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ABSTRACT 

 Dimethylsulfoniopropionate (DMSP) is an abundant organosulfur compound in marine 

surface water that is processed by marine bacteria by cleavage and demethylation pathways. The 

demethylation pathway releases methanethiol, while the cleavage pathway produces acrylate and 

the climatically-active gas dimethylsulfide (DMS). When methanethiol is oxidized by the 

oxidase MtoX, it produces hydrogen peroxide (H2O2), leading to oxidative stress. Previous 

studies reported that DMSP and its cleavage products formed an antioxidant system in algae, 

corals, and some higher plants, all of which process DMSP by the cleavage pathway. To study 

how oxidative stress affects DMSP metabolism in bacteria, Ruegeria pomeroyi and its catalase 

deletion mutant were treated with H2O2 in a chemostat growing on glucose with or without 

DMSP. The presence of DMSP protected the mutant against H2O2. RNA-seq analysis indicated 

that under oxidative stress, the demethylation pathway was downregulated, but the cleavage 

pathway was upregulated. These results confirmed the antioxidant role of DMSP in bacteria and 

revealed oxidative stress is a factor regulating DMSP metabolism in R. pomeroyi. 

DmdC is the 3-methylmercaptopropionyl-CoA (MMPA-CoA) dehydrogenase catalyzing 

the third reaction of the demethylation pathway. DmdC1 in R. pomeroyi was recombinantly 



 

 

expressed and characterized for kinetic properties. Among the short chain acyl-CoAs tested, 

MMPA-CoA was the best substrate. DmdC1 was not affected by potential effectors at 

physiological concentrations, including DMSP, MMPA, ATP and ADP. These findings suggest 

that DmdC1 has only minimal adaptations for DMSP metabolism, supporting the hypothesis that 

it evolved relatively recently from a short chain acyl-CoA dehydrogenase involved in fatty acid 

oxidation. 

The roseobacter group is a paraphyletic group within the family Rhodobacteraceae in the 

Alphaproteobacteria. Members in this group are abundant in marine environments and highly 

diverse physiologically and genetically. Recent research indicated that 16S rRNA gene sequence 

similarity is a poor marker for the phylogeny within this group. By whole-genome sequence-

based analysis, most species in the genus Loktanella were moved into several novel genera. After 

reanalyzing the phylogeny, Loktanella ponticola, whose genome became available recently, and 

a newly isolated species Lotanella acticola were moved into the genus Yoonia. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW  

1. Dimethylsulfoniopropionate and its metabolism 

Sulfur, the core of some amino acids and many cofactors, is an essential element for all of 

life. Sulfur is also involved in global climate through the movement of organic sulfur 

compounds, especially the volatile dimethylsulfide (DMS) (1, 2). Each year, 13-37 Tg of sulfur 

are delivered to the atmosphere in the form of DMS (3). As the largest  natural sulfur source to 

the upper atmosphere, DMS plays an important role in the global sulfur cycle (4).  

Most DMS is released biotically by the breakdown of dimethylsulfoniopropionate 

(DMSP), which is abundant in marine surface water (5). The majority of marine DMSP is 

produced by phytoplankton, especially the classes Dinophyceae (dinoflagellates) and 

Prymnesiophyceae (including the coccolithophores), algae, corals, and certain higher plants (6). 

It is estimated that up to 10 % of total carbon fixed in the ocean is used to biosynthesize DMSP, 

leading to a DMSP concentrations from less than 1 nM to micromolar levels in seawater, 

depending on the abundance of phytoplankton (7, 8). 

