mM imidazole, and 200 
mM NaCl, pH 7.5). The His-tagged proteins bound to the 

resin were eluted with Buffer B (50 mM NaH.PO,*H,0, 0.5 

mM tris(2-carboxyethyl) phosphine, 500 mM imidazole, 
and 300 mM NaCl, pH 7.5). The eluted proteins were 

collected and concentrated in Buffer C (50 mM 

NaH,PO,*H,O, 0.5 mM tris(2-carboxyethyl) phosphine, 10 
mM imidazole, and 100 mM NaCl, pH 7.5) using a 10 KDA 
MWCO centrifugal filter and hanging basket centrifugation 
(3,000xg) at 4° C. Protein concentration was quantified by 
Bradford protein assay measuring absorbance at 595 nm and 
the purified proteins were diluted to ~2 mg/mL protein by 
addition of buffer C. They were then treated overnight at 4° 
C. with 1 mg TEV-protease per ~30 mg of protein. The 
protease-treated samples were applied to a Ni-NTA column 

and the proteins were eluted with buffer C and the high 
imidazole buffer B was used afterwards to elute any remain- 

ing protein. A 10 kDA MWCO centrifugal filter and hanging
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basket centrifugation (3,000xg) at 4° C. was used to con- 
centrate the proteins, wash them twice with HEPES buffer 

(50 mM HEPES, 20 mM NaCl, pH 7.5), and concentrate 
them again, Fractions were saved throughout the purification 

process and protein content in each fraction was analyzed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis. 

Glycerol was added to the purified, concentrated proteins to 

a final concentration of 20% before they were flash frozen in 
a dry ice-ethanol bath and stored at -80° C. A Bradford 

protein assay measuring absorbance at 595 nm was used to 
determine the final protein concentration. 

Analysis of Extracellular Formaldehyde 

[0160] Extracellular medium samples were collected as 
described in the Materials and Methods and analyzed for 

extracellular formaldehyde by the Great Lakes Bioenergy 

Research Center Metabolomics Lab. Formaldehyde concen- 
trations were measured by headspace analysis using an 

Agilent 7890 Gas Chromatogram equipped with a LECO 
Pegasus BT time-of-flight mass spectrometry and controlled 
using LECO’s ChromTOF software v4.72.0.0. The samples 
were prepared in 20 mL headspace vials (Restek, Cat 

#23082) by diluting 100 nL of filtered medium into 5 mL of 

water containing p-TSA as the internal standard. The diluted 
samples were loaded onto a L-PAL 3 auto-sampler equipped 

with a 2.5 mL headspace syringe (PAL system, Cat #PAL3- 
Sys-008655). Prior to injection, each sample was transferred 

to an agitator preheated to 70° C. and incubated for 40 
minutes at 350 rpm prior to loading 500 uL of the headspace 
gas into the syringe. The sample was injected into a 120° C. 

inlet with a 50:1 split ratio onto a Stabilwax-DA column 
(Restek, 30 mx0.25 mmx0.5 um, Cat #11038) with helium 

as the mobile phase flowing at a constant 1 mL/min. The 
temperature program was set at 40° C. for 4.20 minutes, 

followed by a 40° C./minute ramp up to 200° C. The transfer 
line to the MS was set to 210° C. The MS source was set to 

200° C. and had an acquisition delay of 135 seconds. The 

chromatogram data was collected from 135-55 seconds at 10 
spectra/see covering the mass range of 10-350 m/z. Quan- 

tification was performed using p-TSA as the internal stan- 
dard with a 10-point calibration curve. 

DC-S-C Abiotic Dimerization Assay 

[0161] The time-dependent abiotic conversion of DC-S-C 
to DC-T-C was measured in water, DMSO, S30 buffer, and 

SMB minimal medium supplemented with 1 g/L glucose in 
a 96-well plate. DC-S-C was added in triplicate to each 
medium to a concentration of 0.2 mM and the 96-well plate 

was immediately placed in a Tecan Infinite M1000 reader set 
to maintain a temperature of 30° C. Every hour for 18 hours, 

absorbance of DC-S-C was measured at 370 nm since 
DC-S-C absorbs at 370 nm while DC-T-C does not (FIG. 

26). A series of 2-fold dilutions were performed to create a 

standard curve of eight concentrations of DC-S-C and of 
DC-T-C in each medium. The standard curves were then 
used to quantify extracellular concentrations of these aro- 
matics based on absorbance at 370 nm. 

Absorbance Spectra of Standards 

[0162] To identify the wavelengths at which to measure 

absorbance in the ADH and ALDH in vitro assays and 
DC-S-C abiotic dimerization assay, the absorbance of stan- 

dards was determined with the goal of identifying wave- 
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lengths at which either solely a substrate or solely a product 
absorbs. Triplicate 0.2 mM mixtures of DC-A, DC-L, and 

DC-C in 830 buffer and 0.2 mM standards of DC-S-C and 
DC-T-C in SMB minimal medium supplemented with 1 g/L 

glucose were created and their absorbance was measured 
from 230 nm to 500 nm in a Tecan Infinite M1000 reader. 
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Enzyme Sequences 

FdhA (Saro_0874) Coding Sequence 

(SEQ ID NO: 1) 
Atgctatcggacegccacgt caaagggagaccgcacgaaatgaag 

accegegecgcagttgegttcgegeccaageagecgcetcgagate 

gtcgaactggacct cgaaggecccaaggetggcegaagtgetggtc 

gagatcatggcgaceggegtgtgecacacegatgectacacgete 

gacgggttcegacagegaaggeatcttccccagegtgetgggcecac 

gaaggegeeggtategtgegegaggtggg¢eectggggtcactteg 

gtgaageceggegatcacgtgatcccgetctacacgecggaatge 

egecagtgcaaatcgtgectctcgggcaagaccaacctgtgcace 

gegatccgegecacgeaagggcagggectgatgeccgacggcace 

ageegettttegtacaagggecagacegtgttecactacatggge 

tgctegaccttctctaacttcacegtectgccecgagategeggtt 

gccaagatcegegaggacgegecgttcaagacctcgtgctatate 

ggectgcggegtgacgacgggegteggegeggtgatcaacaccgec 

aaggtccaggtcggtgacaacgtegtggtctteggecteggegge 

ateggectcaacgtgatecagggegegeggettgcecggtgecgge 

aagatcatcggegtcgacatcaaccccgaccgegaggaatgggge 

egcaagttcggcatgaccgacttcctcaacagcaagggcatgage 

egegaggacgtegtcgecaaggtcgtcgecatgaccgacggegge 

geggactacaccttcgacgecaccggcaacaccgaagtgatgege 

acggegcettgaagectgecategeggetggggcacctccatcate 

ateggegtggecegaggegggcaaggaaatcageacgegtecgtte 

cagctcgtcaceggecgeaactggegeggcacggectteggegge 

gecaagggecgcacegacgtgcccaagatcgtcgacatgtacatg 

accggcaagatcgagatcgacccgatgatcacecatgtcatggge 

ctggaagagatcaacaccgecttcgacctgatgcacgecggcaag 

tegatccgttcagtcgtggtgttctga 

FdhA (Saro_0874) Protein Sequence 

(SEQ ID NO: 2) 
MLSDRHVKGRPHEMKTRAAVAFAPKQPLEIVELDLEGPKAGEVLV 

EIMATGVCHTDAYTLDGFDSEGI FPSVLGHEGAGIVREVGPGVTS 

VKPGDHVIPLYTPECRQCKS CLSGKTNLCTAIRATQGQGLMPDGT 
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-continued 
SRFSYKGQTVFHYMGCSTFSNFTVLPEIAVAKIREDAPFKTSCYI 

GCGVTTGVGAVINTAKVQVGDNVVVFGLGGIGLNVIQGARLAGAG 

KIIGVDINPDREEWGRKFGMTDFLNSKGMSREDVVAKVVAMTDGG 

ADYTFDATGNTEVMRTALEACHRGWGT SI IIGVAEAGKEISTRPF 

QLVTGRNWRGTAFGGAKGRTDVPKIVDMYMTGKI EIDPMI THVMG 

LEEINTAFDLMHAGKS IRSVVVF* 

Saro_0995 Coding Sequence 

(SEQ ID NO: 

Atgaaagecgecgtactcgtcgaaccgggcaagecgetggatatt 

cagcatctcagegtgtccaageccggeccgcatgaagtccttate 

egceaccgcagectgcegggcetgtgccattcggacttgcacttcate 

gaaggtgectatccccatcegetgcecegeggtgccggggceacgag 

geggeggggategtcgaggeggtcggcetcggaagtgcegceacggte 

aaggtgggtgacgeggtcgtcacctgectgtcegegttctgeggt 

cattgcegagttctgegtgaceggecggatgtegetgtgecttgge 

ggcgacacccggegeggegegggcegaggcacctegecttaccege 

accgacgacggcagcgecgtgaaccagatgctcaacctcteggcec 

tttgccgaacagatgctggtgcacgaacatgectgegtggegatec 

aatcccgagatgccgctcgaccgegeggeggtgateggetgegceg 

gtcaccactggcgegggtgceggtgttcaacgeggcegaagetgace 

ceggg¢cgagacggtctgegtggteggetgtggeggegteggectt 

gecacggt caacgecgcgaagatcgecggcegcaggecggatcate 

geggtggacccgatgcecggaaaagcegegaactggccatgaagcetg 

ggcgegaccgatgtgatggacgcgggacccgatgcggcggcacag 

atcgtcgagatgacgaaaggcggcgtccaccatgcgatcgaggcc 

gtggggegtccggceatcgggegacettgceggtcgegacgetgege 

egegg¢eggcaccgecacgatecttggcatgatgecgctggcacac 

aaggtcggactttccgcegatggacctgctgtcggacaagaagctg 

cagggcgecatcatgggcecgcaaccacttcccggtggacctgccg 

egectggtcgacttctacatgegeggcettgctcgatctcgacacg 

atcattgcecgaacgcatcccgcetcgaagggatcaacgatggettec 

gagaagatgaagcagggecattccgecegetctgtcatcgtgtte 

gaccaatga 

Saro_0995 Protein Sequence 

(SEQ ID NO: 

MKAAVLVEPGKPLDIQHLSVS KPGPHEVLIRTAACGLCHSDLHFI 

EGAYPHPLPAVPGHEAAGI VEAVGSEVRTVKVGDAVVTCLSAFCG 

HCEFCVTGRMSLCLGGDTRRGAGEAPRLTRTDDGSAVNOMLNLSA 

FAEQMLVHEHACVAINPEMPLDRAAVIGCAVTTGAGAVENAAKLT 

PGETVCVVGCGGVGLATVNAAKIAGAGRI IAVDPMPEKRELAMKL 

GATDVMDAGPDAAAQI VEMTKGGVHHAI EAVGRPASGDLAVATLR
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-continued 
RGGTATI LGMMP LAHKVGLSAMDLLSDKKLQGAIMGRNHF PVDLP 

RLVDFYMRGLLDLDTI IAERIPLEGINDGFEKMKQGHSARSVIVF 

DQ* 

Saro_3899 Coding Sequence 

(SEQ ID NO: 

Atggacgcatacgcggcaattatcgagcgtcaaggeggcegaattec 

gttctggataacgtctctatcgaggatccgcgcegacggcegaagtg 

etggtcaaggttgecgcagcetggcatgtgtcataccgacctgacg 

gttcgcegatcaatattacccgacgecgcetgecggeggtgctggge 

catgaaggttcgggegttgtcgaaaaggtcggacgtggegtcace 

actgtcaagecaggcgacaaggtcgtgctctecttcagcetattge 

ggcacctgtccatcgtgcectcaaggggcatcaggectattgtccg 

agectgttcccgctcaatttcatgggecgecgectggatggttcg 

acgccgattacccgcaacggccaagaggtcaacgectgcettctte 

gggcaatectcgttcegegacctattcgatcgegtcggaaaacaac 

tgcgtcaaggttgccgacgacgcacagatcgaacttttgggecca 

etgggctgeggcatccagaccggggcegggcagceatcctcaatgeg 

etttgtcccgaacctggctcctcgatcgegatctteggggtceggg 

teggtcggectcagegecgtgatggcecgecaaggectcgggetge 

ctcaagatcatcgeggttgaccgcaacgcaggecgettggaactg 

gegegtgaactgggcegecaccgatgtgatcgacgecaacacggtc 

aacgctcaggaagcgatcgtcgegatgaccggtggceggegecgac 

tatgccatggataccaccgcecattccageggtgctgegceteggeg 

gtggacagcacgcacaacatgggtgaaaccgcagtggtcggcggg 

gegaagcetgggcaccgagttttcgctagacatgaacaacatgctg 

tttggecgceaagttgegeggegtagtcgaaggatcgagcaccceg 

caggtcttcatcccgcaactgattgcgatgcagaaggecgggcetg 

tteccegttcgagaagetctgcaccttctatgatctcgaccagate 

aaccaggccgtcgaggat accgaaaagaccggcaaggcegatcaag 

gecattctcaaaatgtag 

Saro_3899 Protein Sequence 

(SEQ ID NO: 

MDAYAAT IERQGGEFVLDNVSIEDPRDGEVLVKVAAAGMCHTDLT 

VRDOYYPTPLPAVLGHEGSGVVEKVGRGVTTVKPGDKVVLSFSYC 

GTCPSCLKGHQAYCPSLFPLNFMGRRLDGSTPITRNGQEVNACFF 

GQSSFATYSIASENNCVKVADDAQI ELLGPLGCGIQTGAGSILNA 

LCPEPGSSIAIFGVGSVGLSAVMAAKASGCLKI IAVDRNAGRLEL 

ARELGATDVIDANTVNAQEAIVAMTGGGADYAMDTTAI PAVLRSA 

VDS THNMGETAVVGGAKLGTEFS LDMNNMLFGRKLRGVVEGS STP 

OVFIPQLIAMQKAGLFPFEKLCTFYDLDQINQAVEDTEKTGKAIK 

ATLKM* 
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FerD (Saro_0797) Coding Sequence 

(SEQ ID NO: 

gtgactgcgtacccttcgetccacatgatcatcgacggegecege 

gtcageggeggeggacgtegceacccacgeggtcgtcaatccecget 

accggagagaccatcggcgaactgecgctggecgaagtegecgat 

ctegacegegegetcgaagtcgeggcegaagggettccgceatctgg 

egegacagcacgecgcagcagegegcagecgtgctecagggegeg 

gecegectgatgctggaacggcaggaggacctcgecegeatcgec 

acgatggaagaaggcaagaccctgcccgaggegegceatcgaagtec 

ctgatgaacgtgggectgttcaacttctacgecggegaggtattec 

eggctctatggccegcaccctcgtgegecctgegggt cagegcage 

acgatcacgcatgaaceggtcgggecegtggecgectttgegecg 

tggaactttcegetceggcaaccccggecgcaageteggegegece 

attgccgceggttgctcggtgatcctcaaggeggeggaagaaacg 

ceggectcegegeteggggtgctgcaatgectgetegatgeggge 

ctgcccaaggaagtggeccaggeegtgttcggtgtgectgacgag 

gtgagtcgecacctgcteggetcgtecgtcatccgcaagetctcg 

ttcaceggctcgaccegtcatcggcaagcacctcatgegecttgec 

gecgacaacatgttgcgcacaacgatggagettggeggecacgge 

cctgtectegtctteggegatgecgatatcgacaaggegetcgat 

accatggccgegtccaagtatcgcaacgegggecaggtctgegtc 

tegcecaaccegettcatcgtggaagagagegtgttcgaacgettec 

egegacggttttgccegagegegtcggecggat caaggtcggcaac 

ggectcgatcaggatgcegcagatgggecccatggecaacgecage 

egececgaggegatggatcgectgatcggggacgecgtgaccege 

ggcegeaaggetccacacegggggegagegegt eggcaacgecgge 

tatttctacgececcacggtcctgtccgaagtccagetcgacgeg 

gegatcatgaacgaggagecgttcggecceggtcegegcetgatcaat 

cecttcggeggcegaggaagegatgatcgecgaggecaacegectg 

cectacggectcgcegectacgectggaccgacagegeggegegg 

gecaagegectcgecegegagatcgagacggggatgetegggett 

aactcgaccatgateggceggegeggattcgeectteggeggggtc 

aagtggtccggcecacggct ccgaggacggtccecgaaggegtcatg 

gectgecttgtcaccaaggeggtccacgaagggtaa 

FerD (Saro_0797) Protein Sequence 

(SEQ ID NO: 

VTAYPSLHMI IDGARVSGGGRRTHAVVNPATGET IGELPLAEVAD 

LDRALEVAAKGFRIWRDSTPQQRAAVLQGAARLMLERQEDLARIA 

TMEEGKTLPEARIEVLMNVGLFNFYAGEVFRLYGRTLVRPAGORS 

TITHEPVGPVAAFAPWNFPLGNPGRKLGAPIAAGCSVILKAAEET 

PASALGVLQCLLDAGLPKEVAQAVFGVPDEVSRHLLGSSVIRKLS 

7)
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-continued 
FTGSTVIGKHLMRLAADNMLRTTMELGGHGPVLVFGDADIDKALD 

TMAAS KYRNAGQVCVS PTRFIVEESVFERFRDGFAERVGRIKVGN 

GLDQDAQMGPMANARRPEAMDRLIGDAVTRGARLHTGGERVGNAG 

YFYAPTVLSEVPLDAAIMNEEPFGPVALINPFGGEEAMIAEANRL 

PYGLAAYAWTDSAARAKRLAREI ETGMLGLNSTMIGGADS PFGGV 

KWSGHGS EDGPEGVMACLVT KAVHEG* 

Saro_1104 Coding Sequence 

(SEQ ID No: 

atgcgcgaacggctacagcaatacattgatggcaagtgggtagac 

agcgagggtggcaagegcecacgaggtcatcaatccgacgaccgag 

gaaccctgctgcgtcatcacgetgggcacgcaggecgatgtcgac 

aaggcagtggcecgcggeccagegegcecttcaagaccttcagcaag 

acgacgcgcgaggagcgactcgegctgcttgaacgcatcgtcgag 

gaatacaagaagcegegtcccegatctcgcegecgegatggecgag 

gaaatgggcgctccggtaagcettcgccagcaccgcgcaggtcgge 

gccggceatcggcegecttectcggcaccatggecgegcetccgcaac 

ttetecttcgtcgaggacaacggtgcgttcaaggtcgectacgaa 

eccgatcggcegtcgtcggcatgatcacgccatggaactggeccctc 

aaccagatcgegctcaaggt cgcaccggegetggecgegggcaac 

accatgatcctcaagecgtccgaggaatgcecccaccaacgcecgceg 

atctttaccgagatcctcgatgecgecggegtccegecaggegtec 

ttcaacctcatccagggcgatggtcccggcegtcggcactgcegatec 

agctcgcacccgggcatcgacatggtcagcttcaccggctcgace 

egegegggceatcctcgtggcegaaggctgcggecgataccgtcaag 

egegtccatcaggagettggceggcaagtcgeccaacgtcgtcctg 

eccgatgcagacttcgccaagtacctgccgtcgaccgegtccgge 

cegttggtcaacagcggcecagagctgceatttcgeccacccgeatt 

etegtaccecgcgaacgcgaagecgaagecgeggegttcgtttcg 

gcgatgtactcggcaaccccggtcggcgatccgatgcaggaaggt 

gegcacatcggccceggtggt caacaaggcegcagttcgacaagatc 

egeggcectgatccagtcggcegatcgacgaaggcgcegaagcetcgag 

accggcggecccgacctcccgg¢ecaacgtcaaccgeggcetactac 

atcaagceccacggtcttctccggegtcacgeccgacatgegceatt 

gcgcaggaggaaatcttcggceecggtcgcegacgatcatggegtac 

gacagectcgaggaggccatcgagatcgcecaacgacaccgectat 

ggectgteggectgcatcacceggcegatccggegaaggeggctgaa 

gtegegeccgagettcgegecggcatggtcgcegatcaacaactgg 

ggeccecacccegggegegecgttcggcggctacaagcagteccgge 

aacggccgcgaggggggctctatggcectcaaggacttcatggaaa 

tgaaggcgatcageggectgectgectga 
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Saro_1104 Protein Sequence 

