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Disclaimer  

This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  These views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government 
or any agency thereof. 
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Abstract  

During the first quarter of the Biological Desulfurization project several activities 
were pursued.  A project kickoff meeting was held at the Diversa facility in San Diego, 
CA.  Activities that were in process before the meeting and begun afterwards by Diversa 
Corporation and Petro Star Inc. include: Technology transfer in the form of information 
generated by Enchira to Diversa, the purchase and installation of equipment by Diversa, 
development of synthetic methods and preparation of organo-sulfur substrates for use in 
determining enzyme activities, production of extract via Petro Star’s CED process, 
detailed analysis of Petro Star Inc. diesel and CED extract, and several activities in 
molecular biology.  Diversa Corporation, in the area of molecular biology, engaged in 
several activities in support of the task list of the contract.  These included: construction 
of a genomic library; development and utilization of a sequence-based gene discovery 
effort; a parallel discovery approach based on functional expression of enzymes with the 
ability to oxidize organosulfur compounds.  Biodesulfurization genes have already been 
identified and are being sequenced and subcloned for expression in heterologous 
biological hosts.  Diversa has evaluated and adapted assays developed by Enchira used to 
assess the activities of DBT and DBTO2 monooxygenases.  Finally, Diversa personnel 
have developed two novel selection/screen strategies for the improvement of biocatalyst 
strains by directed evolution. 
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1.0 Executive Summary –  
Support of Tasks 

The first quarter of the Biocatalytic Desulfurization saw the kickoff of the project.  Since 
the research is just beginning only preliminary data has been generated to date.  However, 
the participants have been actively executing duties within tasks 1, 2, 3, 8, and 9.    

Prior to beginning actual research on the part of Diversa a technology transfer was 
arranged such that prior data and documentation of technical and process descriptions by 
Enchira were delivered to Diversa.  The laboratory notebooks (~100), cultures, reports, 
and microfiche were studied by Diversa personnel. Although much of the information 
was quite valuable, Diversa found the material to be void of Enchira’s most recent 
efforts.  Consequently, a large number of cell strains and molecular constructions created 
by Enchira are unrecoverable and will require recreation by Diversa. 

Diversa acquired some instrumentation to supplement theirs and Petro Star’s existing 
equipment for the project.  This includes a Horiba Sulfur Analyzer, a Sievers Sulfur 
Chemiluminescence Detector for a gas chromatograph, and a ThermoLabsystems 
Microbiology Workstation.  All have been installed and are now operational.  They are 
key to the execution of tasks 1 and 8. 

In support of Tasks 1, 2, 4, 8 and 9, syntheses of representative organo-sulfur compounds 
have been accomplished in both San Diego and Anchorage.  These compounds will be 
used as surrogate standards for the analysis of enzyme activities.  They include mono-, 
di-, tri-, and tetra-substituted thiophene, benzothiophene, and dibenzothiophene 
derivatives. 

Task 1 

The first task of the project was to determine the chemical and physical properties of 
Petro Star’s diesel fuel.  This was to allow Diversa to design the biocatalyst around a 
representative straight-run diesel fuel derived from Alaska North Slope Crude oil.  Petro 
Star’s and Diversa’s bulk sulfur analysis results agreed within experimental error with 
approximately 0.34wt% sulfur in the fuel.  Diversa personnel and Petro Star personnel 
collaborated in the separation of the classes of compounds in the fuel.  Diversa further 
fractionated the extracts using High Performance Liquid Chromatography (HPLC) in 
order to assist in separating and identifying the different organo-sulfur compounds in the 
fuel. 

Task 8 

The eighth task of the project mirrors the first; instead of diesel fuel this task calls for the 
use of extract produced by Petro Star’s Conversion Extraction Desulfurization (CED) 
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process.  Petro Star personnel produced approximately two liters of this extract and 
forwarded it to Diversa for the remainder of the analytical testing similar to Task 1. 