The biosynthesis of DMSP in some representative organisms has been elucidated by 

isotope labelling experiments. There are three major pathways, which are named after their first 

reactions (Figure 1-1) (9-15). Among the main DMSP producers, the same pathway may be 

shared by very different taxa, and for closely related taxa the pathways used can be different 

(16). For example, based upon the presence of intermediates and annotated genes, it was 

proposed that green algae, diatoms, coccolithophores, and corals employ the transamination 
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pathway. In contrast, the angiosperms, which are taxonomically closely related to green algae, 

have unique pathways to synthesize DMSP. These results suggest that DMSP biosynthesis 

pathways have evolved independently (6, 16). Recent studies have shown that marine bacteria 

are significant producers of DMSP as well, especially in aphotic and high-pressure environments 

(17-19). Current evidence supports the hypothesis that marine bacteria can biosynthesize DMSP 

via more than one pathway (18, 19). However, although many of the intermediates have been 

identified, the genes encoding DMSP biosynthesis still remain largely unidentified among all 

DMSP producers (18). So far, only two bacterial genes, dsyB and mmtN, which encode 4-

methylthio-2-hydroxybutyrate (MTHB) methyltransferase and S-adenosyl-methionine (SAM)-

dependent methionine methyltransferase (MMT), respectively, have been identified 

experimentally (18, 19). These two genes may serve as markers for DMSP synthesis in bacteria. 

Homologs of dsyB and mmtN have also been identified in eukaryotic DMSP producers (19, 20). 

DSYB, the dsyB-like genes in eukaryotes, is widespread in phytoplankton and corals, and 

evolutionary analyses suggest that these eukaryotic DSYB genes originated in bacteria and were 

later passed to eukaryotes (20). In contrast, the plant-like MMT enzymes are very different from 

the bacterial MmtNs in length, amino acid sequence, and domains, suggesting that this DMSP 

biosynthetic pathway evolved independently in bacteria and plants (19).  

One explanation of the origin of DMSP production is to balance the limitation of 

nutrients such as nitrogen with excess carbon and reducing equivalents (21). Although the 

intermediate steps are different, the three identified DMSP biosynthesis pathways all start with 

L-methionine (Figure 1-1) (6). The amino group of the L-methionine is removed either through 

deamination or transamination, where it can be used to produce glutamic acid or glutamine, 

respectively (11). In various DMSP producers, it is confirmed that nitrogen limitation can 
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stimulate DMSP production. Thus, the production of DMSP may allow cells to reallocate 

nitrogen for new amino acid biosynthesis and stimulate the continued sulfate reduction (6).  

DMSP may have different roles in different organisms. The best known role of DMSP is 

as an organic osmolyte. Some DMSP producers can produce a significant amount of DMSP so 

that the intracellular DMSP concentration can reach molar levels (21). Increased salinity, 

especially under long term conditions, has been reported to stimulate the production or 

accumulation of DMSP in many organisms including algae, higher plants, and bacteria (13, 18, 

22, 23). But unlike other common compatible solutes, such as betaine and proline, DMSP is 

constitutively maintained at a comparatively high intracellular level. The rate of DMSP 

production does not change significantly after a hyperosmotic shock. These indicate DMSP more 

likely acts as a buffer during initial periods of hyperosmotic shocks (21, 24). A cryoprotectant 

role is suggested by the higher intracellular DMSP concentrations in polar macroalgae compared 

to those in related species from temperature to tropical regions (25). In addition, polar 

macroalgae growing at  0 ºC have a higher intracellular DMSP content than those growing at 10 

ºC. DMSP also stimulates the activities of malate dehydrogenase and lactate dehydrogenase at 

low temperature (25). Wolfe et al. reported algae Emiliania huxleyi can use DMSP as a predator 

deterrent (26). In their experiment, the protozoan predator exhibited strong preference on the E. 

huxleyi strain with low DMSP lyase activity. This was explained either by the signal role of 

DMS and acrylate generated during grazing, or the antimicrobial effect of accumulated acrylate 

(26, 27). In addition, DMSP can also act as an antioxidant, which will be discussed in detail later 

(28). 

Currently, three different DMSP catabolic pathways have been discovered (Figure 1-2). 