(SEQ ID NO: 

MRERLQOY IDGKWVDS EGGKRHEVINPTTEEPCCVITLGTQADVD 

KAVAAAORAFKTFS KT TREERLALLERIVEEYKKRVPDLAAAMAE 

EMGAPVSFAS TAQVGAGIGAFLGTMAALRNFSFVEDNGAFKVAYE 

PIGVVGMI TPWNWPLNQTALKVAPALAAGNTMILKPSEECPTNAA 

IFTEILDAAGVPPGVFNLIQGDGPGVGTAISSHPGIDMVSFTGST 

RAGILVAKAAADTVKRVHQELGGKS PNVVLPDADFAKYLPSTASG 

PLVNSGQSCISPTRILVPREREAEAAAFV SAMYSATPVGDPMQEG 

AHIGPVVNKAQFDKIRGLIQSAIDEGAKLETGGPDLPANVNRGYY 

IKPTVFSGVTPDMRIAQEEIFGPVATIMAYDS LEEAIETANDTAY 

GLSACI TGDPAKAAEVAPELRAGMVAINNWGPTPGAPFGGYKQOSG 

NGREGGLYGLKEDFMEMKAI SGLPA* 

Saro_1197 Coding Sequence 

(SEQ ID NO: 

atgactgccccgaccgecgecgacctttccgecegacatcgcacge 

gtcttcgcactccagcaggcegcacatgtgggaggecaaggectcc 

accegcggcecgagcgcaaggaaaagetcgegegectcaaggecgee 

gtcgaageccacgecgacgacatcgtcgecgecgtcctcgaagac 

acgcgcaagecggttggcegaaatccegcegtgaccgaagtcctcaac 

gtcaccgccaacatccagcegcaacatcgacaatctcgatgaatgg 

atgaagcecggtcgaggtcgcecacctcgctcaatccegecegaccge 

gcgcagatcatccacgaagegegeggegtctgectgatccttgge 

ccctggaacttcccecteggectegegcteggtceggtegecegcet 

gecatcgecgcaggcaacacctgcatcgtgaagetcaccgacctc 

tgcccegecaccgcaagggtggecteggtgategtcagggaageg 

ttcgacgaaaaggatgtggctctgttcgaaggegacgtctcggte 

gccacegegcetcctcgatctgcecgttcaaccacgtcttcttcace 

ggctcegecccgegt cggcaagatcgtgatggecgctgecgcaaag 

cacctcaccagegt cacgctcgaacttgggggaagtcgeccgtca 

tegtcgacgatagcegecgacatcgatcaggtcgecgeccagetcg 

cegceggccaagcagtt caacggggg¢eaggectgcatcageccegga 

ctacgtcttcgtgaaggaagacaagaaggecgegetggtcgaagg 

cttccgggccaacgtgcagaagaacctctatgacgatgcecggcaa 

cctgaagaaggacagcatcgceccaggtggtcaacaaggcegaactt 

egaccgcegtgaaggcecatgttcgacgatgecgtcgecaagggege 

gacegtcgecgecggcggaacgttcgaagecgatgacctcaccat 

ccatccgaccatgctgaccggegtcaccccgcagatgaccatcct 

ccaggacgaaatcttcgeccecgtcatcccggtgatgacctacga 

cacgctcgaccaggegatcggctacatcgaagceccgegacaagec 

gctcgcactctatgtctacagcaaggacgaagegaacgtcgaaaa
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-continued 
ggtcctcgecegcacctcgtcgggeggtgtcacggtgaatggegt 

gttctcgcactacctggaaaacaacctgcecgttcggcggegtcaa 

caccagceggcatgggcagctaccacggcegtgttcggcettcaagtg 

cttcagccacgaacgggcetgtctaccgcecaccagcagtaa 

Saro_1197 Protein Sequence 

(SEQ ID No: 

MTAPTAADLSAD IARVFALQQAHMWEAKAS TAAERKEKLARLKAA 

VEAHADD IVAAVLEDTRKPVGEIRVTEVLNVTANIQRNIDNLDEW 

MKPVEVATSLNPADRAQI IHEARGVCLILGPWNFPLGLALGPVAA 

ATAAGNTCIVKLTDLCPATARVASV IVREAFDEKDVALFEGDVSV 

ATALLDLPFNHVFFTGSPRVGKIVMAAAAKHLTSVTLELGGKSPV 

IVDDSAD IDQVAAQLAAAKOFNGGQACIS PDYVFVKEDKKAALVE 

GFRANVQKNLYDDAGNLKKDS IAQVVNKANFDRVKAMEDDAVAKG 

ATVAAGGTFEADDLTIHPTMLTGVTPQMT ILQDEIFAPVIPVMTY 

DTLDQAIGYI EARDKPLALYVYSKDEANVEKVLARTSSGGVTVNG 

VFSHYLENNLPFGGVNTSGMGS YHGVFGF KC FSHERAV YRHQQ* 

Saro_2869 Coding Sequence 

(SEQ ID No: 

atgaacgacatgaccaccatctcgcgcacgcagcegegaatactcg 

gaggecgecaaggecttcctcgegegcaagecgceagttgttcate 

aacaacgagtgggtcgacagcagecacgacgecgtgatcgaggtg 

gaagacccctcgaacggcaggatcgtcggtcatgtcgtcgatgec 

tceggacaaggacgt cgaccgggeggttgccgeggegegegecgeg 

ttcgacgatggecgctggtccaacctgccgecaatggtccgegat 

egcaccatgaatcgectggcecgacctgcttgaagecaacgecgat 

etctttgcecgagct cgaagcegat cgacaacggcaageccaaggge 

atggccggegecgtcgacatccccggegegatcagecagetccge 

ttcatggcceggetgggecagcaaggtcgcegggcgagacgacgcag 

ccctacacgatgcccaacggcaccgtgttcagctacaccgtcaag 

gaacccgtcggegtctgcgegcagatcgtgcecgtggaacttcceg 

ctgctgatggcectcgctcaagatcgeccceggegetggeggetgge 

tgcaccctggtgctgaageccgecgaacagacctegettacegeg 

ctcaagcettgecgatctcgtggtcgaggecggettccctgeggge 

gtgatcaacatcatcaccggcaacggccacaccgecggtgaccge 

atggtcaagcatcccgacgtcgacaaggtcgecttcacceggcetcg 

accgagatcggcaagctgatcaatcgcaacgecaccaccacgctec 

aagcgggtcacgctcgaactggggggaagagecccgtcgtggtca 

tgeccgacgtcgacgtgqgcegcagacegegectggegttgccggeg 

egatcttcttcaacgegggecaggtctgcegttgceceggttcgegtec 

tctatgcgcacegttcggtgttcgattccgtgctcgaaggcatga 

cecagacegegcegttctgggegecgegecectegetggatcccg 
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aagcccacatgggceccgttggtcagcaaggagcagcacgacegeg 

tgatgggctacatcgaggcegggcaagegegatggegecagegtcg 

teatgggceggegattgecccagegecgatggegggtactacgtca 

acccgacgatccttgcagacgtgaacccgcagatgtcggtcgtge 

gcgaggaaatctteggeccegtcgtcegtegeccagegettcgacg 

atctcgatgaagtggcgaagatggccaacgacacctgcttcggcee 

teggegegggegtgtggacgegegatgtcgeggtgatgcacaage 

ttgcctcgaagatcaaatcgggcaccgtgtggggcaactgecacg 

cectgatcgataccgegetgccctttggcggctacaaggaatcgg 

gectgggcecgcgaacaggggegegecggcatcgacgectacctcg 

agaccaagaccgtcatcatccagatgtaa 

Saro_2869 Protein Sequence 

(SEQ ID NO: 

MNDMTTISRTQREYSEAAKAFLARKPOQLF INNEWVDSSHDAVIEV 

EDPSNGRIVGHVVDAS DKDVDRAVAAARAAFDDGRWSNLPPMVRD 

RTMNRLADLLEANADLFAELEAIDNGKPKGMAGAVDIPGAISQLR 

FMAGWASKVAGETTQOPYTMPNGTVFSYTVKEPVGVCAQIVPWNFP 

LLMASLKIAPALAAGCTLVLKPAEOQTS LTALKLADLVVEAGF PAG 

VINIITGNGHTAGDRMVKHPDVDKVAFTGSTEIGKLINRNATTTL 

KRVTLELGGKSPVVVMPDVDVAQTAPGVAGAI FFNAGQVCVAGSR 

LYAHRSVFDSVLEGMTQTAPFWAPRPS LD PEAHMGPLVSKEQHDR 

VMGYIEAGKRDGASVVMGGDCPSADGGYYVNPTI LADVNPOMSVV 

REEIFGPVVVAQRFDDLDEVAKMANDT CFGLGAGVWTRDVAVMHK 

LAS KIKSGTVWGNCHALIDTALPEGGYKESGLGREQGRAGIDAYL 

ETKTVIIQM* 

PcfL (Saro_0796) Coding Sequence 

(SEQ ID No: 

Gtgtccgatagcaatcagattgecgcegcet cgaaagecgectgaac 

gacctcgaaaggcegectgacggtgcgcgaggacgagctggacgta 

egcaagctccagcatctctacggctacctgatcgacaagtgcatg 

tataacgagaccgtggacctgttcaccgaagatggcgaagtgege 

ttetteggeggegtctggaagggcaaggaggg¢eatecgecgtcte 

tacgtcgaacgtttccagaagegettcacctacggcaacaacgge 

cegatcgacggcttcctgctcgatcacccccagettcaggacate 

atccacgtgcaggatgacggggt cacegetcteggecgegegegg 

tegatgatgcaggcecggtcgcecacaaggattacgagggcegatgcc 

cegcacctcaaggcegegecagtggtgggaaggeggcatctacgag 

aacacctacaagaaggggacggcgtgtggceggatgcacatcctca 

actacatgccgatctggcacgcecgatttcgaaageggcetgggceca 

acaccccgcacgaatacgtgecgttccccaaggtcacctatcccg 

aagacccgaccggaccggacgaactgatcgecgaccactggetct
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-continued 
ggcecgacccacaagctgaaccccttccacatgaagcacccggtga 

cegggcgaggaaatggtcgegcagegetggcagggcegacatcgacc 

gcegagaacgegceggaaataa 

Pcf£L (Saro_0796) Protein Sequence 

(SEQ ID NO: 

VSDSNQIAALESRLNDLERRLTVREDELDVRKLQHLYGYLIDKCM 

YNETVDLFTEDGEVRFFGGVWKGKEGI RRLYVERFQOKRFTYGNNG 

PIDGFLLDHPQLOQDIIHVQDDGVTALGRARSMMQAGRHKDYEGDA 

PHLKARQWWEGGIYENTYKKVDGVWRMHI LNYMPIWHADFESGWA 

NTPHEYVPFPKVTYPEDPTGPDELIADHWLWPTHKLNPFHMKHPV 

TGEEMVAQRWQGDIDRENARK* 

LsdD (Saro_0802) Coding Sequence 

(SEQ ID NO: 

atggcccaatttccgaacacccccagettcacgggattcaacacg 

cegtegeggatcgaggeggatatcgecgatctggceccacgaagge 

acgattccgcaagggttaaacggegceattctaccgegtecagece 

gacccegeagtttccteccecgectcegacgacgacatcgecttcaac 

ggcegacggcatgatcacccgettccacatccacgacggecaggtec 

gacttccgecagegetgggcgaagaccgacaagtggaagetggag 

aacgccgecggaaaggecctgttcggegectaccgcaaccegetg 

accegacgacgaggceggtcaagggegagatccgttcgacegecaac 

accaacgecttegtgtteggceggcaagetgtgggcegatgaaggag 

gacagtccegeectegtcatggacecggcegacgatggaaaccttec 

gggttcgagaagttcggeggcaagatgaceggecagacctttace 

geccaccccaaggt cgatccgaagaccggcaacatggtcgecatec 

ggctatgecgcaagegggcetgtgcaccgacgatgtgacctacatg 

gaagtgagececggagggegagettgtccgegaagtgtggttcaag 

gtgccgtactactgcatgatgcacgactteggcatcaccgaggat 

tacctegtgctgcacategtgecttccatcggaagetgggaaagg 

ctggaacagggcaagecgceacttcggettcgacacgaccatgecg 

gtgcaccteggcatcatccegegeegegacggegtgegecaggaa 

gacatccgetggttcacgegggacaactgetttgecagecatgte 

etgaacgectggcaagaggggaccaagatccacttcgtgacctge 

gaggcgaagaacaacatgttccegttcttceccegacgtccacgge 

gegeecttcaacggcatggaggecatgagecatccgaccgactgg 

gtggtcgacatggecagcaacggegaggactttgecgggatcgtg 

aagctttccgacacagecgecgagttecegegcatcgacgaccge 

tttaccggecagaagacecgecatggetggttectcgaaatggac 

atgaagegeceggtggaattgcegeggeggcagegecggeggectg 

ctgatgaactgectgttccacaaggacttcgaaacgggtcgegag 

cagcactggtggtgeggeccggtgtcgagecttcaggagecgtge 

4l 
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ttegtgccgegcgecaaggatgceccccgaaggegacggcetggate 

gtgcaggtttgcaaccggcetggaagagceagegceagegacttgctg 

atcttegacgegcetcgacatcgagaaaggeccggtggecacggtc 

aacatccccatccgectgegetteggecttcacggcaactgggceg 

aatgccgacgaaatcggecttgccgagaaggtectggecgcatga 

LsdD (Saro_0802) Protein Sequence 

(SEQ ID NO: 

MAQFPNTPSFTGFNTPSRI EADIADLAHEGTI POGLNGAFYRVQP 

DPQFPPRLDDDIAFNGDGMI TRFHIHDGQVDFRQRWAKTDKWKLE 

NAAGKALFGAYRNPLTDDEAVKGEIRS TANTNAFVFGGKLWAMKE 

DSPALVMDPATMETFGFEKFGGKMTGOTFTAHPKVDPKTGNMVAI 

GYAASGLCTDDVTYMEVSPEGELVREVWFKVPYYCMMHDFGITED 

YLVLHIVPSIGSWERLEQGKPHFGFDTTMPVHLGI I PRRDGVRQE 

DIRWFTRDNCFASHVLNAWQEGTKIHFVTCEAKNNMFPFFPDVHG 

APFNGMEAMSHP TDWVVDMASNGEDFAGIVKLSDTAAEFPRIDDR 

FTGOQKTRHGWFLEMDMKRPVELRGGSAGGLLMNCLFHKDFETGRE 

QHWWCGPVSSLOEPCFVPRAKDAPEGDGWIVOVCNRLEEQRSDLL 

IFDALDIEKGPVATVNIPIRLRFGLHGNWANADEIGLAEKVLAA* 

LigW (Saro_0799) Coding Sequence 

(SEQ ID NO: 

atgacacaagaccttaagaccggeggegagceagggcetacctgcege 

ategecaccgaggaagecttcgecacgegegagatcategacgtc 

tacctgcgcatgatccgegatggcactgccgacaagggceatggtc 

tegetctggggcettctacgeccagtcecectcagagegegecace 

cagatcctcgaacgectgctcgatcttggcegagegecgceategec 

gacatggacgcgaccggcatcgacaaggctatectcgegetgace 

tegeceggegtecagceegetgcacgaccttgacgaggcecaggacg 

etegecacccgegecaacgacacgettgcecgacgegtgccaaaag 

tacccagaccgettcateggceatgggcacegtegecccgeaggac 

ceggaatggt ccegegegegagatccatcgtggtgcecagggaactg 

ggcttcaagggcatccagatcaacagecacacgcaagggegctac 

etegacgaggagttcttegacccgatettcegegecectegttgaa 

gtcgaccagecgcetctacatccacectgccacttcgeecgattece 

atgatcgaccegatgctegaagegggectcgacggegecatctte 

ggettcggegtggagacgggcatgceacctgctgcegectcatcace 

atcggcatcttcgacaagtatcccagecttcagatcatggtcegge 

cacatgggcgaggegetgecctactggctctacegectggactac 

atgcaccaggceggtgtecegetcgcagegctacgaacgcatgaag 

cecctgaagaagaccategagggctacctcaagtccaacgtcctec 

gtcaccaattcgggcegtcegegtgggaacctgcgatcaagttctge 

cagcaggtcatgggegaggaccgegttatgtacgegatggactac
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cectaccagtacgttgccgacgaggtgcgcegegatggacgecatg 

gacatgagtgcgcaaacgaagaagaagttcttccagaccaacgeg 

gagaagtggttcaagetttga 

LigW (Saro_0799) Protein Sequence 

(SEQ ID NO: 20) 

MTQDLKTGGEQGYLRIATEEAFATREI IDVYLRMIRDGTADKGMV 

SLWGFYAQSPSERATQILERLLDLGERRIADMDATGIDKAILALT 

SPGVQPLHDLDEARTLATRANDTLADACOKY PDRFIGMGTVAPQD 

PEWSARETIHRGARELGFKGIQINSHTQGRYLDEEFFDPIFRALVE 

VDQPLYIHPATS PDSMIDPMLEAGLDGAI FGFGVETGMHLLRLIT 

IGIFDKYPSLOIMVGHMGEALPYWLYRLD YMHQAGVRSQRYERMK 

PLKKTIEGYLKSNVLVTNSGVAWEPAI KF CQQVMGEDRVMYAMDY 

PYQYVADEVRAMDAMDMSAQTKKKFFQTNAEKWFKL* 

EXEMPLARY VERSIONS OF THE INVENTION 

[0232] 1. A recombinant microorganism comprising any 

one or more, any two or more, any three or more, any four 
or more, or each of: 

[0233] one or more recombinant alcohol dehydrogenase 
genes encoding: 

[0234] FdhA of Novosphingobium aromaticivorans 
(SEQ ID NO:2) or a homolog thereof; 

[0235] Saro_0995 of Novosphingobium aromaticiv- 

orans (SEQ ID NO:4) or a homolog thereof; and/or 
[0236] Saro_3899 of Novosphingobium aromaticiv- 

orans (SEQ ID NO:6) or a homolog thereof; 
[0237] one or more recombinant aldehyde dehydroge- 

nase genes encoding: 
[0238] FerD of Novosphingobium aromaticivorans 

(SEQ ID NO:8) or a homolog thereof; 

[0239] Saro_1104 of Novosphingobium aromaticiv- 
orans (SEQ ID NO:10) or a homolog thereof; 

[0240] Saro_1197 of Novosphingobium aromaticiv- 
orans (SEQ ID NO:12) or a homolog thereof; and/or 

[0241] Saro_2869 of Novosphingobium aromaticiv- 

orans (SEQ ID NO:14) or a homolog thereof; 
[0242] a recombinant y-formaldehyde lyase gene 

encoding PefL of Novosphingobium aromaticivorans 
(SEQ ID NO:16) or a homolog thereof; 

[0243] a recombinant lignostilbene dioxygenase gene 
encoding LsdD of Novosphingobium aromaticivorans 

(SEQ ID NO:18) or a homolog thereof; and 

[0244] arecombinant aromatic acid decarboxylase gene 
encoding LigW of Novosphingobium aromaticivorans 

(SEQ ID NO:20) or a homolog thereof. 
[0245] 2. The recombinant microorganism of version 1, 

comprising any two or more, any three or more, any four or 
more, or each of: 

[0246] the one or more recombinant alcohol dehydro- 

genase genes; 
[0247] the one or more recombinant aldehyde dehydro- 

genase genes; 
[0248] the recombinant y-formaldehyde lyase gene; 

[0249] the recombinant lignostilbene dioxygenase 

gene; and 

[0250] the recombinant aromatic acid decarboxylase 

gene. 
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[0251] 3. The recombinant microorganism of version 1, 
comprising any three or more, any four or more, or each of: 

[0252] the one or more recombinant alcohol dehydro- 
genase genes; 

[0253] the one or more recombinant aldehyde dehydro- 

genase genes; 

[0254] the recombinant y-formaldehyde lyase gene; 

[0255] the recombinant lignostilbene dioxygenase 

gene; and 

[0256] the recombinant aromatic acid decarboxylase 

gene. 