Task 2/4/9 – Improvement of Current Biocatalyst for Treatment of Petro Star Diesel/CED 
Extract 

The extensive experience and resources of the Diversa Corporation are being employed 
to discover novel genes in biocatalysts that show increased potential.  In order to do this 
Diversa is first creating and screening libraries of samples from microorganisms isolated 
from oil-contaminated sites.  This task is currently underway, using two parallel 
discovery pathways; the first being a sequence-based discovery methodology.  This 
involves using a bioinformatic analysis of previously discovered genes such as the DszA 
of Enchira’s Rhodococcus IGTS8.  This enzyme and its homologues have been identified 
as having excellent potential for desulfurization.  Thus, the focus this quarter has been to 
find novel genes encoding these homologues. The second means of discovery is a more 
direct approach that utilizes a functional expression scheme.  By developing suitable host 
cells it is possible to screen for genes that express enzymes that show functional 
potential.  Thus far two host systems have been under construction. 

In order to most effectively characterize the enzymatic properties of the Dsz enzymes in 
regards to their substrate specificities and to generate DNA constructions amenable to 
directed evolution, dsz genes from a variety of sources are being sequenced and sub-
cloned for expression in heterologous hosts. When the enzymes and cellular hosts have 
been identified they will be tested.  Diversa is in the process of adapting procedures 
described in literature and others developed by Enchira.   
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2.0 Experimental 
Chemical synthesis. A number of methods were used for the syntheses of thiophenic 
compounds for use as analytical standards and model compounds including various 
permutations of reduction, alkylation and lithiations as adapted from previously described 
procedures (1-6). Products were evaluated for structure and purity using nuclear magnetic 
resonance procedures. 

Chemical analysis. Standard methods of high performance liquid chromatography and 
gas chromatography were used to affect separations of thiophenic compounds during the 
course of monitoring diesel composition and intermediates and final products of chemical 
syntheses. 

Microbiological culture and media. Standard microbiological procedures were used for 
the isolation and cultivation of bacterial strains. All strains were cultivated on either 
Nutrient or Luria broth (7), with appropriate additions of vitamin supplements and 
antibiotics when necessary. 

Molecular biology. Generation of PCR products was carried out using established 
procedures with varying incubation temperatures and cycling conditions according to 
experimental requirements. Recombinant DNA procedures were carried out according to 
methods previously described (7). Nucleotide sequencing was carried out using the 
method of Sanger (8) and dye termination chemistry and analysis by the ABI 3700 DNA 
Analyzer. 

Enzyme assays. In vitro biodesulfurization assays were carried out essentially as 
described by Gray et al (9). β-galactosidase assays were carried out as described by 
Miller (10). 
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3.0 Results and Discussion 
Material transfer 

As per agreement between Enchira and Diversa, Diversa has received all documentation 
of technical and process descriptions of biodesulfurization. These materials have been 
analyzed and archived. Laboratory notebooks (~100) prepared by Enchira personnel, 
provided as microfilm by Enchira, were electronically scanned into PDF documents. 
Diversa is currently analyzing these documents for relevant information relating to 
current biodesulfurization efforts. Initial analyses suggest that a number of laboratory 
notebooks from the most recent Enchira efforts were not included in provided microfilms 
or paper documentation. Unfortunately, much of this information is most directly relevant 
to current Diversa efforts (e.g. DNA sequence data for novel biocatalyst genes; see 
below). 

In addition, Enchira has transferred to Diversa a culture collection of approximately 500 
strains. The collection was received in good condition, and archived and stored at 
Diversa. Since little documentation of the content of the strain collection was provided, 
extensive annotation of the strain documentation was carried out. This required the 
correlation of strain names to descriptions from a variety of Enchira sources including 
notebooks, scientific reports (both in house and those prepared for the DOE), and 
presentation materials. From these annotation efforts, it became clear that a large number 
of strains relevant to current biodesulfurization efforts are not present in the culture 
collection provided. This appears however, to largely be a result of the lack of a central 
strain collection infrastructure at Enchira, as the culture collection provided to Diversa 
appeared to be created and maintained by a single individual. A large number of strains 
and molecular constructions created by Enchira are therefore unrecoverable and must be 
regenerated when determined to be relevant to Diversa efforts. 

Equipment Purchase and Installation 

All budgeted equipment (Horiba Sulfur in Oil Analyzer, Sievers SCD Detector, Agilent 
HPLC and ThermoLabsystems Microbiology Workstation) have been purchased, 
installed and made operational. Standard operating procedures have been adapted or 
developed for each piece of equipment. All equipment is performing as per 
manufacturer’s specifications.  