The cleavage pathway carried out by algae, phytoplankton, higher plants, and bacteria, yields 
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DMS (4, 6, 29). The DMSP lyases involved in this pathway directly cleave DMSP, releasing 

acrylate, 3-hydroxypropionate, or acryloyl-CoA as products (30-38). Although many of these 

enzymes catalyze the same reaction, they are from different enzyme families and have different 

mechanisms (6). As the main DMSP consumers, bacteria can degrade DMSP in two additional 

pathways, the demethylation and the oxidation pathways (39, 40). In the demethylation pathway, 

a methyl group at the sulfur atom is first transferred from DMSP to tetrahydrofolate (THF) by 

DMSP demethylase (DmdA), forming 3-methylmercaptopropionate (MMPA) and methyl-THF. 

MMPA is then processed similarly to β-oxidation of fatty acids by DmdB (MMPA-CoA ligase), 

DmdC [3-methylmercaptopropionyl(MTA)-CoA dehydrogenase], and DmdD (MTA-CoA 

hydratase), and the sulfur atom is finally released as methanethiol (MeSH). MeSH can be 

efficiently assimilated by bacteria as a key intermediate to protein sulfur either by direct capture 

to form methionine or by lysis to sulfide for assimilation (41). In the newly identified oxidation 

pathway, DMSP is oxidized to dimethylsulfoxonium propionate (DMSOP) by microalgae and 

bacteria, but only bacteria can further make dimethylsulfoxide (DMSO) and acrylate from 

DMSOP (39). Currently, none of enzymes involved in the oxidation pathway have been 

identified.  

Unlike MeSH, DMS can readily cross the cell membrane, and the sulfur from DMS is 

often not assimilated directly. Nevertheless, the majority of DMS released is still degraded by 

microorganisms in the sea (42-46). Many organisms have been reported to degrade DMS 

aerobically or anaerobically for carbon and energy (46, 47). Generally, there are two pathways to 

degrade DMS. In one pathway, DMS is oxidized to MeSH and formaldehyde by DMS 

monooxygenase or methyltransferases, which are mostly found in terrestrial organisms (43, 46). 

In the other pathway, DMS is oxidized to DMSO and then sulfate, which is common in marine 
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surface water (45). Studied marine bacteria, especially the members of Alphaproteobacteria, 

may transform DMS to either DMSO or MeSH (48, 49). In addition, DMS and DMSO can be 

interconverted though enzymatic reactions (46). Thus, regardless of the degradation pathway, 

DMSP can be an important source of sulfur, carbon, or energy for marine bacteria.  

Despite being studied for nearly 40 years, there is still much to be learned regarding 

DMSP and its metabolism. Many enzymes involved in DMSP biosynthesis and metabolism, 

especially the oxidation pathways, are still unidentified. Even for some identified enzymes, such 

as DddD and DddL, their structures, catalytic mechanisms, biochemical properties, and 

regulation are still not well understood (50). In addition, many Alphaproteobacteria can utilize 

DMSP by both the cleavage and demethylation pathways, but the regulation and interaction 

between the two pathways are not completely studied. Obviously, sulfur demand is a key driver, 

but there could be other factors as both the pathways can produce toxic byproducts (51). Finally, 

bacteria are not isolated groups in marine environments; they interact with many organisms 

including other bacteria, phytoplankton, corals, and algae. Studies have shown that volatile 

compounds, such as DMS or dimethyl disulfide (DMDS), can act as signal molecules for 

communications among bacteria or even different kingdoms (52, 53). Thus, learning more about 

DMSP metabolism in these symbiotic relationships can lead to a better understand of marine 

ecosystems and potential applications in protecting environments. 

 

2. Genus Ruegeria and model organism Ruegeria pomeroyi 

The genus Ruegeria is a member of the class Alphaproteobacteria, family 

Rhodobacteraceae. This genus was originally proposed by Uchino et al. to describe a group of 

catalase- and peroxidase-positive, non-photosynthetic aerobic bacteria during the reclassification 
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of the genus Agrobacterium based on 16S rRNA gene sequence analysis (54). Agrobacterium 

atlanticum was reclassified as the type species Ruegeria atlantica. In the following two decades, 

many species were moved into or moved out of the genus Ruegeria (55-58). Recent studies 

indicate that 16S rRNA gene sequence similarity is a poor marker for the phylogeny of the 

roseobacter group, which includes Ruegeria (59). Thus, to accurately assign the members in this 

group, a whole genome sequence level analysis is required. So far, 18 species are remaining in 

Ruegeria, and whole genome sequences are available for all of them (57).  