[0257] 4. The recombinant microorganism of version 1, 
comprising any four or more or each of: 

[0258] the one or more recombinant alcohol dehydro- 
genase genes; 

[0259] the one or more recombinant aldehyde dehydro- 
genase genes; 

[0260] the recombinant y-formaldehyde lyase gene; 

[0261] the recombinant lignostilbene dioxygenase 
gene; and 

[0262] the recombinant aromatic acid decarboxylase 

gene. 

[0263] 5. The recombinant microorganism of version 1, 

comprising each of: 

[0264] the one or more recombinant alcohol dehydro- 

genase genes; 

[0265] the one or more recombinant aldehyde dehydro- 
genase genes; 

[0266] the recombinant y-formaldehyde lyase gene; 

[0267] the recombinant lignostilbene dioxygenase 
gene; and 

[0268] the recombinant aromatic acid decarboxylase 

gene. 

[0269] 6. The recombinant microorganism of any prior 

version, comprising the one or more recombinant alcohol 
dehydrogenase genes. 

[0270] 7. The recombinant microorganism of any prior 
version, wherein, when present, the one or more recombi- 
nant alcohol dehydrogenase genes encode: 

[0271] FdhA of Novosphingobium aromaticivorans 

(SEQ ID NO:2), a protein comprising a sequence at 
least 80%, at least 85%, at least 90%, at least 95%, or 

at least 99% identical to SEQ ID NO:2, an ortholog of 
FdhA of Novosphingobium aromaticivorans, or a 

recombinant variant of the ortholog of FdhA of 

Novosphingobium aromaticivorans; 

[0272] Saro_0995 of Novosphingobium aromaticiv- 

orans (SEQ ID NO:4), a protein comprising a sequence 
at least 80%, at least 85%, at least 90%, at least 95%, 

or at least 99% identical to SEQ ID NO:4, an ortholog 

of Saro_0995 of Novosphingobium aromaticivorans, or 
a recombinant variant of the ortholog of Saro_0995 of 

Novosphingobium aromaticivorans; and/or 

[0273] Saro_3899 of Novosphingobium aromaticiv- 
orans (SEQ ID NO:6), a protein comprising a sequence 

at least 80%, at least 85%, at least 90%, at least 95%, 
or at least 99% identical to SEQ ID NO:6, an ortholog 

of Saro_3899 of Novosphingobium aromaticivorans, or 
a recombinant variant of the ortholog of Saro_3899 of 

Novosphingobium aromaticivorans. 

[0274] 8. The recombinant microorganism of any prior 
version comprising the one or more recombinant aldehyde 

dehydrogenase genes.
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[0275] 9. The recombinant microorganism of any prior 
version, wherein, when present, the one or more recombi- 

nant aldehyde dehydrogenase genes encode: 

[0276] FerD of Novosphingobium aromaticivorans 
(SEQ ID NO:8), a protein comprising a sequence at 

least 80%, at least 85%, at least 90%, at least 95%, or 
at least 99% identical to SEQ ID NO:8, an ortholog of 

FerD of Novosphingobium aromaticivorans, or a 

recombinant variant of the ortholog of FerD of 
Novosphingobium aromaticivorans; 

[0277] Saro_1104 of Novosphingobium aromaticiv- 
orans (SEQ ID NO:10), a protein comprising a 
sequence at least 80%, at least 85%, at least 90%, at 

least 95%, or at least 99% identical to SEQ ID NO:10, 
an ortholog of Saro_1104 of Novosphingobium aro- 

maticivorans, or a recombinant variant of the ortholog 
of Saro_1104 of Novosphingobium aromaticivorans; 

[0278] Saro_1197 of Novosphingobium aromaticiv- 

orans (SEQ ID NO:12), a protein comprising a 
sequence at least 80%, at least 85%, at least 90%, at 
least 95%, or at least 99% identical to SEQ ID NO:12, 

an ortholog of Saro_1197 of Novosphingobium aro- 
maticivorans, or a recombinant variant of the ortholog 

of Saro_1197 of Novosphingobium aromaticivorans; 
and/or 

[0279] Saro_2869 of Novosphingobium aromaticiv- 

orans (SEQ ID NO:14), a protein comprising a 
sequence at least 80%, at least 85%, at least 90%, at 

least 95%, or at least 99% identical to SEQ ID NO:14, 
an ortholog of Saro_2869 of Novosphingobium aro- 
maticivorans, or a recombinant variant of the ortholog 

of Saro_2869 of Novosphingobium aromaticivorans. 

[0280] 10. The recombinant microorganism of any prior 
version, comprising the recombinant 7-formaldehyde lyase 

gene. 

[0281] 11. The recombinant microorganism of any prior 
version, wherein, when present, the recombinant y-formal- 
dehyde lyase gene encodes PcfL of Novosphingobium aro- 
maticivorans (SEQ ID NO:16), a protein comprising a 

sequence at least 80%, at least 85%, at least 90%, at least 

95%, or at least 99% identical to SEQ ID NO:16, an ortholog 
of PefL of Novosphingobium aromaticivorans, a recombi- 

nant variant of the ortholog of PcfL of Novosphingobium 
aromaticivorans. 

[0282] 12. The recombinant microorganism of any prior 

version, comprising the recombinant lignostilbene dioxy- 
genase gene. 
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[0283] 13. The recombinant microorganism of any prior 
version, wherein, when present, the recombinant lignostil- 
bene dioxygenase gene encodes LsdD of Novosphingobium 
aromaticivorans (SEQ ID NO:18), a protein comprising a 
sequence at least 80% identical, at least 85% identical, at 
least 90% identical, at least 95% identical, or at least 99% 
identical to SEQ ID NO:18, an ortholog of LsdD of 
Novosphingobium aromaticivorans, or a recombinant vari- 
ant of the ortholog of LsdD of Novosphingobium aromati- 
civorans. 
[0284] 14. The recombinant microorganism of any prior 
version, comprising the recombinant aromatic acid decar- 
boxylase gene. 

[0285] a recombinant aromatic acid decarboxylase gene 
encoding LigW of Novosphingobium aromaticivorans 
(SEQ ID NO:20) or a homolog thereof. 

[0286] 15. The recombinant microorganism of any prior 
version, wherein, when present, the recombinant aromatic 
acid decarboxylase gene encodes LigW of Novosphingo- 
bium aromaticivorans (SEQ ID NO:20), a protein compris- 
ing a sequence at least 80% identical, at least 85% identical, 
at least 90% identical, at least 95% identical, or at least 99% 
identical to SEQ ID NO:20, an ortholog of LigW of 
Novosphingobium aromaticivorans, or a recombinant vari- 
ant of the ortholog of LigW of Novosphingobium aromati- 
civorans. 
[0287] 16. The recombinant microorganism of any prior 
version, wherein the recombinant microorganism is a bac- 
terium. 
[0288] 17. The recombinant microorganism of any prior 
version, wherein the recombinant microorganism is an Alp- 
haproteobacterium. 

[0289] 18. The recombinant microorganism of any prior 
version, wherein the recombinant microorganism is from an 

order selected from the group consisting of Sphin- 
gomonadales, Actinomyces, Gammaproteobacteria, 

Betaproteobacteria, and Bacilli. 
[0290] 19.A method of catabolizing a lignin aromatic, the 

method comprising culturing the recombinant microorgan- 

ism of any prior version in a medium comprising the lignin 
aromatic to thereby catabolize the lignin aromatic. 

[0291] 20. The method of version 19, wherein the lignin 
aromatic comprises a B-5 linked lignin aromatic. 

[0292] 21. The method of any one of versions 19-20, 

wherein the lignin aromatic comprises one or more of 
dehydrodiconiferyl alcohol (DC-A), dehydrodiconiferyl 

aldehyde (DC-L), dehydrodiconifery] carboxylic acid (DC- 
C), dehydrodiconiferyl stilbene carboxylic acid (DC-S-C), 

5-formyl ferulate (5-FF), 5-carboxyferulate (5-CF), and 
4-hydroxyphenyl and syringyl analogs thereof. 

  

SEQUENCE LISTING 

Sequence total quantity: 110 

SEQ ID NO: 1 moltype = DNA 

FEATURE Location/Qualifiers 

source 1..1152 

mol_type = genomic DNA 

organism = 

SEQUENCE: 1 

length = 1152 

Novosphingobium aromaticivorans 

atgctatcgg accgccacgt caaagggaga ccgcacgaaa tgaagacccg cgecgcagtt 60 

gegttcgege ccaagcagee gctcgagate gtcgaactgg acctcgaagg ccccaaggcet 120 

ggcgaagtge tggtcgagat catggegace ggcegtgtgece acaccgatge ctacacgctc 180 

gacgggttcg acagegaagg catcttccce agegtgcetgg gecacgaagg cgecggtatc 240 

gtgegegagg tgggeectgg ggtcacttcg gtgaageceg gegatcacgt gatcccgctc 300 

tacacgecgg aatgecgcca gtgcaaatcg tgectctcgg gcaagaccaa cctgtgcace 360
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-continued 

gegatccgceg ccacgcaagg gcagggectg atgecegacg gcaccagecg cttttcgtac 420 

aagggecaga ccgtgttceca ctacatggge tgctcgacct tetctaactt caccegtcctg 480 

ecegagatcg cggttgecaa gatccgegag gacgegecgt tcaagacctc gtgctatatc 540 

ggctgeggeg tgacgacggg egtcggegeg gtgatcaaca ccgecaaggt ccaggtcggt 600 

gacaacgtcg tggtcttcgg ccteggegge atcggectca acgtgatcca gggcgegegg 660 

ettgccggtg ccggcaagat catcggegtce gacatcaace ccgaccgcega ggaatgggge 720 

egeaagttcg gcatgaccga cttcctcaac agcaagggca tgagecgega ggacgtcgtc 780 

gecaaggtcg tegecatgac cgacggegge geggactaca ccttcgacge caccggcaac 840 

accgaagtga tgcgcacgge gcttgaagee tgecatcgeg gctggggcac ctccatcatc 900 

ateggcegtgg ccgaggcggg caaggaaate agcacgegte cgttccagcet cgtcaccgge 960 

egeaactgge geggcacgge cttcggcegge gecaagggee gcaccgacgt gcccaagatc 1020 

gtcgacatgt acatgaccgg caagatcgag atcgacccga tgatcaccca tgtcatgggc 1080 

ctggaagaga tcaacaccge cttcgacctg atgcacgccg gcaagtcgat ccgttcagtc 1140 

gtggtgttct ga 1152 

SEQ ID NO: 2 moltype = AA length = 383 

FEATURE Location/Qualifiers 

source 1. .383 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 2 

MLSDRHVKGR PHEMKTRAAV AFAPKQPLEI VELDLEGPKA GEVLVEIMAT GVCHTDAYTL 60 

DGFDSEGIFP SVLGHEGAGI VREVGPGVTS VKPGDHVIPL YTPECRQCKS CLSGKTNLCT 120 

AIRATQGQGL MPDGTSRFSY KGQTVFHYMG CSTFSNFTVL PEIAVAKIRE DAPFKTSCYI 180 

GCGVTTGVGA VINTAKVQVG DNVVVFGLGG IGLNVIQGAR LAGAGKIIGV DINPDREEWG 240 

RKFGMTDFLN SKGMSREDVV AKVVAMTDGG ADYTFDATGN TEVMRTALEA CHRGWGTSII 300 

IGVAEAGKEI STRPFQLVTG RNWRGTAFGG AKGRTDVPKI VDMYMTGKIE IDPMITHVMG 360 

LEEINTAFDL MHAGKSIRSV VVF 383 

SEQ ID NO: 3 moltype = DNA length = 1089 

FEATURE Location/Qualifiers 

source 1..1089 

mol_type = genomic DNA 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 3 

atgaaagecg ccgtactcgt cgaaccggge aagecgetgg atattcagea tctcagegtg 60 

tecaageccg geccegcatga agtccttate cgcaccgeag cctgeggget gtgecattcg 120 

gacttgcact tcatcgaagg tgcctatcce catccegetge cegeggtgce ggggcacgag 180 

geggegggga tegtcgagge ggtcggctcg gaagtgegca cggtcaaggt gggtgacgeg 240 

gtegtcacct gectgtcege gttctgceggt cattgegagt tctgcegtgac cggecggatg 300 

tegetgtgce ttggeggcga cacceggege ggcgegggeg aggcacctcg ccttacccge 360 

acegacgacg gcagegecgt gaaccagatg ctcaacctct cggectttge cgaacagatg 420 

etggtgcacg aacatgectg cgtggcgate aatcccgaga tgccgctcga cegegeggcg 480 

gtgateggct gegceggtcac cactggcgeg ggtgeggtgt tcaacgegge gaagetgacce 540 

cegggegaga cggtctgegt ggtcggctgt ggceggegtcg gecttgecac ggtcaacgcce 600 

gegaagateg cceggegcagg ccggatcate geggtggace cgatgecgga aaagegegaa 660 

etggccatga agectgggege gaccgatgtg atggacgegg gacccgatge ggcggcacag 720 

ategtcgaga tgacgaaagg cggcgtccac catgcegatcg aggecgtggg gegtccggca 780 

tegggegace ttgeggtcge gacgetgege egeggeggcea ccgecacgat ccttggcatg 840 

atgccgctgg cacacaaggt cggactttce gegatggace tgctgtcgga caagaagctg 900 

cagggegeca tcatgggecg caaccactte ceggtggace tgcecgegect ggtcgacttc 960 

tacatgcgeg gcttgctcga tctcgacacg atcattgccg aacgcatece gctcgaaggg 1020 

atcaacgatg gcttcgagaa gatgaagcag ggccatteccg cccgctctgt catcgtgttc 1080 

gaccaatga 1089 

SEQ ID NO: 4 moltype = AA length = 362 

FEATURE Location/Qualifiers 

source 1. .362 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 4 

MKAAVLVEPG KPLDIQHLSV SKPGPHEVLI RTAACGLCHS DLHFIEGAYP HPLPAVPGHE 60 

AAGIVEAVGS EVRTVKVGDA VVTCLSAFCG HCEFCVTGRM SLCLGGDTRR GAGEAPRLTR 120 

TDDGSAVNQM LNLSAFAEQM LVHEHACVAI NPEMPLDRAA VIGCAVTTGA GAVFNAAKLT 180 

PGETVCVVGC GGVGLATVNA AKIAGAGRII AVDPMPEKRE LAMKLGATDV MDAGPDAAAQ 240 

IVEMTKGGVH HAIEAVGRPA SGDLAVATLR RGGTATILGM MPLAHKVGLS AMDLLSDKKL 300 

QGAIMGRNHF PVDLPRLVDF YMRGLLDLDT IIAERIPLEG INDGFEKMKQ GHSARSVIVF 360 

DQ 362 

SEQ ID NO: 5 moltype = DNA length = 1098 

FEATURE Location/Qualifiers 

source 1. .1098 

mol_type = genomic DNA 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 5 

atggacgcat acgcggcaat tatcgagcgt caaggcggeg aattcgttct ggataacgtc 60 
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-continued 

tctatcgagg atccgcgcga cggcgaagtg ctggtcaagg ttgccgcage tggcatgtgt 120 

catacegace tgacggttcg cgatcaatat tacccgacge cgetgecgge ggtgctggge 180 

catgaaggtt cgggegttgt cgaaaaggte ggacgtggeg tcaccactgt caagecagge 240 

gacaaggtcg tgctctcctt cagctattge ggcacctgte categtgect caaggggcat 300 

caggectatt gtcegagect gttcccgcte aatttcatgg gecgecegect ggatggttcg 360 

acgecgatta cccgcaacgg ccaagaggte aacgectget tettcgggca atectcgttc 420 

gegacctatt cgatcgcegtc ggaaaacaac tgcgtcaagg ttgccgacga cgcacagatc 480 

gaacttttgg geccactggg ctgceggcatc cagacegggg cgggcagcat cctcaatgeg 540 

etttgtcccg aacctggcte ctcgatcgeg atcttcgggg tcgggtcggt cggectcage 600 

geegtgatgg ccgcecaagge ctegggctge ctcaagatca tegeggttga ccgcaacgca 660 

ggeegettgg aactggegeg tgaactggge gccacegatg tgatcgacge caacacggtc 720 

aacgctcagg aagcgatcgt cgcgatgace ggtggceggeg ccgactatge catggatacc 780 

acegecatte cageggtget gegetcggeg gtggacagea cgcacaacat gggtgaaacce 840 

geagtggteg geggggcegaa gctgggcace gagttttcge tagacatgaa caacatgctg 900 

tttggecegca agttgegegg cgtagtcgaa ggatcgagcea ccccgceaggt cttcatcccg 960 

caactgattg cgatgcagaa ggccgggetg tteccgttcg agaagctctg caccttctat 1020 

gatctcgace agatcaacca ggccgtcgag gataccgaaa agaccggcaa ggcgatcaag 1080 

gccattctca aaatgtag 1098 

SEQ ID NO: 6 moltype = AA length = 365 

FEATURE Location/Qualifiers 

source 1..365 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 

MDAYAATIIER QGGEFVLDNV SIEDPRDGEV LVKVAAAGMC HTDLTVRDQY YPTPLPAVLG 60 

HEGSGVVEKV GRGVTTVKPG DKVVLSFSYC GTCPSCLKGH QAYCPSLFPL NFMGRRLDGS 120 

TPITRNGQEV NACFFGOQSSF ATYSIASENN CVKVADDAQI ELLGPLGCGI QTGAGSILNA 180 

LCPEPGSSIA IFGVGSVGLS AVMAAKASGC LKIIAVDRNA GRLELARELG ATDVIDANTV 240 

NAQEAIVAMT GGGADYAMDT TAIPAVLRSA VDSTHNMGET AVVGGAKLGT EFSLDMNNML 300 

FGRKLRGVVE GSSTPQVFIP QLIAMQKAGL FPFEKLCTFY DLDQINQAVE DTEKTGKAIK 360 

AILKM 365 

SEQ ID NO: 7 moltype = DNA length = 1431 

FEATURE Location/Qualifiers 

source 1. .1431 

mol_type = genomic DNA 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 

gtgactgcegt acccttcgct ccacatgate atcgacggceg cccgegtcag cggcggegga 60 

egtcgcacce acgeggtcgt caatccegct accggagaga ccatcggcga actgecgctg 120 

gecgaagtcg cegatctcga ccegegegctce gaagtcgegg cgaagggctt ccgcatctgg 180 

egegacagca cgccgcagea gegegcagee gtgctccagg gcgeggeccg cctgatgctg 240 

gaacggcagg aggacctcge ccgcatcgce acgatggaag aaggcaagac cctgceccgag 300 

gegegeatcg aagtcctgat gaacgtggge ctgttcaact tctacgecgg cgaggtattc 360 

eggetctatg gecgeacect egtgegecct gegggtcage gcagcacgat cacgcatgaa 420 

ceggteggge cegtggeege ctttgegecg tggaactttce cgetcggcaa ccceggecge 480 

aagetcggeg cgcccattge cgecggttge teggtgatce tcaaggegge ggaagaaacg 540 

ceggectceg cegcteggggt gctgcaatge ctgctcgatg cgggectgec caaggaagtg 600 

geccaggecg tgtteggtgt gectgacgag gtgagtcgee acctgctcgg ctcgtccgtc 660 

atccgcaage tctegttcac cggctcgace gtcatcggca agcacctcat gegecttgee 720 

gcecgacaaca tgttgcgcac aacgatggag cttggeggee acggecctgt cctcgtcttc 780 

ggegatgecg atatcgacaa ggcgctcgat accatggcecg cgtccaagta tcgcaacgcg 840 

ggecaggtct gegtctcgce aacccgctte atcgtggaag agagegtgtt cgaacgettc 900 

egegacggtt ttgccgageg cgtcggcecgg atcaaggtcg gcaacggect cgatcaggat 960 

gegeagatgg gecccatgge caacgeccge cgcccegagg cgatggatcg cctgatcggg 1020 

gacgeegtga cccgeggege aaggctccac accgggggeg agegegtcgg caacgecgge 1080 

tatttctacg cccccacggt cctgtccgaa gtceccgetcg acgeggcgat catgaacgag 1140 

gageegttcg geceggtcge gctgatcaat cccttcggeg gegaggaage gatgatcgee 1200 

gaggecaace gectgeccta cggectegee gectacgect ggaccgacag cgcggegegg 1260 

gecaagegee tegeccgega gatcgagacg gggatgctcg ggcttaacte gaccatgatc 1320 

ggeggegegg attegeectt cggeggggtc aagtggtccg gecacggcte cgaggacggt 1380 

eccgaaggceg tcatggectg ccttgtcacce aaggcggtce acgaagggta a 1431 

SEQ ID NO: 8 moltype = AA length = 476 

FEATURE Location/Qualifiers 

source 1..476 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 

VTAYPSLHMI IDGARVSGGG RRTHAVVNPA TGETIGELPL AEVADLDRAL EVAAKGFRIW 60 

RDSTPQQRAA VLQGAARLML ERQEDLARIA TMEEGKTLPE ARIEVLMNVG LFNFYAGEVF 120 

RLYGRTLVRP AGQRSTITHE PVGPVAAFAP WNFPLGNPGR KLGAPIAAGC SVILKAAEET 180 

PASALGVLQC LLDAGLPKEV AQAVFGVPDE VSRHLLGSSV IRKLSFTGST VIGKHLMRLA 240 

ADNMLRTTME LGGHGPVLVF GDADIDKALD TMAASKYRNA GQVCVSPTRF IVEESVFERF 300 

RDGFAERVGR IKVGNGLDQD AQMGPMANAR RPEAMDRLIG DAVTRGARLH TGGERVGNAG 360
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YFYAPTVLSE VPLDAAIMNE 