Chemical Syntheses 

Extensive work has been carried out in the development of methods and preparation of 
sulfur-containing model compounds for use as analytical standards and substrates for 
analysis of enzyme activities. These include both mono-, di-, tri- and tetra-substituted 
dibenzothiophene and benzothiophene derivatives, synthesized by a combination of the 
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following approaches: (i) lithiation and alkylation, (ii) bromination of dibenzothiophene, 
lithiation, and alkylation, (iii) bromination of dibenzothiophene sulfone, reduction, 
lithiation, and alkylation, (iv) acylation and Kishner-Wolf reduction of the resulting 
ketones.  Conditions for conversion of sulfides and thiophenes into the corresponding 
sulfones have been developed and are being employed. 

Current efforts are focusing on the creation of model compound libraries of 
benzothiophenes and benzothiophene sulfones for use in analysis and high throughput 
characterization of enzyme activities as a result of ongoing discovery and evolution 
efforts. 

Task 1 – Diesel/CED Analysis 

Petro Star middle distillate diesel was received and characterized initially for total sulfur 
content, and determined to be 0.339% sulfur, in close agreement with results provided by 
Steve Bonde at Petro Star (0.342% sulfur).  

A strategy for analyzing Petro Star diesel was developed which incorporates a 
fractionation step of diesel polars on reverse phase-HPLC (RP-HPLC) before analysis 
and ion assignments by GC-MS-SCD. The basic assumption of the separation strategy is 
that sulfur-containing compounds are most likely present in diesel as series of 
homologues.  As each series is separated on RP-HPLC, less alkylated (and thus more 
polar) representatives are eluted first, followed by more highly alkylated homologues.  
Subsequent GC analysis of these fractions should result in less alkyated homologues 
appearing at lower retention times. Better-separated peaks should also result from 
fractionation due to the smaller number of possible isomers in each GC analysis.   

A sample of Petro Star diesel was oxidized with peracetic acid upon heating, and then 
extracted with acetic acid.  The extract was diluted with water, neutralized, and extracted 
with chloroform.  The chloroform extract was separated by preparative reverse phase 
HPLC into 50 fractions and each fraction was analyzed by GC-MS-SCD. Several sets of 
data were acquired with splitless and 1:30 and 1:100 split injections.   Reproducibility of 
chromatograms was good and peaks were symmetric. Table 1 shows the relative GC 
elution profiles of the sulfur species identified so far in the oxidized Petro Star diesel 
material. 

Classes not found in the CED fractions are lower thiophene sulfones, dialkyl sulfones, 
arylalkyl sulfones, and thioindane sulfones.  The lower thiophenes either were not 
oxidized and remained in the diesel matrix or have undergone a side reaction at the 
sulfoxide stage and were converted into some other sulfur-containing compounds.  
Dialkyl sulfones were probably not polar enough to be extracted with acetic acid under 
the conditions of our experiment.  The presence of arylalkyl sulfides and thioindane in 
diesel remains to be proven. 
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Tasks 2/9 – Molecular Biology –  

Library Constructions 

For the discovery of novel genes encoding potential BDS biocatalysts, genomic libraries 
have been prepared from single microbial isolates and environmental DNA. Preparation 
of DNA and generation of libraries of these samples were carried out using proprietary 
Diversa methodologies.  

Single isolate libraries were prepared from ~20 microorganisms isolated from oil-
contaminated sites in Russia and Indonesia. In addition, libraries were prepared from 
eight strains, provided by Enchira, found to be able to use thiophenic compounds as sole 
sources of sulfur.  

Ten environmental DNA libraries were prepared from oil-contaminated soil and water 
samples obtained from Russia, Indonesia and the Meadowlands, New Jersey.  

Sequence-based Discovery 

To discover novel biocatalyst genes from the libraries constructed as described above, 
two basic discovery strategies, sequence-based or functional expression can be used.  

The first, sequenced-based discovery relies on the bioinformatic analysis of previously 
discovered genes of a particular class to discern regions of sequence homology that can 
be used to design oligonucleotide primers for PCR amplification or hybridization of 
novel genes.  