R. pomeroyi was originally isolated from Georgia coastal seawater by enrichment on 

DMSP and named Silicibacter pomeroyi. It was later reclassified into Ruegeria by Yi et al. (60, 

61). While most Ruegeria species are non-motile, R. pomeroyi is motile via a polar flagellum. It 

grows between 10 to 40 ºC, with an optimum growth temperature of 30 ºC. Like other species of 

Ruegeria, R. pomeroyi requires sea salts to grow, and optimum growth occurs between 0.6-2.3% 

(w/v) NaCl. The two common media used to cultivate R. pomeroyi are half-strength yeast extract 

tryptone sea salts (1/2YTSS; DSMZ Medium 974) and marine basal medium (MBM) (60, 62). 

R. pomeroyi is one of the earliest bacteria reported to degrade DMSP, with high activities 

via both the cleavage and demethylation pathways (48, 60). The demethylation pathway was first 

deciphered in R. pomeroyi (Figure 1-2), where there are multiple copies of some genes, i.e., 

dmdB and dmdC (43, 62). For the cleavage pathway, four DMSP lyases dddD, dddP, dddQ, and 

dddW are present in R. pomeroyi (32-35). Beside the genes directly involved in DMSP 

metabolism, the large genome of R. pomeroyi encodes more than 4000 genes, suggesting that it 

has complex regulatory mechanisms that allow for growth under a range of conditions and large 

variety of substrates. An effective genetic tool for R. pomeroyi has also been developed (40). In 



 

7 

addition, there are many genomic, transcriptomic, and proteomic studies on R. pomeroyi, which 

greatly improves the understand of metabolic networks in this organism (63-65).  

Thus, R. pomeroyi is a useful model organism used for studying the regulation of DMSP 

catabolism. The availability of DMSP itself can affect the ratio of DMS and MeSH produced. 

With an increased DMSP concentrations, R. pomeroyi upregulates both of the pathways to 

produce more DMS and MeSH, but the percentage of DMSP cleaved also increases (51, 66). A 

widely accepted explanation is that the catabolism of DMSP will first fulfill the sulfur demand 

via the demethylation pathway. At certain DMSP concentration, the sulfur demand is met, and 

the activity of the cleavage pathway increases to release the excess organic sulfur via DMS (41, 

51). The assimilation of DMSP sulfur and methyl carbon for methionine and cysteine 

biosynthesis was also studied in R. pomeroyi recently through isotope labeling experiments (66). 

 Acrylate is the byproduct of DMSP lyases. When acrylate is processed by PrpE, a 

propionate-CoA ligase, the downstream metabolite acryloyl-CoA is highly toxic as it can react 

with essential macromolecules such as nucleic acids (67, 68). The gene acuI encodes a reductase 

transforming acryloyl-CoA to propionyl-CoA, detoxifying this reactive electrophilic molecule 

(69, 70). This protective function may explain why in many bacteria, acuI-like genes are 

distributed near the cleavage ddd genes (69). Interestingly, in R. pomeroyi acuI is located next to 

dmdA, and these genes are co-regulated (69). Treatment with acrylate will lead to a significant 

increase of MeSH production when R. pomeroyi grows on DMSP (71). The same result was 

obtained in chemostat as well (personal observation). These results indicate that the two DMSP 

catabolic pathways are interrelated in R. pomeroyi.  

Salinity is another environmental factor regulating the ratio of DMS and MeSH 

production, and many studies have shown that low salinity results in a greater DMS production 
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in some marine habitats (72-74). The same conclusion and enhanced MeSH production with high 

salinity was confirmed by Salgado et al. in R. pomeroyi (75). Although there is no clear 

explanation available for this observation yet, it may be related to the function of DMSP as an 

intracellular osmolyte. 