AKRLAREIET GMLGLNSTMI 

SEQ ID NO: 9 

FEATURE 

source 

SEQUENCE: 9 

atgcgcegaac 

egecacgagg 

caggecgatg 

acgacgegeg 

gtccccgatec 

accgcegcagg 

ttetectteg 
ggcatgatca 

etggecgegg 
atctttaccg 

ggegatggtc 

ttcacegget 

egegtccate 

gecaagtace 

tegeccacce 

gegatgtact 

gtggtcaaca 

ggegegaage 

atcaagcecca 

tteggecegg 

aacgacaccg 

gtegegeecg 

gegeegttcg 

aaggacttca 

ggctacagca 

tcatcaatcc 

tegacaagge 

aggagegact 

tegeegeege 

teggegecgg 
tegaggacaa 

cegecatggaa 

gcaacaccat 

agatcctcga 

ceggegtcgg 
egaccegege 

aggagettgg 
tgcegtcgac 

geattctegt 

eggcaacece 

aggegcagtt 

tegagacegg 

eggtcttcte 

tegegacgat 

ectatggect 

agettegege 

geggctacaa 

tggaaatgaa 

SEQ ID NO: 10 

FEATURE 

source 

SEQUENCE : 
MRERLQQYID 
TTREERLALL 
FSFVEDNGAF 
IFTEILDAAG 
RVHQELGGKS 
AMYSATPVGD 
IKPTVFSGVT 
VAPELRAGMV 

10 

GKWVDSEGGK 

ERIVEEYKKR 

KVAYEPIGVV 

VPPGVFNLIQ 

PNVVLPDADF 

PMQEGAHIGP 

PDMRIAQEEI 

AINNWGPTPG 

SEQ ID NO: 

FEATURE 

source 

11 

SEQUENCE : 

atgactgece 

caggegcaca 

egectcaagg 

acgegcaage 

cagegcaaca 

aatccegecg 

cectggaact 

aacacctgca 

ategtcaggg 

gecacegege 

ggcaagatcg 

gggaagtcge 
geegeggeca 

aaggaagaca 

tatgacgatg 

ttegacegeg 

ggeggaacgt 

cegcagatga 

gacacgctcg 

gtctacagca 

gtcacggtga 

11 

egacegeegea 

tgtgggagge 
cegeegtcga 

eggttggcga 
tegacaatct 

acegegegca 

teccectegg 

tegtgaaget 

aagegttcga 

tectegatct 

tgatggeege 

cegtcategt 

agcagttcaa 

agaaggecge 

ceggcaacct 

tgaaggecat 

tegaagecga 

ccatectcca 

accaggcgat 

aggacgaage 

atggegtgtt 

EPFGPVALIN PFGGEEAMIA EANRLPYGLA AYAWTDSAAR 

GGADSPFGGV KWSGHGSEDG PEGVMACLVT KAVHEG 

moltype = DNA length = 

Location/Qualifiers 

1..1425 

mol_type = 

organism = 

1425 

genomic DNA 

Novosphingobium aromaticivorans 

atacattgat 

gacgaccgag 

agtggcegeg 

egegetgett 

gatggccgag 
categgegeec 

eggtgcegtte 

cetggccecte 

gatcctcaag 

tgcegcegge 

cactgegate 

gggceatcctc 

eggcaagteg 

egegtcegge 

accccgegaa 

ggteggegat 
cgacaagate 

eggcccegac 

eggegtcacg 

catggcgtac 

gteggectge 

eggcatggte 

geagtceggea 

ggegatcage 

tagacagega 

gegtcatcac 

ecttcaagac 

tegaggaata 

etcceggtaag 

ccatggeege 

acgaaccgat 

egcetcaaggt 

aatgececac 

gegtcttcaa 

egggcatcga 

etgeggecga 

tectgecega 

acageggceca 

aageegegge 

aaggtgcgca 

tecagtcgge 

acgtcaaccg 

geattgcegca 

aggaggecat 

atccggcegaa 

actggggece 

agggceggget 
ectga 

gagtggeaag 

getgggcacg 
ettcagcaag 

caagaagege 

ettegecage 

getccgceaac 

eggegtcgtc 

egeaceggeg 

caacgecgeg 

ectcatccag 

catggtcage 

tacecgtcaag 

tgcagacttec 

gagetgeatt 

gttegttteg 
categgeccg 

gatcgacgaa 

eggctactac 

ggaggaaatec 

egagatcgece 

ggcggctgaa 
cacceceggge 

ctatggectec 

ggcaagtggg 
gaacectget 

gececagegeg 

gaacgeatcg 

gaaatgggceg 
ttecteggca 

aaggtegect 

aaccagatcg 

cegtcegagg 

gtcecgecag 

agetcgceace 

gtggegaagg 
cecaacgtcg 

cegttggtca 

egegaagecg 

cegatgcagg 

egeggectga 

etcceggeca 

cecgacatge 

gacagectcg 

atcaceggceg 

gegatcaaca 

aacggccgeg 

ggectgectg 

moltype = AA length = 474 

Location/Qualifiers 

1..474 

mol_type = 

organism = 

protein 

Novosphingobium aromaticivorans 

RHEVINPTTE 

VPDLAAAMAE 

GMITPWNWPL 

GDGPGVGTAI 

AKYLPSTASG 

VVNKAQFDKI 

FGPVATIMAY 

APFGGYKQOSG 

EPCCVITLGT 

EMGAPVSFAS 

NQIALKVAPA 

SSHPGIDMVS 

PLVNSGQSCI 

RGLIQSAIDE 

DSLEEAIEIA 

NGREGGLYGL 

QADVDKAVAA 

TAQVGAGIGA 

LAAGNTMILK 

FTGSTRAGIL 

SPTRILVPRE 

GAKLETGGPD 

NDTAYGLSAC 

KDFMEMKAIS 

AQRAFKTFSK 

FLGTMAALRN 

PSEECPTNAA 

VAKAAADTVK 

REAEAAAFVS 

LPANVNRGYY 

ITGDPAKAAE 

GLPA 

moltype = DNA length = 

Location/Qualifiers 

1..1347 

mol_type = 

organism = 

1347 

genomic DNA 

Novosphingobium aromaticivorans 

egacctttce 

caaggectce 

ageccacgee 

aatccgegtg 

cgatgaatgg 

gatcatccac 

ectegegete 

cacegaccte 

cgaaaaggat 

gecegttcaac 

tgccgcaaag 

egacgatage 

eggcegggcag 
getggtcgaa 

gaagaaggac 

gttcgacgat 

tgacctcace 

ggacgaaatc 

eggctacate 

gaacgtcgaa 

ctegceactac 

gecgacatcg 

acegeggecg 

gacgacatcg 

accgaagtce 

atgaagecgg 

gaagegegeg 

ggtccggtcg 
tgcecegeca 

gtggetctgt 

cacgtcttct 

cacctcacca 

gecgacatcg 

gectgcatca 

ggcttecggg 
agcategece 

gecgtegeca 

atccatcega 

ttegeececg 

gaagececgeg 

aaggtectcg 

ctggaaaaca 

cacgegtctt 

agegcaagga 

tegeegeegt 

tcaacgtcac 

tegaggtege 

gegtctgect 

cegetgecat 

cegcaagggt 

tegaaggega 

teaceggctec 

gegtcacget 

atcaggtcege 

geceggacta 

ccaacgtgca 

aggtggtcaa 

agggegegac 

ccatgctgac 

tcateceggt 

acaageceget 

ecegeacctc 

acctgcegtt 

egeactccag 

aaagetcgeg 

cctcgaagac 

cgccaacatc 

cacctegctc 

gatecttgge 

egeegcagge 

ggecteggtg 

egtcteggtc 

geccegegtc 

egaacttgge 

egeecagetc 

egtcttcegtg 

gaagaacctc 

caaggcgaac 

egtegeegec 

eggegtcace 

gatgacctac 

egeactctat 

gtegggeggt 
eggeggegtec 

420 

476 

60 

120 

180 

240 

300 

360 

420 

480 

540 

600 

660 

720 

780 

840 

900 

960 

1020 

1080 

1140 

1200 

1260 

1320 

1380 

1425 

60 

120 

180 

240 

300 

360 

420 

474 

60 

120 

180 

240 

300 

360 

420 

480 

540 

600 

660 

720 

780 

840 

900 

960 

1020 

1080 

1140 

1200 

1260 
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aacaccagcg gcatgggcag ctaccacgge gtgttcggct tcaagtgctt cagccacgaa 1320 

egggctgtct accgccacca gcagtaa 1347 

SEQ ID NO: 12 moltype = AA length = 448 

FEATURE Location/Qualifiers 

source 1..448 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 12 

MTAPTAADLS ADIARVFALQ QAHMWEAKAS TAAERKEKLA RLKAAVEAHA DDIVAAVLED 60 

TRKPVGEIRV TEVLNVTANI QRNIDNLDEW MKPVEVATSL NPADRAQIIH EARGVCLILG 120 

PWNFPLGLAL GPVAAAIAAG NTCIVKLTDL CPATARVASV IVREAFDEKD VALFEGDVSV 180 

ATALLDLPFN HVFFTGSPRV GKIVMAAAAK HLTSVTLELG GKSPVIVDDS ADIDQVAAQL 240 

AAAKOFNGGQ ACISPDYVFV KEDKKAALVE GFRANVQKNL YDDAGNLKKD SIAQVVNKAN 300 

FDRVKAMFDD AVAKGATVAA GGTFEADDLT IHPTMLTGVT PQMTILQDEI FAPVIPVMTY 360 

DTLDQAIGYI EARDKPLALY VYSKDEANVE KVLARTSSGG VTVNGVFSHY LENNLPFGGV 420 

NTSGMGSYHG VFGFKCFSHE RAVYRHOQ 448 

SEQ ID NO: 13 moltype = DNA length = 1515 

FEATURE Location/Qualifiers 

source 1..1515 

mol_type = genomic DNA 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 13 

atgaacgaca tgaccaccat ctcgcgcacg cagegegaat actcggagge cgcecaaggee 60 

ttectcegege gcaagecgea gttgttcate aacaacgagt gggtcgacag cagecacgac 120 

gcegtgatcg aggtggaaga cccctcgaac ggcaggatcg teggtcatgt cgtcgatgec 180 

teggacaagg acgtegacceg ggceggttgee geggegegeg ccgegttcga cgatggecge 240 

tggtccaace tgccgecaat ggtccgegat cgcaccatga atcgectgge cgacctgctt 300 

gaagecaacg cegatctctt tgccgagctc gaagegatcg acaacggcaa gceccaaggge 360 

atggcecggeg cegtcgacat ccccggegeg atcagecage tecgettcat ggecggctgg 420 

gecagcaagg tegcgggega gacgacgcag ccctacacga tgcccaacgg caccgtgttc 480 

agctacaccg tcaaggaace cgtcggegte tgcgcegcaga tcgtgecgtg gaacttcccg 540 

etgctgatgg cctcgctcaa gatcgccccg gegetggegg ctggctgcac cctggtgctg 600 

aagecegecg aacagaccte gettaccgeg ctcaagettg ccgatctegt ggtcgaggce 660 

ggettccctg cgggegtgat caacatcate accggcaacg gcecacaccge cggtgaccge 720 

atggtcaage atcccgacgt cgacaaggte gecttcaceg gctcgaccga gatcggcaag 780 

ctgatcaatc gcaacgecac caccacgcte aagegggtca cgctcgaact gggcgggaag 840 

ageccegtcg tggtcatgee cgacgtcgac gtggcgcaga ccgegectgg cgttgecgge 900 

gegatcttct tcaacgeggg ccaggtctge gttgceceggtt cgegtctcta tgcgcaccgt 960 

teggtgttcg attccgtgct cgaaggcatg acccagaccg cgccgttctg ggegecgege 1020 

ecectcgcetgg atcccgaage ccacatggge cegttggtca gcaaggagca gcacgaccge 1080 

gtgatgggct acatcgagge gggcaagege gatggegeca gegtcgtcat gggeggegat 1140 

tgecccageg cegatggcgg gtactacgtc aacccgacga tccttgcaga cgtgaacccg 1200 

cagatgtcgg tegtgcgcga ggaaatcttc ggecccgtcg tegtcgecca gegcttcgac 1260 

gatctcgatg aagtggcgaa gatggccaac gacacctgct teggectcgg cgegggegtg 1320 

tggacgcegeg atgtcgcggt gatgcacaag cttgcctcga agatcaaatc gggcaccgtg 1380 

tggggcaact gccacgecect gatcgatace gegetgeect ttggcggcta caaggaatcg 1440 

ggectgggee gegaacaggg gegegecegge atcgacgect acctcgagac caagaccgtc 1500 

atcatccaga tgtaa 1515 

SEQ ID NO: 14 moltype = AA length = 504 

FEATURE Location/Qualifiers 

source 1..504 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 14 

MNDMTTISRT QREYSEAAKA FLARKPQLFI NNEWVDSSHD AVIEVEDPSN GRIVGHVVDA 60 

SDKDVDRAVA AARAAFDDGR WSNLPPMVRD RTMNRLADLL EANADLFAEL EAIDNGKPKG 120 

MAGAVDIPGA ISQLRFMAGW ASKVAGETTQ PYTMPNGTVF SYTVKEPVGV CAQIVPWNFP 180 

LLMASLKIAP ALAAGCTLVL KPAEQTSLTA LKLADLVVEA GFPAGVINII TGNGHTAGDR 240 

MVKHPDVDKV AFTGSTEIGK LINRNATTTL KRVTLELGGK SPVVVMPDVD VAQTAPGVAG 300 

AIFFNAGQVC VAGSRLYAHR SVFDSVLEGM TQTAPFWAPR PSLDPEAHMG PLVSKEQHDR 360 

VMGYIEAGKR DGASVVMGGD CPSADGGYYV NPTILADVNP QMSVVREEIF GPVVVAQRFD 420 

DLDEVAKMAN DTCFGLGAGV WTRDVAVMHK LASKIKSGTV WGNCHALIDT ALPFGGYKES 480 

GLGREQGRAG IDAYLETKTV IIQM 504 

SEQ ID NO: 15 moltype = DNA length = 741 

FEATURE Location/Qualifiers 

source 1..741 

mol_type = genomic DNA 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 15 

gtgtccgata gcaatcagat tgecgegctc gaaagecgee tgaacgacct cgaaaggege 60 

etgacggtge gegaggacga gctggacgta cgcaagetce ageatctcta cggctacctg 120 

atcgacaagt gcatgtataa cgagaccgtg gacctgttca ccgaagatgg cgaagtgege 180
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ttettcggceg gegtctggaa gggcaaggag ggcatccgee gtctctacgt cgaacgtttc 240 