The DszA of Rhodococcus IGTS8 catalyzes the oxidation of dibenzothiophenic sulfones 
to their water-soluble hydroxybiphenylsulfinate (HPBS) derivatives. Homologues of 
DszA have been described by Enchira and others to have extended specificities and 
catalyze the conversion of a variety of sulfones to their sulfinate forms. The DszA-
catalyzed reaction is central to both the complete standalone BDS, as well as the 
combined CED/BDS. With this in mind, initial efforts in the first quarter have focused on 
the use of this approach to discover novel genes encoding DszA homologues. 

The nucleotide sequences of a number of dszA genes have been described in the literature 
and patent databases (11-14). In addition, additional genes with high degrees of 
homology to dszA can be found in the genome databases. Using this information, 
oligonucleotides were designed for the amplification of defined internal PCR products 
(358 base pairs or about 25% of the full length gene) from the environmental libraries as 
described above. To validate these primers, test PCR reactions were carried out on 
genomic DNAs prepared from BDS strains, provided by Enchira, known to encode DszA 
homologues. PCR products of the predicted size were obtained in these test reactions and 
were then cloned for subsequent DNA sequencing to confirm their identities.  
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Surprisingly, for many of the isolates, at least two different products were obtained. In 
addition to the predicted dszA product (as compared to the DNA sequence or encoded 
amino acid sequence), additional sequences encoding products closely related to DszA 
were found. Phylogenetic comparisons of these sequences suggest that they represent a 
cluster of proteins that, although related to DszA, fall within a separate cluster with 
homologies to hypothetical flavin-dependent monooxygenases from a variety of 
microorganisms.  

Comparisons of the sequences amplified from the microbial isolates suggested that the 
designed PCR primers were specifically amplifying dszA or dszA-related sequences. 
Amplification of products from the environmental DNA libraries is currently in progress. 
PCR reactions on three libraries have been carried out and products have been cloned and 
sequenced. Preliminary analysis has suggested that dszA-related sequences are also very 
prevalent in these environmental libraries. Although we have obtained a few products 
highly related to the dszA gene of IGTS8, the vast majority of products are clustering 
with the hypothetical flavin-dependent monooxygenases described above.  

With these results in mind, future efforts to continue the sequence-based discovery from 
environmental libraries will be carefully considered. Currently we have identified at least 
seven unique sequences from the genomic libraries that appear to encode DszA-like 
proteins. Recovering the full-length sequences of each of these genes from the genomic 
libraries will require considerable work with no guarantee that the encoded proteins will 
have activity on relevant sulfur-containing compounds. As described below, we will 
shortly have available at least seven distinct purified DszA proteins for characterization 
of substrate ranges and as input molecules for directed evolution.  

Discovery by Functional Expression 

Another, more direct approach for discovering novel BDS enzymes from environmental 
libraries is the use of functional-based expression screening. By developing an 
appropriate host it is possible to select directly or screen for genes that express functional 
enzymes, in this case that catalyze the oxidation of sulfur compounds. To this end, we 
have begun the construction of two host systems for the selection/screening of 
environmental clones that catalyze the oxidation of various sulfone derivatives to their 
corresponding sulfinates. 

The first system is designed to more specifically allow for the selection of clones 
expressing DBT-sulfone monooxygenase activity by linking production of HBPS and its 
detection by the regulatory protein HbpR to the expression of a reporter gene. HbpR is a 
positive regulator of Pseudomonas azelaica HBP1 that, in the presence of 
hydroxybiphenyl and derivatives, activates the transcription of the hbpCA operon, which 
encodes enzymes for the oxidation of hydroxybiphenyl (15). By cloning the gene for 
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HbpR and the regulatory sequences upstream of the hbpCA operon into a transcriptional 
reporter plasmid, the presence or production of HBP can be detected by expression of the 
reporter gene. We have constructed a β-galactosidase reporter construct using the 
elements described above and have demonstrated that it is able to report nanomolar 
concentrations of exogenously added hydroxybiphenyl. We are currently constructing a 
chloramphenicol acetyltransferase reporter construct. This should allow for the direct 
selection of clones expressing DszA activity in the presence of DBT-sulfone (while co-
expressing DszB) by conferring resistance to the antibiotic chloramphenicol.  

A second system for the direct selection of clones from environmental libraries having 
DszA-like activity will be based on the generation of intracellular sulfite, to provide 
sulfur for microbial growth, from the oxidation of sulfone-containing compounds to the 
corresponding sulfinate (and subsequent action of the co-expressed DszB desulfinase to 
release sulfite).  