According to the latest core gene analysis completed by Cao et al., R. pomeroyi and 

Ruegeria marina formed a distinct group from the majority of other Ruegeria species (57). This 

result portends a reclassification of R. pomeroyi into a novel genus in the future. 

 

3. Oxidative stress and antioxidant mechanisms 

The imbalance between the oxidants and antioxidants in favor of the oxidants is called 

oxidative stress, potentially leading to cellular damage (76). This imbalance is usually caused by 

an increase of reactive oxygen species (ROS) or reactive nitrogen species (RNS) or a decrease in 

the antioxidant network (77). ROS is a collective term that includes both oxygen radicals and 

certain nonradical oxidizing agents (78, 79). ROS can be produced either endogenously or 

exogenously (80). Endogenous production of ROS usually occurs in normal enzymatic redox 

reactions, such as oxidative phosphorylation and photosynthesis, while exogenous sources of 

ROS could be ionizing radiation and oxidative chemicals (81). Oxidative stress is a common 

stress in marine environments. In marine surface water, solar radiation, especially ultraviolet, can 

lead to photochemical oxidation of dissolved organic matter, producing ROS (82).  

ROS can attack numerous cellular components, including DNA, proteins, lipids, and 

iron-sulfur clusters (78). In humans, the accumulation of damage to these macromolecules may 

be a cause of aging, where tissues and organs loss their functions over time (83). These damages 

can further lead to severe diseases, such as cancer and neurological disease (84). As a result, in 
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the past decades, oxidative stress has become a popular research topic. Aerobic organisms have 

evolved  many ways to protect themselves from the damage of oxidative stress. Antioxidant 

defenses include both enzymatic and non-enzymatic mechanisms (85, 86). For enzymatic 

antioxidant defense, a variety of enzymes, including superoxide dismutase (SOD), catalase, and 

peroxidase, are produced to directly reduce ROS levels by transforming them to harmless 

molecules. Non-enzymatic defenses involve low-molecular-weight reductive compounds, such 

as glutathione and ascorbic acid, that scavenge ROS. The stress genes are also activated to 

remove or repair the damage of macromolecules when facing oxidative stress (86). Oxidative 

stress or ROS can also be beneficial for organisms as important signals, which can regulate many 

cellular activities (87). For example, Hansel et al. (88) reported that levels of extracellular 

superoxide were tightly regulated by R. pomeroyi to maintain a normal growth cycle in batch 

culture.  

The role of DMSP as an antioxidant was originally proposed by Sunda et al. (28). They  

experimentally confirmed that DMSP, DMS, acrylate, dimethylsulfoxide (DMSO), and methane 

sulfinic acid (MSNA) are strong scavengers of the hydroxyl radical (·OH) (28). As DMS and 

acrylate are about 20 to 60 times more reactive to ·OH than DMSP and the uncharged DMS can 

freely diffuse across the membrane, they hypothesized that when there is oxidative stress, DMSP 

synthesis and the cleavage pathways should be substantially upregulated. This hypothesis was 

supported by experiments in algae, where several different types of oxidative stressors were 

applied. Similar results were then reported in most DMSP-producers including higher plants, 

coral holobionts, and phytoplankton (89-92). However, the studies of the antioxidant role of 

DMSP in bacteria is largely missing, where DMSP metabolism is much more complex. As the 

presence of oxidative stress could lead to a higher DMS production, further study on this could 
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potentially expand our understanding about the biogeochemistry of sulfur cycle and the global 

climate. 
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Figure 1-1. The pathways of DMSP biosynthesis. The methylation pathway (left) is used by 

higher plants (Spartina alterniflora) and bacteria containing mmtN (16, 19). The green arrow 

represents alternative reactions found in Wollastonia biflora (13). The transamination pathway 