cagaagegct tcacctacgg caacaacgge ccgatcgacg gettcctget cgatcaccce 300 

cagettcagg acatcatcca cgtgcaggat gacggggtca cegetctegg cegegegegg 360 

tegatgatge aggccggtcg ccacaaggat tacgagggeg atgecccgca cctcaaggeg 420 

egecagtggt gggaaggegg catctacgag aacacctaca agaaggtgga cggcegtgtgg 480 

eggatgcaca tcectcaacta catgccgate tggcacgecg atttcgaaag cggctgggee 540 

aacacccege acgaatacgt gcecgttccce aaggtcacct atcccgaaga cccgaccgga 600 

ceggacgaac tgatcgecga ccactggcte tggecgacce acaagctgaa ccccttccac 660 

atgaagcace cggtgacggg cgaggaaatg gtcgegcage gctggcaggg cgacatcgac 720 

egegagaacg cgcggaaata a 741 

SEQ ID NO: 16 moltype = AA length = 246 

FEATURE Location/Qualifiers 

source 1. .246 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 16 

VSDSNQIAAL ESRLNDLERR LTVREDELDV RKLQHLYGYL IDKCMYNETV DLFTEDGEVR 60 

FFGGVWKGKE GIRRLYVERF QKRFTYGNNG PIDGFLLDHP QLQODIIHVQD DGVTALGRAR 120 

SMMQAGRHKD YEGDAPHLKA RQWWEGGIYE NTYKKVDGVW RMHILNYMPI WHADFESGWA 180 

NTPHEYVPFP KVTYPEDPTG PDELIADHWL WPTHKLNPFH MKHPVTGEEM VAQRWQGDID 240 

RENARK 246 

SEQ ID NO: 17 moltype = DNA length = 1485 

FEATURE Location/Qualifiers 

source 1..1485 

mol_type = genomic DNA 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 17 

atggcccaat ttccgaacac ccccagctte acgggattca acacgccgtc geggatcgag 60 

gceggatatcg cegatctgge ccacgaagge acgattccge aagggttaaa cggcgcattc 120 

taccgegtce agecegacce gcagtttcct cecegectcg acgacgacat cgecttcaac 180 

ggegacggcea tgatcacceg cttccacate cacgacggce aggtcgactt ccgecagege 240 

tgggcegaaga ccgacaagtg gaagctggag aacgcecgecg gaaaggecct gttcggegce 300 

taccgecaace cgctgacega cgacgaggeg gtcaagggeg agatcegttc gaccgecaac 360 

accaacgect tegtgttcgg cggcaagetg tgggegatga aggaggacag tecegecctc 420 

gtcatggace cggcegacgat ggaaacctte gggttcgaga agttcggcgg caagatgacc 480 

ggcecagacct ttaccgecca ccccaaggte gatccgaaga ccggcaacat ggtcgecatc 540 

ggctatgecg caagegggct gtgcaccgac gatgtgacct acatggaagt gageccggag 600 

ggegagcettg tecgegaagt gtggttcaag gtgccgtact actgcatgat gcacgacttc 660 

ggcatcaccg aggattacct cgtgctgcac atcgtgectt ccatcggaag ctgggaaagg 720 

etggaacagg gcaagecgea cttcggcttce gacacgacca tgccggtgca cctcggcatc 780 

atcccgegce gegacggegt gcgecaggaa gacatceget ggttcacgcg ggacaactge 840 

tttgecagce atgtcctgaa cgcctggcaa gaggggacca agatccactt cgtgacctge 900 

gaggegaaga acaacatgtt ccegttctte cccgacgtce acggcegegce cttcaacgge 960 

atggaggceca tgagecatce gaccgactgg gtggtcgaca tggccageaa cggegaggac 1020 

tttgecggga tcgtgaaget ttccgacaca gecgcecgagt teccegegcat cgacgaccge 1080 

tttaccggcce agaagacccg ccatggctgg ttcctcgaaa tggacatgaa gegeccggtg 1140 

gaattgegeg geggcagege cggeggectg ctgatgaact gectgttcca caaggactte 1200 

gaaacgggte gegagcagca ctggtggtge ggccceggtgt cgagecttca ggagecgtge 1260 

ttegtgccge gcgccaagga tgcccccgaa ggcgacggcet ggatcgtgca ggtttgcaac 1320 

eggcetggaag agcagegcag cgacttgctg atcttcgacg cgctcgacat cgagaaagge 1380 

ceggtggceca cggtcaacat ccccatccge ctgcgcettcg gcecttcacgg caactgggcg 1440 

aatgcecgacg aaatcggect tgccgagaag gtcctggccg catga 1485 

SEQ ID NO: 18 moltype = AA length = 494 

FEATURE Location/Qualifiers 

source 1..494 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 18 

MAQFPNTPSF TGFNTPSRIE ADIADLAHEG TIPQGLNGAF YRVQPDPQFP PRLDDDIAFN 60 

GDGMITRFHI HDGQVDFROR WAKTDKWKLE NAAGKALFGA YRNPLTDDEA VKGEIRSTAN 120 

TNAFVFGGKL WAMKEDSPAL VMDPATMETF GFEKFGGKMT GQTFTAHPKV DPKTGNMVAI 180 

GYAASGLCTD DVTYMEVSPE GELVREVWFK VPYYCMMHDF GITEDYLVLH IVPSIGSWER 240 

LEQGKPHFGF DTTMPVHLGI IPRRDGVRQE DIRWFTRDNC FASHVLNAWQ EGTKIHFVTC 300 

EAKNNMFPFF PDVHGAPFNG MEAMSHPTDW VVDMASNGED FAGIVKLSDT AAEFPRIDDR 360 

FTGQKTRHGW FLEMDMKRPV ELRGGSAGGL LMNCLFHKDF ETGREQHWWC GPVSSLQEPC 420 

FVPRAKDAPE GDGWIVQVCN RLEEQRSDLL IFDALDIEKG PVATVNIPIR LRFGLHGNWA 480 

NADEIGLAEK VLAA 494 

SEQ ID NO: 19 moltype = DNA length = 1056 

FEATURE Location/Qualifiers 

source 1. .1056 

mol_type = genomic DNA 

organism Novosphingobium aromaticivorans 

Dec. 11, 2025



US 2025/0376706 Al 

49 

  

-continued 

SEQUENCE: 19 

atgacacaag accttaagac cggceggegag cagggctace tgegcatege caccgaggaa 60 

gecttegeca cgegegagat catcgacgte tacctgcegca tgatcegega tggcactgece 120 

gacaagggea tggtcteget ctggggcette tacgeccagt cccectcaga gegegecace 180 

cagatcctcg aacgectgct cgatcttgge gagegecgea tegecgacat ggacgegacc 240 

ggcatcgaca aggctatcct cgegcetgace tegeceggeg tecageceget gcacgacctt 300 

gacgaggceca ggacgctcge cacccgegce aacgacacge ttgccgacge gtgccaaaag 360 

tacccagace gcttcatcgg catgggcace gtcgeccege aggacccgga atggtccgeg 420 

egegagatce atcgtggtgce cagggaactg ggcttcaagg gcatccagat caacagecac 480 

acgcaaggge gctacctcga cgaggagtte ttcgaccega tcttccgege cctcgttgaa 540 

gtegaccage cgctctacat ccaccctgce acttcgeccg attccatgat cgacccgatg 600 

etegaagegg gectcgacgg cgccatctte ggcttcggeg tggagacggg catgcacctg 660 

etgegectca tcaccatcgg catcttcgac aagtatccca gecttcagat catggtcgge 720 

cacatgggceg aggegcetgee ctactggcte taccgectgg actacatgca ccaggecggt 780 

gtcegetcge agegctacga acgcatgaag cccctgaaga agaccatcga gggctacctc 840 

aagtccaacg tectegtcac caattcggge gtcgcgtggg aacctgegat caagttctge 900 

cagcaggtca tgggegagga ccgegttatg tacgegatgg actaccccta ccagtacgtt 960 

gecgacgagg tgcgegegat ggacgcecatg gacatgagtg cgcaaacgaa gaagaagttc 1020 

ttccagacca acgcggagaa gtggttcaag ctttga 1056 

SEQ ID NO: 20 moltype = AA length = 351 

FEATURE Location/Qualifiers 

source 1..351 

mol_type = protein 

organism = Novosphingobium aromaticivorans 

SEQUENCE: 20 

MTQDLKTGGE QGYLRIATEE AFATREIIDV YLRMIRDGTA DKGMVSLWGF YAQSPSERAT 60 

QILERLLDLG ERRIADMDAT GIDKAILALT SPGVQPLHDL DEARTLATRA NDTLADACQK 120 

YPDRFIGMGT VAPQDPEWSA REIHRGAREL GFKGIQINSH TQGRYLDEEF FDPIFRALVE 180 

VDQPLYIHPA TSPDSMIDPM LEAGLDGAIF GFGVETGMHL LRLITIGIFD KYPSLQIMVG 240 

HMGEALPYWL YRLDYMHQAG VRSQRYERMK PLKKTIEGYL KSNVLVTNSG VAWEPAIKFC 300 

QQVMGEDRVM YAMDYPYOQYV ADEVRAMDAM DMSAQTKKKF FOTNAEKWFK L 351 

SEQ ID NO: 21 moltype = DNA length = 23 

FEATURE Location/Qualifiers 

source 1..23 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 21 

etgtcgtgcee agctgcatta atg 23 

SEQ ID NO: 22 moltype = DNA length = 29 

FEATURE Location/Qualifiers 

source 1..29 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 22 

gaacatctag aaagecagtc cgcagaaac 29 

SEQ ID NO: 23 moltype = DNA length = 49 

FEATURE Location/Qualifiers 

source 1..49 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 23 

egattcatta atgcagctgg cacgacaget tttegettct ccagetcgg 49 

SEQ ID NO: 24 moltype = DNA length = 51 

FEATURE Location/Qualifiers 

source 1..51 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 24 

eccaccegca atctcttatt tccggtccaa ctcccatcaa tttagtttgt c 51 

SEQ ID NO: 25 moltype = DNA length = 51 

FEATURE Location/Qualifiers 

source 1..521 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 25 

gtttctgcgg actggctttce tagatgttce ttccacgatg aagegggttg g 51 

SEQ ID NO: 

FEATURE 

source 1. 

26 moltype = 

51 

DNA length = 51 

Location/Qualifiers 
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mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 26 

gacaaactaa attgatggga gttggaccgg aaataagaga ttgcgggtgg g 

SEQ ID NO: 27 moltype = DNA length = 52 

FEATURE Location/Qualifiers 

source 1. .52 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 27 

egattcatta atgcagctgg cacgacageg gctcgcegcaa tttgttagta ag 

SEQ ID NO: 28 moltype = DNA length = 52 

FEATURE Location/Qualifiers 

source 1. .52 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 28 

gtttctgcgg actggctttc tagatgttce ggatcatgeg caggtagacg tc 

SEQ ID NO: 29 moltype = DNA length = 52 

FEATURE Location/Qualifiers 

source 1. .52 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 29 

gtttctgcgg actggcttte tagatgttce ggatcatgeg caggtagacg te 

SEQ ID NO: 30 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 30 

caggcaaaag gcttccggag attaaatata attgeggtgt cggtcggcag 

SEQ ID NO: 31 moltype = DNA length = 51 

FEATURE Location/Qualifiers 

source 1..51 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 31 

egattcatta atgcagctgg cacgacagga aggcgcaate cggagttctec c 

SEQ ID NO: 32 moltype = DNA length = 42 

FEATURE Location/Qualifiers 

source 1. .42 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 32 

cectccegge gctggtcaaa ggcaggctte cttcccggga ag 

SEQ ID NO: 33 moltype = DNA length = 52 

FEATURE Location/Qualifiers 

source 1..52 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 33 

gtttctgcgg actggctttc tagatgttct ccagtggaag ccgggagtga cc 

SEQ ID NO: 34 moltype = DNA length = 42 

FEATURE Location/Qualifiers 

source 1. .42 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 34 

ettcceggga aggaagectg cctttgacca gegecgggag gg 

SEQ ID NO: 35 moltype = DNA length = 55 

FEATURE Location/Qualifiers 

source 1..55 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 35 

egattcatta atgcagctgg cacgacaggg gggctaaccg ccagtctcta tcttc 

51 

52 

52 

52 

50 

51 

42 

52 

42 

55
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SEQ ID NO: 36 moltype = DNA length = 52 

FEATURE Location/Qualifiers 

source 1..52 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 36 

gcaatacata caatattgca aggaggatge cgccgcatga tecageccgg ag 

SEQ ID NO: 37 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 37 

gtttctgcgg actggctttce tagatgttcce caacaggcag ccgaggatag 

SEQ ID NO: 38 moltype = DNA length = 52 

FEATURE Location/Qualifiers 

source 1..52 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 38 

etcegggcetg gatcatgegg cggcatccte cttgcaatat tgtatgtatt ge 

SEQ ID NO: 39 moltype = DNA length = 51 

FEATURE Location/Qualifiers 

source 1..51 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 39 

egattcatta atgcagctgg cacgacagct gacacggate tctcctcaac c 

SEQ ID NO: 40 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 40 

gtaaaccgtg taaacccgtt caggtattge tacagecctg ttaaattgeg 

SEQ ID NO: 41 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 41 

egcaatttaa cagggctgta gcaatacctg aacgggttta cacggtttac 

SEQ ID NO: 42 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 42 

egcaatttaa cagggctgta gcaatacctg aacgggttta cacggtttac 

SEQ ID NO: 43 moltype = DNA length = 30 

FEATURE Location/Qualifiers 

source 1..30 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 43 

taacagaaag ccgaaaataa caaagttage 

SEQ ID NO: 44 moltype = DNA length = 34 

FEATURE Location/Qualifiers 

source 1. .34 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 44 

catggttaat ttctcctctt taatgaatte tgtg 

SEQ ID NO: 45 moltype = DNA length = 32 

FEATURE Location/Qualifiers 

source 1. .32 

52 

50 

52 

51 

50 

50 

50 

30 

34
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mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 45 

cagaaagcecg aaaataacaa agttagectg ag 

SEQ ID NO: 46 moltype = DNA length = 24 

FEATURE Location/Qualifiers 

source 1..24 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 46 

tgegatcgeg ctctgaaaat acag 

SEQ ID NO: 47 moltype = DNA length = 43 

FEATURE Location/Qualifiers 

source 1. .43 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 47 

taaagaggag aaattaacca tgtccgatag caatcagatt gcc 

SEQ ID NO: 48 moltype = DNA length = 39 

FEATURE Location/Qualifiers 

source 1..39 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 48 

tgttatttte ggctttctgt tatttccgeg cattttcge 

SEQ ID NO: 49 moltype = DNA length = 41 

FEATURE Location/Qualifiers 

source 1..41 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 49 

taaagaggag aaattaacca tgactgcegta cccttctcte c 

SEQ ID NO: 50 moltype = DNA length = 42 

FEATURE Location/Qualifiers 

source 1. .42 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 50 

tgttatttte ggctttctgt tacccttcat gtaccgettt gg 

SEQ ID NO: 51 moltype = DNA length = 42 

FEATURE Location/Qualifiers 

source 1. .42 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 51 

taaagaggag aaattaacca tgacacaaga cctgaagace gg 

SEQ ID NO: 52 moltype = DNA length = 48 

FEATURE Location/Qualifiers 

source 1..48 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 52 

tgttatttte ggctttctgt taaagtttaa accatttttc agegttgg 

SEQ ID NO: 53 moltype = DNA length = 45 

FEATURE Location/Qualifiers 

source 1..45 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 53 

taaagaggag aaattaacca tggctcaatt tccgaatace ccaag 

SEQ ID NO: 54 moltype = DNA length = 40 

FEATURE Location/Qualifiers 

source 1..40 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 54 

tgttatttte ggctttctgt tatgeggcca ggaccttttc 

32 

24 

43 

39 

4l 

42 

42 

48 

45 

40
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SEQ ID NO: 55 moltype = DNA length = 44 

FEATURE Location/Qualifiers 

source 1. .44 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 55 

taaagaggag aaattaacca tgctaagega caggcacgtc aaag 

SEQ ID NO: 56 moltype = DNA length = 51 

FEATURE Location/Qualifiers 

source 1..51 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 56 

tgttatttte ggctttctgt tagaacacca ctactgaacg aatcgattta c 

SEQ ID NO: 57 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 57 

aaatctgtat tttcagageg cgatcgcate cgatagcaat cagattgecg 

SEQ ID NO: 58 moltype = DNA length = 49 

FEATURE Location/Qualifiers 

source 1..49 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 58 

ggctaacttt gttattttcg getttctgtt atttcegege attttcgeg 

SEQ ID NO: 59 moltype = DNA length = 52 

FEATURE Location/Qualifiers 

source 1. .52 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 59 

aaatctgtat tttcagagcg cgatcgcaac tgegtaccct tctctccaca tg 

SEQ ID NO: 60 moltype = DNA length = 55 

FEATURE Location/Qualifiers 

source 1..55 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 60 

ggctaacttt gttattttcg gctttctgtt acccttcatg taccgetttg gtgac 

SEQ ID NO: 61 moltype = DNA length = 49 

FEATURE Location/Qualifiers 

source 1..49 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 61 

cattaaagag gagaaattaa ccatgcagtt tgaacgtatc aatccgatg 

SEQ ID NO: 62 moltype = DNA length = 48 

FEATURE Location/Qualifiers 

source 1..48 

mol type = other DNA 

organism = synthetic construct 

SEQUENCE: 62 

gtttaaacta ttaatgatga tgttaaattg gatagtgace tggttggg 

SEQ ID NO: 63 moltype = DNA length = 40 

FEATURE Location/Qualifiers 

source 1..40 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 63 

cattaaagag gagaaattaa ccatgaaage cgccgtactc 

SEQ ID NO: 64 moltype = DNA length = 49 

FEATURE Location/Qualifiers 

source 1..49 

44 

51 

50 

49 

52 

55 

49 

48 

40
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mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 64 

gtttaaacta ttaatgatga tgttattgat caaacacaat aacagaacg 49 

SEQ ID NO: 65 moltype = DNA length = 48 

FEATURE Location/Qualifiers 

source 1..48 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 65 

cattaaagag gagaaattaa ccatgacaat caatacaatt cgcgtacg 48 

SEQ ID NO: 66 moltype = DNA length = 46 

FEATURE Location/Qualifiers 

source 1. .46 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 66 

egtttaaact attaatgatg atttaacaaa aatgacggca gctctg 46 

SEQ ID NO: 67 moltype = DNA length = 41 

FEATURE Location/Qualifiers 

source 1..41 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 67 

cattaaagag gagaaattaa ccatgttggg acgtgcatcg g 4l 

SEQ ID NO: 68 moltype = DNA length = 44 

FEATURE Location/Qualifiers 

source 1. .44 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 68 

gtttaaacta ttaatgatga tgttacgtga tcegtcggatec gate 44 

SEQ ID NO: 69 moltype = DNA length = 45 

FEATURE Location/Qualifiers 

source 1..45 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 69 

cattaaagag gagaaattaa ccatggcgge aattaatctt ccccg 45 

SEQ ID NO: 70 moltype = DNA length = 48 

FEATURE Location/Qualifiers 

source 1..48 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 70 

gtttaaacta ttaatgatga tgttagcecaa agacttcgge atagagge 48 

SEQ ID NO: 71 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 71 

cattaaagag gagaaattaa ccatgcgatt gaaagtactg ggacttatgg 50 

SEQ ID NO: 72 moltype = DNA length = 45 

FEATURE Location/Qualifiers 

source 1..45 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 72 

gtttaaacta ttaatgatga tgttagecac ctttggcttc taaag 45 

SEQ ID NO: 73 moltype = DNA length = 52 

FEATURE Location/Qualifiers 

source 1. .52 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 73 

cattaaagag gagaaattaa ccatgattcc gcatggtgaa cattcaatge tg 52
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SEQ ID NO: 74 moltype = DNA length = 48 