A difficulty in using this type of selection arises from the observation that very small 
amounts of sulfur are need for cellular metabolic requirements. Traces of sulfate ions in 
even highly purified microbiological media can provide sufficient sulfur for interfering 
levels of bacterial growth. In addition, cross-feeding of cells in a population precludes the 
use of this method in liquid cultures or at high cell densities. With this in mind, we have 
begun the construction of an E. coli strain that is unable to transport extracellular sulfate, 
thiosulfate or taurine derivatives and requires cysteine for growth in minimal medium.  

By introducing environmental libraries into this strain and selecting for growth in the 
absence of added cysteine, clones expressing DszA-like activities and able to oxidize 
sulfones to sulfinate derivatives (which are hydrolyzed by co-expressed DszB to sulfite) 
can be isolated. This system may also be used for the selection of evolved variants of 
DszA with high rates of activity or expanded substrate specificity. 

Dsz Sequencing, Subcloning and Expression 

In order to most effectively characterize the enzymatic properties of the Dsz enzymes in 
regards to their substrate specificities and to generate DNA constructions amenable to 
directed evolution, dsz genes from a variety of sources are being sequenced and sub-
cloned for expression in heterologous hosts.  

In addition to the published dsz sequences of Rhodococcus IGTS8, a number of dsz 
sequences have been obtained by Enchira (Table 2). Unfortunately, except for the 
nucleotide sequence of the Sphingomonas dszABC genes (published in patent application 
US6,133,016) and the sequence of the dszC gene of Nocardia strain A3HI, the other dsz 
gene sequences were not available. Genomic clones, however, of a number of these genes 
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were transferred with the Enchira strain collection and were prepared for DNA sequence 
analysis.  

From these subclones, we have nearly completed the sequencing of all available dsz 
genes and are in the process of generating expression clones that will enable the 
overexpression and purification of active Dsz proteins for enzymatic characterization. A 
number of expression clones have been generated and protein purification is ongoing. 

Progress toward the expression of these clones is indicated in Table 2. 

In addition, we have generated subclones of three flavin reductase accessory proteins, 
which are required for the generation of FMNH2 reducing equivalents for the Dsz 
monooxygenases. DszD (from Rhodococcus IGTS8), Fre (from E. coliK12) and HpaC 
(from E. coli W) have all been overexpressed and purified for use in in vitro enzymatic 
characterization of Dsz monooxygenases. 

Assay Development 

A number of assays for DBT and DBTO2 monooxygenase activities have been described 
in the literature and by Enchira. We are currently evaluating and adapting these assays 
and assay conditions to determine which are most amenable to the in vitro 
characterizations of enzyme activities. As mentioned above, we have also carried out 
extensive chemical syntheses of compounds for use as substrates and analytical standards 
for these assays.  

Biocatalyst Strain Development 

Optimization of host cell properties for biodesulfurization has begun by initiating the 
cloning of the Rhodococcus IGTS8 DNA polymerase III. PCR primers have been 
designed to amplify a portion of the encoding gene, based on the DNA sequences of other 
published Gram-positive DNA polymerases. Initial attempts to generate a correct PCR 
product have not been successful and we are currently redesigning the primers in an 
attempt to correct this problem. 

Future efforts may shift to developing alternative strains, particularly if the combined 
CED/BDS process appears to be the most viable path forward. In this case, because of the 
more polar nature of the BDS substrates, hosts other than Rhodococcus IGTS8, such as 
Pseudomonas sp., become much more attractive. 
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4.0 Conclusions  
A significant amount of progress has been made in the establishment of molecular and 
chemical procedures for the development of suitable biodesulfurization biocatalyst 
strains. Seven enzymes potentially capable of further oxidizing organosulfur compounds 
in Petro Star diesel and CED extract have been identified and are currently being 
expressed and purified from a recombinant host for characterization of their substrate 
range and potential biocatalytic properties. Also to this end, we are adapting assay 
procedures to more effectively evaluate these properties by in vitro characterization, 
eliminating a number of complicating factors that arise when characterizing enzyme 
activities from their native hosts. 