FEATURE Location/Qualifiers 

source 1..48 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 74 

gtttaaacta ttaatgatga tgttatggca ccaaaaccag agegcecac 48 

SEQ ID NO: 75 moltype = DNA length = 46 

FEATURE Location/Qualifiers 

source 1. .46 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 75 

cattaaagag gagaaattaa ccatggacge atacgctgca attatc 46 

SEQ ID NO: 76 moltype = DNA length = 54 

FEATURE Location/Qualifiers 

source 1. .54 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 76 

gtttaaacta ttaatgatga tgttacattt tgagaatgge ttttatcget ttte 54 

SEQ ID NO: 77 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 77 

cattaaagag gagaaattaa ccatgtctac acagectgca accatagctg 50 

SEQ ID NO: 78 moltype = DNA length = 46 

FEATURE Location/Qualifiers 

source 1. .46 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 78 

gtttaaacta ttaatgatga tgttatggac gagtttgece gcttce 46 

SEQ ID NO: 79 moltype = DNA length = 50 

FEATURE Location/Qualifiers 

source 1..50 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 79 

cattaaagag gagaaattaa ccatgcgega acggctacag caatacattg 50 

SEQ ID NO: 80 moltype = DNA length = 45 

FEATURE Location/Qualifiers 

source 1..45 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 80 

gtttaaacta ttaatgatga tgttaggcag gcaggecget gatceg 45 

SEQ ID NO: 81 moltype = DNA length = 40 

FEATURE Location/Qualifiers 

source 1..40 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 81 

cattaaagag gagaaattaa ccatgactge ccctaccgec 40 

SEQ ID NO: 82 moltype = DNA length = 47 

FEATURE Location/Qualifiers 

source 1..47 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 82 

gtttaaacta ttaatgatga tgttactgcet gatgacgata tacagec 47 

SEQ ID NO: 83 moltype = DNA length = 46 

FEATURE Location/Qualifiers 

source 1. .46
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SEQUENCE: 83 

cattaaagag gagaaattaa 

SEQ ID NO: 84 

FEATURE 

source 

SEQUENCE: 84 

cattaaagag gagaaattaa 

SEQ ID NO: 85 

FEATURE 

source 

SEQUENCE: 85 

cattaaagag gagaaattaa 

SEQ ID NO: 86 

FEATURE 

source 

SEQUENCE: 86 

gtttaaacta ttaatgatga 

SEQ ID NO: 87 

FEATURE 

source 

SEQUENCE: 87 

cattaaagag gagaaattaa 

SEQ ID NO: 88 

FEATURE 

source 

SEQUENCE: 88 

gtttaaacta ttaatgatga 

SEQ ID NO: 89 

FEATURE 

source 

SEQUENCE: 89 

cattaaagag gagaaattaa 

SEQ ID NO: 90 

FEATURE 

source 

SEQUENCE: 90 

gtttaaacta ttaatgatga 

SEQ ID NO: 91 

FEATURE 

source 

SEQUENCE: 91 

cegatagcaa tcagattgec 

eggttagaga ggacgagetg 

ataaatgcat gtataacgag 

ttggtggegt atggaaagge 

aacgtttcac ctatggcaat 

ttcaagatat tattcacgtg 

tgatgcaage cggtegecac 

agtggtggga aggtggtata 
tgcatatcct aaactacatg 

mol_type 

organism 

other DNA 

synthetic construct 

cceatgggtta cegggttgta gtggtg 

moltype = DNA length 

Location/Qualifiers 

1..49 

mol_type 

organism 

other DNA 

synthetic 

= 49 

construct 

ccatgcagtt tgaacgtatc aatccgatg 

moltype = DNA length 

Location/Qualifiers 

1. .46 

mol_type 

organism 

other DNA 

synthetic 

= 46 

construct 

ceatggcgat caaagttgcg ataaac 

moltype = DNA length 

Location/Qualifiers 

1. .46 

mol_type 

organism 

other DNA 

synthetic 

= 46 

construct 

tgttaaagga atttcgecat tgctce 

moltype = DNA length 

Location/Qualifiers 

1..45 

mol_type 

organism 

other DNA 

synthetic 

= 45 

construct 

ccatgaatga catgactace atctc 

moltype = DNA length 

Location/Qualifiers 

1. .52 

mol_type 

organism 

other DNA 

synthetic 

= 52 

construct 

tgttacattt gaataattac tgttttagtc te 

moltype = DNA length 

Location/Qualifiers 

1..47 

mol_type 

organism 

other DNA 

synthetic 

= 47 

construct 

ccatggctac gcagttgaga agtgcag 

moltype = DNA length 

Location/Qualifiers 

1..49 

mol_type 

organism 

other DNA 

synthetic 

= 49 

construct 

tgttactgat cgaacattce ggtacgacec 

moltype = DNA length 

Location/Qualifiers 

1..737 

mol_type 

organism 

gegcettgaaa 

gacgtacgca 

acagttgace 

aaggagggca 
aacggecega 

caggatgatg 

aaggattatg 

tacgaaaaca 

cegatctgge 

other DNA 

synthetic 

gtcgectgaa 

aactccagca 

tgttcacaga 

teegeegttt 

ttgatgggtt 

gggtcacgge 
agggagatge 

cttataaaaa 

acgcagattt 

= 737 

construct 

tgacctcgaa 

tttatacggt 
agatggggaa 

gtacgttgaa 

cctgttagat 

tttgggecge 

acctcatctg 

agtggatgge 

tgaaagegge 

aggcgactga 

tatectgattg 
gtgeggttct 

egttttcaga 

catccacaac 

gegegttcca 

aaagegegtc 

gtgtggegta 

tgggecaata 

46 

49 

46 

46 

45 

52 

47 

49 

60 

120 

180 

240 

300 

360 

420 

480 

540 
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cccegcacga atacgttcct tttcccaaag tcacctatce agaagacccg actggaccgg 600 
atgaactgat tgctgaccat tggttatgge cgacccataa gctgaacece tttcacatga 660 
aacatccggt gacgggtgag gaaatggtcg cacagegetg gcagggtgac atcgatcgeg 720 
aaaatgcgcg gaaataa 737 

SEQ ID NO: 92 moltype = DNA length = 1428 

FEATURE Location/Qualifiers 

source 1. .1428 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 92 

actgegtace cttctctcca catgattatt gacggtgece gtgtcagegg cggaggacgt 60 

egeaceccacg eggtcgtcaa tecggctace ggagagacca teggtgaact gecgetggca 120 

gaagttgcag atctggatcg agegttagaa gtageggega agggcttccg tatttggegt 180 

gacagcacac cgcagcageg cgcagecgtg ttacagggeg cggeccegget gatgctggaa 240 

eggcaagagg atctcgctcg catagccacg atggaagaag gtaaaaccct geccgaggcg 300 

egeatcgaag ttctgatgaa cgtgggectg ttcaattttt acgctggaga agtatttcgt 360 

ttatatggce gaaccctagt gegecctgcg ggtcagagaa gcacgatcac gcatgaaccg 420 

gtagggecgg tggcecgectt tgctccgtgg aactttccge ttgggaatce aggtcgcaaa 480 

etgggegege caattgecge cggttgctcg gtgattctaa aageggcegga agaaacgecg 540 

gettcagegt taggggtgct gcaatgtctg ctggatgetg gectgcectaa agaagtggcec 600 

caggetgtgt teggtgtgee tgacgaggtg agtcgecace tgttgggcag ttecgttatc 660 

egeaagcetct cgtttacagg ttctaccgte atcggcaage atctgatgcg acttgcagcce 720 

gacaacatgt tgcgtacaac tatggagett ggcggecatg gtcctgtctt agttttcggt 780 

gatgcagata ttgacaaage gctcgatace atggcagctt ccaaatatcg taacgeggge 840 

caagtttgtg tttcaccaac cagatttata gtggaagaaa gegtgttcga acgttttcgt 900 

gatggttttg cagagegtgt cggtcggatc aaagttggaa atggtttgga tcaggatgcg 960 

cagatgggac cgatggcaaa tgcccegecge ceggaggega tggategtct gatcggggac 1020 

gcegtgacte gcggcgcaag gttgcatact gggggcgaac gtgtcggcaa cgccggctat 1080 

ttttatgece ccacggttct gagtgaagta ccgctggacg cggctattat gaacgaagaa 1140 

cegtttggcee cggtagctct gattaatcca ttcggcggtg aggaagegat gatcgccgaa 1200 

gcaaacegte tgcecgtatgg cttggcagee tacgcatgga cagatagege ggcgegggca 1260 

aaacgcttag cacgcgagat tgagacgggg atgctgggge ttaattctac catgattggce 1320 

ggegeggatt cgccattcgg tggggtgaaa tggtccggac acggttcaga ggacggtccc 1380 

gaaggtgtta tggcctgect tgtcaccaaa gcggtacatg aagggtaa 1428 

SEQ ID NO: 93 moltype = DNA length = 1053 

FEATURE Location/Qualifiers 

source 1..1053 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 93 

acacaagace tgaagaccgg cggggagcag ggttacctge gtatcgcecac cgaagaagct 60 

ttegecacge gagaaatcat tgatgtctac ctgcgcatga tacgcgatgg aactgctgat 120 

aaaggtatgg tatcattgtg gggcttttat geccagtcce cttcagagcg cgccacccag 180 

atcttagaac gtctgttaga tettggegag cggegtattg cagatatgga tgcegacagge 240 

attgacaagg ctattctage gctgacctcg ccgggegtac agecgctgca tgacttagat 300 

gaagcacgga cgctcgcaac ccgtgcaaat gatactcttg ccgatgcegtg ccaaaagtat 360 

ecagacegat ttattggaat gggcacegtg gecccgcagg atccggaatg gagtgcegege 420 

gaaattcate gtggtgcaag ggaactgggt tttaagggca tccagatcaa cagecacacg 480 

caagggegct acttggatga ggaattcttt gatccgatat tecgtgecct cgttgaagtc 540 

gaccagecge tgtatattca tectgccact tegecagatt ccatgatcga tcecgatgttg 600 

gaagegggee tggacggtge aatcttcgge ttceggtgtgg agacgggcat gcatctgctg 660 

egectgatca cgattgggat tttcgacaaa tatcccagcet tgcaaattat ggttgggcac 720 

atgggcegagg cgctgeccta ctggctctat agactggatt atatgcacca ggctggtgtg 780 

egetctcage gctatgaacg tatgaaacca ctgaaaaaaa ccatcgaagg ttatcttaaa 840 

agcaacgtgt tagtgacaaa ttctggagte gegtgggaac ctgcgattaa attttgtcag 900 

caagtaatgg gtgaggatcg ggttatgtac gcegatggact acccgtatca gtacgttgca 960 

gacgaagtge gtgcgatgga tgccatggac atgagtgcege aaacgaaaaa aaaatttttt 1020 

cagaccaacg ctgaaaaatg gtttaaactt taa 1053 

SEQ ID NO: 94 moltype = DNA length = 1554 

FEATURE Location/Qualifiers 

source 1..1554 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 94 

atggctcaat ttccgaatac cccaagette acgggattca acacgecgtc teggattgag 60 

geggatattg cagatctgge ccacgaaggt acgattccge aagggttaaa cggcegcattt 120 

tatcgtgtcce agecegatce gcagtttcct ccacgectcg atgatgacat tgectttaac 180 

ggagacggga tgattacccg attccatata catgatggce aggtcgactt ccgtcaacgt 240 

tgggcgaaaa ccgataaatg gaaactggaa aacgcggecg gaaaagecct gtttggtgee 300 

taccgcaace cactgaccga tgacgaggcg gttaaaggeg agatccgttc gaccgccaac 360 

actaacgect tegttttcgg tggcaaactg tgggcgatga aagaggacag tccagcactc 420 

gtaatggatc cggcgacgat ggaaaccttc gggttcgaaa agttcggcgg taaaatgaca 480 

ggecagacct ttactgccca tccgaaggta gatccgaaaa ccggcaatat ggtagegatc 540
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ggttatgctg caagegggtt gtgcacagat gatgtgacct acatggaagt tagtccggag 600 

ggtgaattag tacgegaagt gtggttcaaa gtgccgtatt attgcatgat gcacgacttc 660 

ggcattacag aggattacct cgtgctgcac attgttcctt ccatcggaag ctgggaaaga 720 

ttagaacagg gcaaaccgea ctttggcttt gatactacta tgecggttca cctaggtatc 780 

attccgagge gtgacggtgt gcgccaggaa gatatccgtt ggttcacgcg ggataattgt 9840 

tttgccagte atgtactgaa tgcttggcaa gaagggacca aaattcactt tgtgacttge 900 

gaagcegaaaa acaacatgtt tectttcttt ccagatgtce atggcegcegce ctttaacggt 960 

atggaggcaa tgtcacatce tacggactgg gtggtcgaca tggcaagcaa cggcgaggac 1020 

tttgctggga tegtgaaget ttccgataca gctgcagaat ttectcgcat cgacgaccgg 1080 

tttaccggcce agaaaacccg ccatggttgg ttcttagaaa tggatatgaa acgaccagtg 1140 

gaattgcgeg gtggttcage gggeggectg ctgatgaatt gtctgtttca caaggacttc 1200 

gaaacgggtc gtgaacagea ttggtggtge ggcceggttt cgtctcttca ggagecgtgt 1260 

tttgttccge gcgcgaaaga tgcccccgaa ggtgatggat ggattgtgca agtttgtaat 1320 

egtctggaag aacagcgtte cgatttgctg atatttgatg cgctggatat tgagaaagge 1380 

ceggtggcta cggtcaatat ccccatccge ctgcgetttg gcettgcatgg taattgggcg 1440 

aatgcagacg aaattgggct tgcggaaaag gtcctggecg cagegatcge aggaagcgaa 1500 

aatctgtatt ttcagagege attggcacat caccatcate accatcacca ttaa 1554 

SEQ ID NO: 95 moltype = DNA length = 1149 

FEATURE Location/Qualifiers 

source 1..1149 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 95 

etaagegaca ggcacgtcaa agggagaccg catgaaatga aaacacgege cgcagttgeg 60 

tttgcgecaa agcaaccgtt ggaaattgta gaactggate tggaaggtcce caaagctggg 120 

gaagttctgg ttgagattat ggcgactgga gtgtgtcaca ccgatgcata tacgttagac 180 

gggttcgaca gcegaaggeat tttccctage gtgctgggte atgaaggtge cggtatcgtg 240 

egegaagtgg gecctggggt aacttccgtg aaacctggceg atcatgtgat cccgctctat 300 

acgecggaat gtcgccagtg caaatcgtge ttgtcgggta agaccaacct gtgcaccgct 360 

attcgcgceca cgcaagggca gggcctgatg cccgatggcea ccagtcgttt ttcttacaaa 420 

ggecagaccg tgttccacta catgggttge agtacattct ctaattttac agttctgcca 480 

gagatcgcgg ttgcaaagat tcegcegaggat gegecgttta aaacctcatg ttatattgge 540 

tgtggcegtga cgacgggtgt tggcegeggtg attaacactg ctaaagtaca ggtcggtgac 600 

aacgtegtgg tctttggatt aggcggcata ggtctcaatg ttattcaggg agegeggctt 660 

geeggtgcag ggaaaatcat tggcegtcgat atcaatccag atcgggagga atggggecgt 720 

aaatttggca tgactgactt tctgaatagt aagggcatga gecgegagga cgtagttgcet 780 

aaagtcgtcg ccatgaccga tggcggtgceg gactatacct ttgatgecac cggtaatacc 840 

gaagtgatge gtacggcegct tgaagcatge catcgtggtt ggggaacctc cataatcatt 900 

ggtgtggcag aggcgggtaa agaaattage acgcegtccgt tccaattagt tactggecgt 960 

aactggcegag gcacggectt cggaggegee aaggggegea cagatgttcc gaaaattgta 1020 

gatatgtaca tgaccggaaa aatcgaaatc gatccgatga tcacccatgt catggggctg 1080 

gaagagatca acacagcatt tgatctgatg cacgctggta aatcgattcg ttcagtagtg 1140 

gtgttctaa 1149 

SEQ ID NO: 96 moltype = DNA length = 1398 

FEATURE Location/Qualifiers 

source 1. .1398 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 96 

cagtttgaac gtatcaatce gatgacaggg gcagtagect cgcaggcaga ggccatgaaa 60 

gegteggaca ttecttccat tgctgceccge gcaggacagg cctttccgge gtgggcageg 120 

atgggcccca acgcacgtcg cggcgtactg atgaaggegg ctgcggegtt ggaagegegg 180 

gctgatgcett tegtcgaage catgatggge gaaatcggceg cgactagagg gtgggegctg 240 

tttaaccttg gecttgcage aagcatggtg cgcgaagecg ccgegctgac cactcaaatc 300 

tetggagagg ttattccate tgacaaaceg gggtgtattt cgatggetct gegegaaccg 360 

gttggtgtga ttttgggcat cgegecegtgg aatgegecga ttatccttgg ggtgegegca 420 

attgccegtge cgcttgectg cggtaacgeg gtgatattaa aagcaagega aacatgtccg 480 

egaacccacg cgctcatcat cgaggecttt gctgaageag gtttcccaga aggegtggtt 540 

aatgtagtga cgaacgegce tgcagatgca gceggaagtgg tceggggeget gattgatgeg 600 

ceggaagtge gtcgtataaa ctttaccggt agtactaatg taggcaggat tatcgcaaaa 660 

egggeggecg agcatttgaa accctgttta ctcgaactgg gcggtaaage accgttaata 720 

gttctggatg atgcggatct agacgaagcg gtcaaagetg cggcttttgg cgecttcatg 780 

aaccaaggge agatttgcat gtcaacggag cggatcatcg ttgtagatge cgttgecgat 840 

geattcgcag ataaattcaa ggccaaggte gectccatgg ctgtaggega cccgegtgag 900 

ggtacgacce cgttgggtge agttgtcgac gctaaaactg tcegctcattg ccgtagctta 960 

attgacgatg ccctggcaaa aggtgeccegt ctgctgaccg gceggtgaaac cacgcacaat 1020 

gtgctcatge ccgeccatgt cgtagatgge gtgacgcagg atatgaaget gttccgcegat 1080 

gagagetttg gcccagtggt gggcegtgatt cgcgcegegeg acgaagetca tgccattgaa 1140 

etggcgaacg acagtgaata tggactgtca geggctgttt tcacacgtga cacagegege 1200 

ggectgcgag ttgeccgeca gatccgtage ggtatttgee atgttaatgg acctaccgtc 1260 

cacgatgagg cgcagatgee ttttggtgga gtgggtgegt ccggctacgg tegttttggg 1320 

ggtaaagecg gcatcgatag ttttaccgag ctgagatgga ttacgatgga aacccaacca 1380 

ggtcactate caatttaa 1398
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SEQ ID NO: 97 moltype = DNA length = 1086 

FEATURE Location/Qualifiers 

source 1. .1086 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 97 

aaagecgcecg tactegtcga accgggtaaa ccgctggata ttcagcattt aagegtgagt 60 

aaacceggce ctcatgaagt ccttatacge acagcagect gcgggctgtg ccatagtgac 120 

ttgcacttca tcegaaggtge ctatccacat cegetgeegg ctgtgccagg gcacgaggct 180 

gctgggattg tggaageggt aggttcagaa gtgcgcacag taaaagtggg tgacgcetgtt 240 

gttacctgce tgtccgegtt ctgtggtcat tgcgagtttt gegtgaccgg ccggatgtcg 300 

etgtgtcttg gtggcegatac teggegeggt gegggtgagg cacctcgctt gacacgcacc 360 

gacgatggaa gcgcagtgaa ccagatgcte aacctatcgg cctttgcaga acaaatgcetg 420 

gttcacgaac atgectgtgt tgcgatcaat cccgagatge cgctcgatag agetgeggtt 480 

ateggctgtg cggtaaccac tggcgegggt geggtgttta atgctgegaa actgacccca 540 

ggagagacgg tatgegttgt cggctgtgge ggcgtaggcet tagcaacggt caatgecgcg 600 

aaaattgecg gggcaggecg tattatcgct gtggatccga tgccggaaaa acgcgaactg 660 

gecatgaaac tgggtgcgac cgatgtgatg gacgegggac ccgatgcetge ggcacagatc 720 

gttgaaatga cgaaaggegg cgttcaccat gegatcgagg cegtggggeg tectgcatct 780 

ggegaccttg cggtcgegac gctgegtcgt gggggcaccg ccacgatttt aggtatgatg 9840 

cegetggcac acaaggtcgg attatcagcg atggatctge tgagcgataa gaagctgcag 900 

ggtgcaatta tgggccgcaa ccacttccca gtggatctge cgcgactggt cgacttctac 960 

atgegtggct tgttggatct agacactatc attgccgaaa ggattccgct tgaagggata 1020 

aacgatggtt ttgaaaaaat gaaacaggga cattccgece gttctgttat tgtgtttgat 1080 

caataa 1086 

SEQ ID NO: 98 moltype = DNA length = 1011 

FEATURE Location/Qualifiers 

source 1..1011 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 98 

acaatcaata caattcgcegt acgttcgcecg gecactctcg acaccttaaa tttcgatacg 60 

etgacggatt gtggacaace gggaacgage gaaatccgcea ttcgtctgcg cgcaacttct 120 

etgaacttce actactacge gatgattace agaatgcetge cggctgcaac aagtcgaatt 180 

ectatgtcta acggegectg acaggtttte ggggtgtgeg atggegtgac caaattccag 240 

gegegtaacg cagttatcte gacctttttc accgacagga acgecggtce gecacagtca 300 

geegegttta cgaccgtcac ggctgatggg attaatcgct acgcgeggga agaagtggtg 360 

gecceggete attggtttac ccegegegecg ttatgctata gtcacgcaaa agecgcecacg 420 

etgacctgcg cgggecttac tgcatggegt gctttgttca tagataacge tatcaagecg 480 

ggegacacgg tcttggtgca gggcactgge agegtttcgg ttttcgegct gcagttaaca 540 

aaggceggeat gegegegtgt catcgcaacg agttcctcce accagtaact gaaacgectg 600 

egeagectta gagcgaataa aaccataaac tataaaacge aaacctcacg ggggatgcag 660 

acactagatt tcactgccgg tatttgtgta cactgtattg tcgagattag ccggecceggt 720 

acgtttcatc aagegatgat gtccacccge gtgcgtgcte atatcgegct gatcggtgtt 780 

etegegegtt ttgcgggtce agtttaaace actttgctga tggcacagaa tctgegegta 840 

taaggectta cegtggectc acgtaccaat catctgcegaa tgattcccegg tatcgaggca 900 

aaccgtatce aacctgtcat tcaccgecat tttccattte cgtattttge cgetgecttt 960 

egecatcaac agagctgecg tcatttttgt taaatcgtga ttgacatttg a 1011 

SEQ ID NO: 99 moltype = DNA length = 1080 

FEATURE Location/Qualifiers 

source 1. .1080 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 99 

ttgggacgtg catcggtgct ggtaaaaccg aaccaactgg agacgtggga tgttaaagta 60 

geegatccgg aacegggegg tgccttagtt tegattgtge tgggtggggt atgegggage 120 

gacgtccata tattgaccegg cgaggctgge gtgatgecgt ttccgatcat tctgggacat 180 

gagggegtgg gaaggatcga aaaactgggg cacggegtca gcactgatta cgctggtgag 240 

gaacttaaac ceggcgatct ggtatattgg tegecgattg ctctgtgtca tegatgttat 300 

tectgcaatg ttctcgatga aacaccttge gaaaatacce agtttttcga agatgcttcc 360 

aagecgaact ggggttcata cgcagattat gcatggctge ccaacggtat gecgttctat 420 

aaactgcecag cccaagegca gectgaageg gttgctgege ttggctgtge acttccaacc 480 

geectgegceg gcetttgatcg ctgcggcagt gttagagtgg gtgaaactgt ggttgtccaa 540 

ggtgeaggee ctgtceggect gtctgcagtg ctcgtggcegg cgcaggecgg ggcgegtgac 600 

gtgattgtta ttgacggttc accacttcgt cgcgaagegg ctaccgceatt gggtgectct 660 

etgacgattg gcttagatgt cgcegectgag gaacggegee ggatgattta cgategegtt 720 

ggtcgeaatg gtcccaatgt agtcatcgag gcagecggag ttctgecage gtttccggaa 780 

ggggtggace tgacceggtaa ccacggecgt tacattgtge taggattgtg gggcgcaata 840 

gggacccage cgatcagece gcgegactta acaatcaaaa acctgactat cgctggtgcg 900 

accttcccta aaccaaaaca ttattatcag gecttgcatt tagegacgge cctgcaggac 960 

egtgtaccgt tagecggtct ggtgagecac cgttttggeg tcagecagge gggcegaagcg 1020 

etgagtctca ccaagagtgg gacagegatt aaggccgtga tcgatccgac gatcacgtaa 1080 

SEQ ID NO: 100 moltype = DNA length = 1155
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FEATURE Location/Qualifiers 

source 1..1155 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 100 

geggcaatta atcttccccg cgtgattcgt gctggtgggg gtgcattage cgaactgecc 60 

gatgcaatgg cgcagtgegg cctttcacge cegttcgtgg tgaccgatge attcttagtg 120 

caaagceggga tggtcgcetcg gatgttagag gttctggacg gcegctgggat tgeggcecacg 180 

gtcttcgatg ctacggtace tgatccgact gttgctgtgg tagaacagge gcttggcegca 240 

ttgcgagagg cggaatgtga ttgtgtgate gggtttggag gtggtagece gatcgacace 300 

agtaaagceca ttgccgeect ggcgctggaa cegegtgceag ttcaatccat gaaggcacca 360 

gegacgaccg acgtcceggg tctgcecgate attgecegtce cgacgaccge cggcaccgge 420 

teggaggega ctaaatttac aatcgtgace gatgaggega cgagtgaaaa aatgetctge 480 

geaggtctgg ccttcctgce tactatagee attgtagatt tcegagetgac catgggcaaa 540 

ceggctegge taactgecga cacaggtatt gattcgctga cacatgegat tgaggcctat 600 

gtttctaaga aagcecaatce gtttagtgat gctatggcega tctcggcgat gaaactgatc 660 

gegeegaaca ttegcacege ctgcgecgaa cccggaaace gtgctgcacg cgaagegatg 720 

atgattggcg cgcaccatge cggtattgeg ttttccaacg ctagegttge actggtgcac 780 

ggtatgagee geccaatcgg cgcattcttt catgtgecge acggattgtc caacgcaatg 840 

ttgctgectg cgattaccge gttttccegcet cegtcagegt taccacgtta cgecgattgt 900 

gecegtgega tgggtgtage tttggaaage gaaggegace agtctgcecgt tgcaaggctg 960 

etegacgaac tggcggcegcet gaacgcagac cttagtgtce cgacgecgca gtcgcatggg 1020 

atcagegctg atcgttggtt tgaagtagtg cctgaaatgg cgagacagge aatagcatca 1080 

ggctctccag gcaataatce acgegttcct gatgcggegg aaatcgagcg cctctatgee 1140 

gaagtctttg gctaa 1155 

SEQ ID NO: 101 moltype = DNA length = 2115 

FEATURE Location/Qualifiers 

source 1..2115 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 101 

egattgaaag ttctgggact tatggcagca ctgctgecege tggeggcttg taacatcaaa 60 

agegagggtg gaggggatge agtcgccaac gctggagtca cagatgecct gattgceccaa 120 

gegecegaag gegaatggcet gagctatgge cgcgattatg gggaacaacg cttttcaccg 180 

ttgacccaaa ttaatgatgg taacgtcggg cagttgggte ttgectggtt tcatgacctg 240 

gagactgcge gcegggcaaga agegacgecg ctgatgcatg atggtacgtt atatatctcg 300 

actgcgtggt caatggtgaa agegttcgat gcaaaaaccg gcgcegctgaa atggagttac 360 

gatcccgaag taccgcegtga aacgctggtg cgcgcatget gegacgeggt caatcgtgge 420 

gtegegcetgt atggagataa agtttttgta ggtacgctcg atggtcgtct agtagegtta 480 

gatcagaaga ccggaaaagt agtttggtcc aaggtagtag tgcccaatca ggaggactac 540 

accataactg gtgccccgcg cgtggtgaaa ggcaaagttc tgattggtag cggtggctcg 600 

gagtacaaag ctcgaggcta tattgccgcee tatgacgtta acacaggcaa cgaagtgtgg 660 

aaattccaca cegtccctgg caatccagceg gatgggtttg agaacaaage gatggaaaat 720 

geegcetcgcea cttgggctgg tgaatggtgg aaactcggtg ggggtggcac ggtgtgggat 780 

tecatcacct atgatccage caccaaccta gttctgttcg gcacaggcaa tgcagaacca 840 

tggaaccegg cagcagecgg gegggaggga gacagettgt acacgtcctc tattgtageg 900 

gtgaatgecg atactggcga ctatgtatgg cattttcaag aaaccccgga agaccgttgg 960 

gacttcgatt ccgegcagcea gattacgctg gccgacctga caattgatgg gceageggege 1020 

cacgtgatce ttcatgcgee taagaacggt catgtttatg tgttggacge aagaaccggg 1080 

cagtttctgt cggcaacgee ctttgtgatg gtgaactggg cgaccggtat tgatcctaaa 1140 

acgggcaagg ccactgtcaa tccagaagee cgttatgaaa aaaccggcaa acctttcgtt 1200 

agectgcecag gtgcggtagg cgcacattca tggcagecge agagtttcag cccgaaaacc 1260 

ggectgctgt accttccggt gaacaatgeg gcatttcctt atgcagecge caaagactgg 1320 

aaagcaaccg atattggttt ccagaccggt ctcgacggct atgttaccag tatgccagcec 1380 

gacgcaaagg tccagggcge agcegatgaaa gcgaccactg gtacgttagt ggcgtgggac 1440 

ceggttgcega agaaagccge ttggaaagtc gaactgecga gceccgagtaa cggtggcatt 1500 

ttatcgacag ctggcaattt agtgtttcaa ggtaccgegg geggtgattt tgttgcatac 1560 

aacgccgata agggcaaaca attatggtct tttccggcge agagtggcat ccttgcecgceg 1620 

ecgatgacct atgctatcga tggggaacag tacgttgcgg tcatggtggg ctggggaggt 1680 

gtgtgggacg tegecacagg tgtgctcgct cataaggcca aaaaacagag gaacataage 1740 

egectggtag tgttcaaact gggcgggaaa gecacgetge cggctgetce tccgatggca 1800 

aaaatggttt tggatccgee gecgtttaca ggtacgeccg aacaagctaa ggecggtgge 1860 

gaattatacg gacgttactg caacgtttgt catggtgatg ctgceggttge gggcggegtg 1920 

aatccagatec tgcgtcactc agctgegcett aatgcaccag aggcgatccg gtctgtggtg 1980 

attgaggggg cgctgcagca caacgggatg gtctcgttca aatctgcgct gaagectgag 2040 

gatgceggata atatccgcca ctacttgatc aaacgtgcaa atgaagacaa agctctcgaa 2100 

gccaaaggag gctaa 2115 

SEQ ID NO: 102 moltype = DNA length = 1002 

FEATURE Location/Qualifiers 

source 1..1002 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 102 

attccgcatg gtgaacattc aatgctggca atgcagttgg atggtccagg caaacggctg 60
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caccecagtcg tgegecetct gecgttaccg gggcegaggtg aagtgegggt aaaagtgcat 120 

gectgtggtg tttgccgtac ggacctgcac gttgcagatg gcegatattca cggtctgcta 180 

cetattgtge cggggcacga agtgatagge gttgtcgatg cactggggee gggggtgacg 240 

gatgttgaac ctggtgcegeg tgtaggtgte cegtggetcg gecatgectg tggcacctge 300 

ceatattgcg acagegggag ggaaaacctt tgtgatgege cgctgttcac cggttttact 360 

egegatggeg gatacgctac ccatgtgatt gcagatgege gettttgett tectattcca 420 

gagggttttg acgatctgca egeggegecg ctectgtgeg cgggcttgat eggctatcge 480 

getcttcgge ttgccggega tgcacctgta cteggattct atggttttgg ageggeggcg 540 

catattttag ctcaggtgge cctgtggcag ggtagaacgg tttacgegtt tactcgegat 600 

ggegacgeta aggceccagge ctttgctcgt gacatcggtt gecaatggge cggaccctct 660 

ggegetgege cgccgeaage tctggacgca gegatcatct tegectccage gggagaattg 720 

gtgcecgacag ccctgegtge agtgegcaaa ggegggegtg ttgtctgtge cggtattcat 780 

atgagegata tceccggcatt ccecctacgee gatttatggg aggaacgtca gatcctgtcg 840 

gtagegaatt taaccegacg cgatggcegta gaattcctge cecttgcage gegtgcagge 900 

gttcgcacac atgtcgagge catgecgtta atgaaagega acgaggecct ggaccgectg 960 

egtcgtgg¢cg acgtcagtgg cgctctggtt ttggtgecat aa 1002 

SEQ ID NO: 103 moltype = DNA length = 1095 

FEATURE Location/Qualifiers 

source 1..1095 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 103 

gacgeatacg ctgcaattat cgagegtcag ggtggagaat tegttctgga taacgtatct 60 

atcgaggate cgcgegatgg cgaagtgcetg gttaaggttg ccgcagetgg catgtgtcat 120 

acegatctga cggttcgcga tcaatattac ccgacgeege ttcceggeggt gctgggcecac 180 

gaaggtageg gegttgttga aaaagtggga cgtggegtca ccactgtcaa accaggtgac 240 

aaagtagtgt tatccttcag ctattgeggt acttgtcctt cgtgcctcaa agggcatcag 300 

geatactgtc cgagectgtt cccgttaaat ttcatgggcee gtcgectgga tggttcaacg 360 

eccattacac gcaacggtca agaggtcaac gectgctttt tcgggcaate ctcttttgceg 420 

acctatagta ttgcgtcaga aaacaattge gtcaaggttg ccgacgatge acagattgaa 480 

ettttgggce cactgggctg cggcattcag accggtgcegg gaagtatttt aaatgetctt 540 

tgtcccgaac ctggttccte tatagegate tttggggtgg ggagtgtagg cttaagegee 600 

gtgatggctg ctaaagcate gggctgcttg aagatcatcg cggttgacag aaatgcaggt 660 

egettggaac tggegegtga actgggcegee accgatgtga ttgacgecaa cacggtcaat 720 

gctcaggaag cgategtcge gatgactggt ggcggegecg actatgcaat ggataccaca 780 

gecattccag cggtgctgceg gagtgeggtg gatagcacge acaatatggg tgaaacagca 840 

gtggtgggeg gggcgaaact gggtaccgag ttttcactag acatgaataa catgctgttt 900 

ggtcgaaaat tgegtggegt agtcgaagga tegagcacge ctcaggtgtt catcccgcaa 960 

etgattgcega tgcagaaage cgggetgttt ccgtttgaga aactctgtac cttttatgat 1020 

etggatcaga tcaaccagge cgtagaggat accgaaaaga ctggaaaage gataaaagec 1080 

attctcaaaa tgtaa 1095 

SEQ ID NO: 104 moltype = DNA length = 1275 

FEATURE Location/Qualifiers 

source 1..1275 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 104 

tctacacage ctgcaaccat agctgattce gegaccgate tggttgaggg tcttgcacgt 60 

geagecegtt ctgcgcageg ccagttggcg cggatggatt caccggtaaa agaacgegcg 120 

etgacgttag ccegctgcage gctgegtgee gctgaggecg aaattttage cgctaacgeg 180 

caggatatgg cgaatggcge agcaaacgge ctgtcectcgg ccatgctcga cceggctgaag 240 

ttaacgecag agegtctgge cggcattgce gatgetgtgg cgcaagtcge cgggcetggee 300 

gatceggtcg gcegaggtgat cagtgaagcet gegegtccga atggcatggt gctgcagaga 360 

gtgegtattce cggtcggagt tatcggcate atttacgaaa gecgcecccaa cgttaccgcc 420 

gatgcagceag cgcetctgegt gegttcaggt aatgeggega ttctgegegg tggctcggaa 480 

geggttcata gtaaccgtge gatccataaa gegetggttg ctgggettge cgaaggegga 540 

gtgcceggcag aageggtgca gcttgtacct acgcaggace gtgctgecgt aggggcaatg 600 

etaggtgecg cgggactgat cgacatgate gttccgegeg gcggaaaaag ccttgtcgcet 660 

egegtccagg cagatgeccg cgtgccggtg ttagcacact tggacggtat caaccacacg 720 

tttgttcatg ccagtgcaga tecggegatg geccaagega tagtgttgaa tgccaaaatg 780 

egtcgcaccg gegtttgtgg tgcgatggaa accctgctga ttgacgegac ttatccagat 840 

ececacggce tggtcgaace gctgctagac gecggttgeg agcetgegegg cgatgctcga 900 

gcegagagceaa ttgatccgag gattgegceca gctgcecgaca acgactggga tacagaatat 960 

ttggaagega ttctttcggt tgcagtggtc gacggtttgg atgaagegct cgeccacatc 1020 

gegegecatg cctctggtca taccgatgca atcgtcgcgg cggaccaaga tgtggcagac 1080 

egattcttag ctgaagtaga tagcgcaatt gtaatgcata atgcatccag ccagtttgct 1140 

gatggeggtg agttcggect gggtgctgag attggtattg ccacggggceg gctgcacgeg 1200 

egeggeectg tagegetcga agggctgact acctacaaat ggctggtgcg cggaageggg 1260 

caaactcgtc cataa 1275 

SEQ ID NO: 105 moltype = DNA length = 1422 

FEATURE Location/Qualifiers 

source 1..1422 

mol_type = other DNA
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organism = synthetic construct 