Efforts also continue in the discovery of additional enzymes that will extend the substrate 
specificity and provide genetic material for the directed evolution of enzymes with 
improved properties. Our initial discovery efforts have led us to the conclusion that 
concentrating on a functional based expression strategy will be more productive. With 
this in mind, work in this area is directed at generating an appropriate bacterial host for 
selection of recombinant molecules expressing desired activities. 

In the future, we will explore the potential of various bacterial hosts for the expression 
and utility of the discovered/evolved biodesulfurization enzymes and will focus on the 
biocatalytic properties of the combined enzyme/host systems for the further oxidation of 
organosulfur compounds in Petro Star diesel and CED. In particular, the requirements for 
a biocatalyst to catalyze the oxidation of Petro Star CED may be significantly different 
than that for the oxidation of straight run middle distillate. With this in mind, we are 
extending our search for optimized biocatalysts to bacterial strains other than 
Rhodococcus IGTS8 to take advantage of the more polar nature of the organosulfur 
compounds present in CED. Although Rhodococcus may still turn out to be the most 
suitable host, efforts to directly evolve the chromosome of this organism will be 
minimized until more information relevant to this question is obtained. 
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6.0 List of Acronyms and Abbreviations –  
BDS  Biodesulfurization 

CED  Conversion Extraction Desulfurization 

DBT  Dibenzothiophene 

DBTO2 Dibenzothiophene sulfone 

DNA  Deoxyribonucleic acid 

FMNH2 Reduced flavin mononucleotide  

GC  Gas chromatography 

HPBS  Hydroxybiphenylsulfinate 

HPLC  High performance (pressure) liquid chromatography 

MS  Mass spectrometry 

PCR  Polymerase chain reaction 

RP  Reverse phase 

SCD  Sulfur chemiluminescence detector 
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Table 1. GC-MS-SCD Retention Times (min) for Petro Star Diesel Oxidized Extract 

Sulfur Class 11 12 13 14 15 16 17 18 19 20

Cx-BTO2   C1 C1-C2 C2-C4 C3-C5 C3-C6 C4-C7 C5-C11 C9-C11   
C1                     
C2                     
C3                     
C4                     
C5                     
C6                     
C7                     
C8                     
C9                     
C10                     
C11                     

Cx-DBTO2             C0 C1-C2 C2-C3 C2-C3 
C0                     
C1                     
C2                     
C3                     

Cx-TO2 C3-C4 C3-C6 C3-C8 C3-C8 C3-C8 C4-C8 C6-C8 C7-C8 C8  
C3                     
C4                     
C5                     
C6                     
C7                     
C8                     

MonocyclicO2       C14 C14-C16 C14-C18 C14-C18 C15-C18     
C14                     
C15                     
C16                     
C17                     
C18                     

BicyclicO2         C14-C15 C14-C16 C14-C18 C14-C18 C15-C18   
C14                     
C15                     
C16                     
C17                     
C18?                     

TricyclicO2         C15 C15-C16 C15-C19 C15-C19 C15-C19   
C15                     
C16                     
C17                     
C18                     
C19?                     

TetracyclicO2           C16 C16-C17 C16-C18 C16-C18 C16-C18 
C16                     

C17                     

C18                     
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Table 2. Progress in sequencing, subcloning and expression of Dsz proteins.  
* Indicates availability of sequences from Enchira (AA, amino acid; DNA, nucleotide).  
n.p. not present; i.p.  in progress. #Azotobacter vinelandii dszA homologue sequence 
available from public database 
 

 Sequence    
 DszA DszB DszC Subcloning of dszA   

Strain AA/DNA AA/DNA AA/DNA Native N-term His C-term His Expression Activity
Rhodococcus IGTS8 +/+* +/+ +/+ + + + +++ +++ 
Sphingomonas AD109 +/+ +/+ +/+ + + + +++ +++ 
Nocardia A3HI +/- -/- +/+ i.p. i.p. i.p.     
Gordonia KGB1 +/- n.p. n.p. i.p. i.p. i.p.     
Tsukamarella 670-1 +/- n.p. n.p. i.p. i.p. i.p.     
Tsukamarella EMT4 +/- n.p. n.p. i.p. i.p. i.p.     
Azobacter vinelandii +/+# n.p. n.p. i.p. i.p. i.p.     
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