SEQUENCE: 105 

egegaacgge tacagcaata cattgatgga aagtgggtag acagtgaagg tggcaaacgt 60 

cacgaagtca ttaatccgac tacagaggaa ccctgttgtg tgattacget gggcacgcaa 120 

gcagatgtcg acaaagcagt ggccgeggca cagegegect ttaaaacctt cagcaaaacg 180 

acgcegtgagg aacgactggce gctgcttgaa cgcatcgtag aagaatacaa gaagegtgtc 240 

ectgatttag ccgceegegat ggccgaggaa atgggagctc cggtaagett tgecagcacc 300 

gegceaagttg gegecggaat cggagcattt ctgggcacca tggccgegct ccgtaatttc 360 

tectttgttg aggacaacgg tgcgtttaaa gtggectacg aaccgatagg tgttgtgggt 420 

atgattacge catggaactg gccactgaat cagatagctc tgaaagtage accggcegctg 480 

geegegggga ataccatgat cctgaaaccg tccgaggaat gcccaaccaa cgcagegatc 540 

tttaccgaaa ttttggatge cgcaggggtt ccgcecagggg tttttaacct gattcaggge 600 

gatggtcctg gtgtaggcac tgcgatcagt agtcatccgg gcattgatat ggttagtttc 660 

aceggttcga cccegtgeggg catcctcgtg gegaaagetg cggecgatac cgtcaagegg 720 

gtgcatcagg aacttggcgg taaatctcce aatgtggtge tgeccgatge agacttcgca 780 

aaatatctge cgtctaccge gtcaggeccg ttggtgaaca gcggcecagag ctgcatttcg 840 

ecaaccegta ttttagtacc aagagaacge gaagcagaag ccgeggettt tgtttctgceg 900 

atgtactccg caacaccggt cggggatccg atgcaagaag gtgcgcacat tgggecggtg 960 

gttaacaaag ctcagtttga caagatccge ggtctgattc aatcggcaat agacgaagge 1020 

gcgaaactcg agacaggcgg gcccgactta ccggccaatg tgaaccgcgg ctattatatc 1080 

aaaccaacgg tcttttcagg cgttactcct gatatgcgca ttgctcagga agaaatcttc 1140 

ggeceggtgg cgacgattat ggcgtacgat tcattagagg aggccattga gatcgcaaat 1200 

gatacagect atggactgtc ggcectgcatt actggtgatc cggcgaaage ggctgaagtc 1260 

gctectgage ttcgtgcagg tatggtggct atcaataact ggggccctac tecegggtgct 1320 

cegttcggtg gctataaaca gtccggtaac ggtagggagg gagggttgta tgggttgaaa 1380 

gacttcatgg aaatgaaage gatcagegge ctgectgect aa 1422 

SEQ ID NO: 106 moltype = DNA length = 1344 

FEATURE Location/Qualifiers 

source 1..1344 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 106 

actgccecta ccgccgcaga cctttccgce gatattgcac gggtttttge actgcaacaa 60 

gegeacatgt gggaggcecaa ggegtccace geggeggage gcaaagaaaa attggegegt 120 

etgaaggecg cggttgaage acacgeggat gacattgtgg ccegeggttct ggaagatacg 180 

egcaaacctg ttggtgaaat aagggtgacc gaagttctga atgtaaccge caatatccag 240 

egaaacatcg ataatctcga tgaatggatg aaaccggtcg aggtcgctac ctcactgaat 300 

ecageggace gcegegcagat aattcatgaa gegegceggeg tatgectgat tcttggcecca 360 

tggaatttce ccttaggtct ggcegetgggt ceggtcgeeg ctgctatcge cgcaggcaat 420 

acttgtatcg tgaaattaac ggacttgtgt ccagegaccg caagagtgge atcggtgatc 480 

gtgcgtgaag cgttcgatga aaaagatgtg gctctgtttg agggagacgt tagtgtagcet 540 

acegegcettt tggatctgee gtttaatcat gtatttttta caggctctce acgtgtagge 600 

aaaattgtga tggctgctge ggcaaagcat ctgaccageg tcacgttaga gcttggtggg 660 

aagtctcccg ttattgtcga tgatagcgca gatatcgate aagttgctge ccagttagcce 720 

geggecaaac aattcaacgg cgggcaggee tgcatttcce cggactatgt gtttgtgaaa 780 

gaagacaaaa aagetgegcet ggtagaaggt ttccgtgcca atgtgcagaa aaacttgtat 840 

gatgatgcag gcaacctgaa aaaagacagt attgcacagg tggtcaacaa agcgaacttt 900 

gategtgtga aagecatgtt cgacgatgca gtcgcaaaag gegegaccgt cgecgctggt 960 

ggaacgtttg aageggatga cttgactatt catccgacaa tgctgacagg cgtaaccccg 1020 

cagatgacta ttctccagga tgagatcttt gececctgtca ttcecggtgat gacctacgac 1080 

acgctggatc aagcgatcgg gtatatcgaa gcacgcgaca aaccgctage actctatgtt 1140 

tacagtaaag atgaagcgaa cgttgaaaag gtcttagece gcacgtcatec gggtggtgtt 1200 

acggtgaatg gtgtgttctc gcactacctg gaaaacaace tgccgttcgg gggggttaac 1260 

acaagcggta tgggcagcta ccatggcgtg ttcggattta agtgctttag ccacgagegg 1320 

gctgtatatc gtcatcagca gtaa 1344 

SEQ ID NO: 107 moltype = DNA length = 1023 

FEATURE Location/Qualifiers 

source 1. .1023 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 107 

ggttaccggg ttgtagtggt gggtgcegact gggaatgtgg ggcgtgaaat gctgaacatt 60 

etggcagaac gegagtttce ttgtgacgag atcgcagegg ttgctagcte tegttcgcag 120 

ggcaccgaaa tagaatttgg cgaaactgge cggaagctga aagtacagaa tgttgaaaat 180 

tttgatttta ccggatggga cattgcactg tttgcggegg gatcaggcce gacgcagatc 240 

catgctccac gtgcegette tcagggctge gtggtgatcg ataacagtag cttataccge 300 

atggaccegg acgtgectct gatcgtgece gaggtgaate cggatgegat tgatggctat 360 

accaaaaaaa acattattgc caatccaaac tgttccaccg cgcaaatggt cgtggcegctg 420 

aaaccgttac atgatgccgce caaaattaaa agagttgtcg tctccacgta tcaaagegtt 480 

teeggegegg gtaaagaagg gatggatgaa ctgttcgaac aaagecgege gatatttgtc 540 

ggggacccgg tggaaccgaa aaaattcacc aaacagatcg cattcaacgt gatccctcat 600 

atcgatgtat tcctagacga tggttcgact aaagaagagt ggaaaatggt cgccgaaacc 660 

aaaaaaattt tggaccccaa ggttaaggta acggcaacct gcegtgegtgt gecggtgttc 720 

atcggccact cggaagegtt aaacattgag ttcgagaatg aaattagtge cgaggaagcg 780
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cagaatatce tgcgegaage accaggtgtg atgctcgtcg ataagcgcga gaacggegga 840 

tatgttacge cggtcgaatg cgttggtgat tttgccacat ttgttagecg cgtacgtgag 900 

gattcaacag ttgataacgg ccttaatatt tggtgtgtca gtgataacct gaggaaaggt 960 

gctgecttga acgctgtaca gattgcagaa ctgctcggte gtcgacacct taaaaagggt 1020 

taa 1023 

SEQ ID NO: 108 moltype = DNA length = 1005 

FEATURE Location/Qualifiers 

source 1..1005 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 108 

gegatcaaag ttgcgataaa cggttttgga cgtatcggga ggaatgtgge cegegecatt 60 

ttagaacgtc ccgattgtgg gttagaactg gttagcatta acgacctgge tgatgccaag 120 

gctaacgece tgctgtttaa acgcegacage gttcatggceg cgttcagtgg cgaagtatca 180 

gtggatggca atgatctgat tgtgaatgge aagcegeatte aggtgactge agagegegat 240 

ectgctaace tgccacacgg agcecaatggt attgacattg cgctggaatg cacgggcttt 300 

ttcaccaate gtgatggtgg ccagaaacac ttggacgegg gcgcecaaacg cgttctgatt 360 

teegctccgg caaaaaacgt agacctgacg gtcgtctatg gtgtgaacca cgacaaactg 420 

accggcgate ataagatcgt gtccaacgeg agttgcacga ccaactgttt ggcgecgatg 480 

gcaaaagtce tgcatgaate tatcgggatt gagcegtggtc taatgacaac gattcattcg 540 

tataccaatg atcaaaaaat actcgaccag atccatageg atcctagacg ggctcgggca 600 

geggegatga atatgatcce cacaagcace ggggecgcag ttgcagtggg tgaagttctg 660 

ecagacttaa aagggaaact tgatggttcg tcgattcgag teccgaccce gaacgtatct 720 

gtegtggate ttactttcac gecgaagegt gataccageg tagaggaagt aaatggtctc 780 

ttgaaagegg ctgccgaagg cgcattgaaa ggcgtgttag gttacaccga cgaaccgctg 840 

gtttcaatcg attttaacca cgatccgcat agttcaacaa tcgacagect tgagactgcc 900 

gtgctcgaag gtaaactggt gcegegtcctg tcttggtacg ataatgagtg gggcttttcc 960 

aaccgtatge tggatacgge gggagcaatg gcgaaattce tttaa 1005 

SEQ ID NO: 109 moltype = DNA length = 1512 

FEATURE Location/Qualifiers 

source 1..1512 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 109 

aatgacatga ctaccatctc acgcacgcag cgtgaatact ccgaggecge aaaagctttc 60 

etegegagaa agecgcaatt gtttattaat aacgagtggg tcgatagcag tcacgatgca 120 

gtgatcgaag tggaagacce ctcgaatggg aggattgtag gtcatgtcgt tgatgectcg 180 

gacaaagacg ttgaccggge ggttgeceget gegegggeeg ctttcgatga tggtcgttgg 240 

tecaacctge cgccaatggt acgcgatcgt accatgaatc gectggcecga cctgcttgaa 300 

gcaaacgcag atctctttge agagctggaa gcgattgata atggtaaacc gaagggtatg 360 

geeggegecg ttgatattce aggtgcgata agccaactac gcttcatgge aggatgggcc 420 

agcaaggtag ctggcgaaac gacgcagect tacacgatge cgaatggcac cgtgtttagt 480 

tacaccgtca aagaacccgt cggtgtctge gegcagattg tgcecgtggaa cttcccgctg 540 

etgatggcat cattgaagat cgccceggeg etggeggctg gatgtacact ggtgctgaaa 600 

ectgccgaac agacategct taccgegtta aaactggceag atttggtggt tgaggctgge 660 

tttcctgcegg gagtgatcaa cattatcaca gggaacggee acaccgcagg tgatcgcatg 720 

gtcaaacate ccgacgtaga caaagtcgcee tttactggct ccaccgaaat cgggaaactg 780 

ataaatcgaa acgcaaccac cacgcttaaa cgggttacge tcgaactggg cgggaaaagt 840 

ecegtagtgg ttatgecaga cgtagatgtg gegcagaceg cgectggegt tgecggtgceg 900 

atttttttca acgctggceca ggtttgtgtt gecggtagte gtttatatge gcaccgttcg 960 

gtgttcgatt ccgtgttaga aggtatgace cagactgege cgttttggge gecgegeccg 1020 

agectggatc cagaagcaca catgggaccg ttggtcagca aagagcaaca tgaccgtgtg 1080 

atgggatata tcgaggcggg caagegtgat ggcgccageg tagtgatggg cggtgattge 1140 

ecaagegctg atggagggta ctatgttaat ccgacgattc tggcagacgt gaatccgcag 1200 

atgtctgtcg tgcgcgagga aatttttggt ccggttgtcg tcegeccaacg cttcgacgat 1260 

ttagatgaag tggcgaaaat ggcaaacgac acctgttttg gcttaggtge gggcgtgtgg 1320 

acgegcgatg ttgcggtgat gcataaactt gcttcaaaga tcaaatctgg cactgtgtgg 1380 

ggcaactgcee atgecctgat cgatacageg ctgecttttg gcggctataa agaatctggg 1440 

etgggtcgag aacaggggeg tgcecggtatt gatgcttatt tggagactaa aacagtaatt 1500 

attcaaatgt aa 1512 

SEQ ID NO: 110 moltype = DNA length = 1503 

FEATURE Location/Qualifiers 

source 1. .1503 

mol_type = other DNA 

organism = synthetic construct 

SEQUENCE: 110 

gctacgcagt tgagaagtge agaaaatgaa tatgggatca aatccgagta tggtcattat 60 

ataggaggtg agtggattge aggggatage ggcaagacca tagatttact aaatcectct 120 

accggtaaag tgctgaccaa aattcaagec ggcaacgceaa aagatattga acgegegatt 180 

gecegcetgcaa aageggegtt tccgaagtgg agecagagee tgccagggga gegecaagaa 240 

atcctgatag aggttgegeg tcegtctgaaa gcacgecatt cgcactatge aaccttagaa 300 

acgctcaata acggtaaacc gatgcgcgaa tcaatgtatt tegatatgcc tcaaacgatc 360 

gggeaatttg agetgttcege ceggtgecgee tatggectge atggecagac getggattat 420
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ceagacgega ttggcatcgt ccaccgtgaa cegttaggeg tatgegegca 

tggaacgtge cgatgttgat gatggegtge aaaatcgege cegegetgge 

actgtcgtte tgaaacegge cgaaacggtg tgectttctg tgattgaatt 

atggctgate tgttgectce gggtgtgate aacgttgtta ccgggtatgg 

ggegaggege ttgtaacaag ccctgatgta gctaaagtgg cctttaccgg 

acggegegee ggattattca gtatgectcg gccaatatca ttccacagac 

ggceggtaaat cagegeatat cgtgtgtgge gatgecgata ttgacgegge 

gegactatgt ccaccgtttt aaataaaggt gaagtctgte tggctggttc 

ctgcatcagt ccatccagga tgaattcctg gccaaattta aaacagegcet 

egecaaggeg acccgctaga tatggcegact caacttggag cgcaggcate 

tttgacaagg tgcaaagcta cttaaggctg gctacagagg aaggggcaga 

ggeggtagte gttcagatge cgcagatctg gcagatggea attttatcaa 

tttactaacg tcaataactc catgceggate gcegcaggaag agattttcgg 

agegtaatta catggagcga cgaagacgac atgatgaaac aggccaacaa 

ggecttggctg geggtgtctg gaccaaggac atcgcacgag cacaccgtat 

ctcgaaactg gcacggtctg gatcaatcge tactacaace tgaaagecaa 

ggaggttaca agcaaagtgg ctttgggcegt gaattcagee atgaagtget 

acccagacca aatctgtggt tgtcaacctc caggaaggte gtaccggaat 

taa 

gattattcca 480 

ctctggcaac 540 

tttcgtggaa 600 

tgctgacgtt 660 

ttegattget 720 

gctcgagttg 780 

ggtggaaagt 840 

acgectgttt 900 

tgaaggcatt 960 

gaagatgcag 1020 

ggtactgacc 1080 

accgacggtt 1140 

aceggttacce 1200 

tacaacttac 1260 

tgcgegtaaa 1320 

catgecgctg 1380 

gaatcactac 1440 

gttcgatcag 1500 

1503 

  

What is claimed is: 
1. A recombinant microorganism comprising any one or 

more of: 
one or more recombinant alcohol dehydrogenase genes 

encoding: 
FdhA of Novosphingobium aromaticivorans (SEQ ID 

NO:2) or a homolog thereof; 
Saro_0995 of Novosphingobium aromaticivorans 

(SEQ ID NO:4) or a homolog thereof; and/or 

Saro_3899 of Novosphingobium aromaticivorans 
(SEQ ID NO:6) or a homolog thereof; 

one or more recombinant aldehyde dehydrogenase genes 
encoding: 

FerD of Novosphingobium aromaticivorans (SEQ ID 

NO:8) or a homolog thereof; 
Saro_1104 of Novosphingobium aromaticivorans (SEQ 

ID NO:10) or a homolog thereof; 
Saro_1197 of Novosphingobium aromaticivorans (SEQ 

ID NO:12) or a homolog thereof; and/or 
Saro_2869 of Novosphingobium aromaticivorans 

(SEQ ID NO:14) or a homolog thereof; 

a recombinant y-formaldehyde lyase gene encoding PefL 
of Novosphingobium aromaticivorans (SEQ ID 

NO:16) or a homolog thereof; 
a recombinant lignostilbene dioxygenase gene encoding 

LsdD of Novosphingobium aromaticivorans (SEQ ID 
NO:18) or a homolog thereof; and 

a recombinant aromatic acid decarboxylase gene encod- 

ing LigW of Novosphingobium aromaticivorans (SEQ 
ID NO:20) or a homolog thereof. 

2. The recombinant microorganism of claim 1, compris- 
ing any two or more of: 

the one or more recombinant alcohol dehydrogenase 
genes; 

the one or more recombinant aldehyde dehydrogenase 

genes; 
the recombinant y-formaldehyde lyase gene; 

the recombinant lignostilbene dioxygenase gene; and 
the recombinant aromatic acid decarboxylase gene. 

3. The recombinant microorganism of claim 1, compris- 
ing any three or more of: 

the one or more recombinant alcohol dehydrogenase 

genes; 
the one or more recombinant aldehyde dehydrogenase 

genes; 

the recombinant y-formaldehyde lyase gene; 
the recombinant lignostilbene dioxygenase gene; and 

the recombinant aromatic acid decarboxylase gene. 
4. The recombinant microorganism of claim 1, compris- 

ing any four or more of: 
the one or more recombinant alcohol dehydrogenase 

genes; 
the one or more recombinant aldehyde dehydrogenase 

genes; 
the recombinant y-formaldehyde lyase gene; 
the recombinant lignostilbene dioxygenase gene; and 

the recombinant aromatic acid decarboxylase gene. 
5. The recombinant microorganism of claim 1, compris- 

ing each of: 

the one or more recombinant alcohol dehydrogenase 
genes; 

the one or more recombinant aldehyde dehydrogenase 
genes; 

the recombinant y-formaldehyde lyase gene; 
the recombinant lignostilbene dioxygenase gene; and 

the recombinant aromatic acid decarboxylase gene. 

6. The recombinant microorganism of claim 1, compris- 
ing the one or more recombinant alcohol dehydrogenase 

genes. 
7. The recombinant microorganism of claim 6, wherein 

the one or more recombinant alcohol dehydrogenase genes 
encode: 

FdhA of Novosphingobium aromaticivorans (SEQ ID 

NO:2), a protein comprising a sequence at least 95% 
identical to SEQ ID NO:2, an ortholog of FdhA of 

Novosphingobium aromaticivorans, or a recombinant 
variant of the ortholog of FdhA of Novosphingobium 

aromaticivorans; 

Saro_0995 of Novosphingobium aromaticivorans (SEQ 

ID NO:4), a protein comprising a sequence at least 95% 

identical to SEQ ID NO:4, an ortholog of Saro_0995 of 
Novosphingobium aromaticivorans, or a recombinant 

variant of the ortholog of Saro_0995 of Novosphingo- 
bium aromaticivorans, and/or 

Saro_3899 of Novosphingobium aromaticivorans (SEQ 
ID NO:6), a protein comprising a sequence at least 95% 

identical to SEQ ID NO:6, an ortholog of Saro_3899 of 

Novosphingobium aromaticivorans, or a recombinant 
variant of the ortholog of Saro_3899 of Novosphingo- 

bium aromaticivorans.
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8. The recombinant microorganism of claim 1 comprising 
the one or more recombinant aldehyde dehydrogenase 

genes. 

9. The recombinant microorganism of claim 8, wherein, 
when present, the one or more recombinant aldehyde dehy- 

drogenase genes encode: 

FerD of Novosphingobium aromaticivorans (SEQ ID 
NO:8), a protein comprising a sequence at least 95% 

identical to SEQ ID NO:8, an ortholog of FerD of 
Novosphingobium aromaticivorans, or a recombinant 

variant of the ortholog of FerD of Novosphingobium 
aromaticivorans; 

Saro_1104 of Novosphingobium aromaticivorans (SEQ 

ID NO:10), a protein comprising a sequence at least 
95% identical to SEQ ID NO:10, an ortholog of Saro_ 

1104 of Novosphingobium aromaticivorans, or a 
recombinant variant of the ortholog of Saro_1104 of 

Novosphingobium aromaticivorans; 

Saro_1197 of Novosphingobium aromaticivorans (SEQ 
ID NO:12), a protein comprising a sequence at least 
95% identical to SEQ ID NO:12, an ortholog of Saro_ 

1197 of Novosphingobium aromaticivorans, or a 
recombinant variant of the ortholog of Saro_1197 of 

Novosphingobium aromaticivorans; and/or 

Saro_2869 of Novosphingobium aromaticivorans (SEQ 
ID NO:14), a protein comprising a sequence at least 

95% identical to SEQ ID NO:14, an ortholog of Saro_ 
2869 of Novosphingobium aromaticivorans, or a 

recombinant variant of the ortholog of Saro_2869 of 
Novosphingobium aromaticivorans. 

10. The recombinant microorganism of claim 1, compris- 

ing the recombinant T-formaldehyde lyase gene. 

11. The recombinant microorganism of claim 10, wherein, 
when present, the recombinant T-formaldehyde lyase gene 

encodes PefL of Novosphingobium aromaticivorans (SEQ 

ID NO:16), a protein comprising a sequence at least 95% 
identical to SEQ ID NO:16, an ortholog of PcfL of 
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Novosphingobium aromaticivorans, a recombinant variant 
of the ortholog of PefL of Novosphingobium aromaticiv- 
orans. 

12. The recombinant microorganism of claim 1, compris- 
ing the recombinant lignostilbene dioxygenase gene. 

13. The recombinant microorganism of claim 12, wherein, 
when present, the recombinant lignostilbene dioxygenase 
gene encodes LsdD of Novosphingobium aromaticivorans 
(SEQ ID NO:18), a protein comprising a sequence at least 
95% identical to SEQ ID NO:18, an ortholog of LsdD of 
Novosphingobium aromaticivorans, or a recombinant vari- 
ant of the ortholog of LsdD of Novosphingobium aromati- 
civorans. 

14. The recombinant microorganism of claim 1, compris- 
ing the recombinant aromatic acid decarboxylase gene. 

15. The recombinant microorganism of claim 14, wherein, 
when present, the recombinant aromatic acid decarboxylase 
gene encodes LigW of Novosphingobium aromaticivorans 
(SEQ ID NO:20), a protein comprising a sequence at least 
95% identical to SEQ ID NO:20, an ortholog of LigW of 
Novosphingobium aromaticivorans, or a recombinant vari- 
ant of the ortholog of LigW of Novosphingobium aromati- 
civorans. 

16. The recombinant microorganism of claim 1, wherein 
the recombinant microorganism is a bacterium. 

17. The recombinant microorganism of claim 1, wherein 

the recombinant microorganism is an Alphaproteobacte- 
rium. 

18. The recombinant microorganism of claim 1, wherein 
the recombinant microorganism is from an order selected 

from the group consisting of Sphingomonadales, Actinomy- 
ces, Gammaproteobacteria, Betaproteobacteria, and Bacilli. 

19. A method of catabolizing a lignin aromatic, the 

method comprising culturing the recombinant microorgan- 
ism of claim 1 in a medium comprising the lignin aromatic 

to thereby catabolize the lignin aromatic. 
20. The method of claim 19, wherein the lignin aromatic 

comprises a 8-5 linked lignin aromatic. 
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