(middle) has been found in algae (Ulva intestinalis), diatoms (Fragilariopsis cylindrus, Melosira 

nummuloides), prymnesiophytes (Emiliania huxleyi), prasinophytes (Tetraselmis sp.), and algae 

that contain DSYB and bacteria that contain DsyB (10, 18, 20, 93). The decarboxylation pathway 

(right) is found in the dinoflagellate Crypthecodinium cohnii (94). The dotted line and structure 

in bracket represent predicted but unconfirmed steps and intermediates. Enzymes involved are 

labeled in blue. Abbreviation: SMM, S-methyl-methionine; MTOB, 4-methylthio-2-oxobutyrate; 

MTHB, 4-methylthio-2-hydroxybutyrate; DMSHB, 4-dimethylsulfonio-2-hydroxybutyrate; 

MTPA, 3-methylthiopropylamine; AdoMet, S-Adenosylmethionine; AdoHcy, S-Adenosyl-L-

homocysteine; MMT, methionine methyltransferase; SDC, SMM decarboxylase; DOX, DMSP-

amine oxidase; DDH, DMSP-aldehyde dehydrogenase; DsyB/DSYB, MTHB methyltransferase. 

 

  



 

26 

  



 

27 

Figure 1-2. The pathways of DMSP metabolism common in bacteria. Three pathways of 

DMSP metabolism and their enzymes are indicated. Not all enzymes or pathways are found in all 

bacteria. For the demethylation pathway, many bacteria are missing DmdD, which is replaced by 

AcuH. Among the DMSP lyases, DddD and DddX release 3-hydroxypropionate and acryloyl-

CoA, respectively. DddK/L/Q/W/Y belong to the cupin family (20). DddD belongs to type III 

acyl CoA transferase family. DddP is in the metallopeptidase family. DddX belongs to the ACD 

super family. Alma1 is a DMSP lyse encoded by algae, and it belongs to the aspartate racemase 

family (not shown). The X-ray crystal structures of DmdA/B/C/D, DddK/P/Q/X/Y have been 

solved (30, 37, 95-101). Currently, the enzyme(s) in the oxidation pathway have not been 

identified. Abbreviation: THF, Tetrahydrofolate; DMSO, dimethylsulfoxide. 

 

 

 

  

 

 



 

28 

  



29 

CHAPTER 2 

OXIDATIVE STRESS REGULATES THE SWITCH OF 

DIMETHYLSULFONIOPROPIONATE METABOLISM  

FROM DEMETHYLATION TO CLEAVAGE IN RUEGERIA POMEROYI1 

1Wang T, Huang Q, Burns A, Moran M.A., Whitman W.B.  To be submitted to 

Nature Communications.   
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Abstract 

Dimethylsulphoniopropionate (DMSP) is one of the most abundant low molecular weight 

organic compounds in marine surface water and a source of the dimethyl sulfide (DMS), the 

largest natural sulfur source to the upper atmosphere. Marine bacteria either mineralize DMSP 

largely through the demethylation pathway or transform it to DMS through the cleavage 

pathway. The factors that regulate which pathway is utilized are not fully understood. In 

chemostat experiments, the marine roseobacter Ruegeria pomeroyi DSS-3 was exposed to 

oxidative stress either during growth with H2O2 or a mutation of the katG gene, which encodes 

catalase, one of the major enzymes protective of oxidative stress. During growth with DMSP, the 

expression of genes responsive to oxidative stress was greatly reduced. During oxidative stress, 

the expression of the genes of encoding the demethylation pathway were reduced and expression 

of those encoding the cleavage pathway increased. Contrary to the sulfur demand hypothesis, 

under the same conditions only a small portion of the DMSP metabolized was utilized to provide 

sulfur for the cells. These observations are consistent with a hypothesis where oxidative stress 

controlled the switch in DMSP metabolism from demethylation to DMS production via the 

cleavage pathway. 
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Introduction 

Dimethylsulphoniopropionate (DMSP) is an ubiquitous low molecular weight organic compound 

in marine surface water produced mainly by marine algae, plants, corals, and bacteria (1, 2). 

DMSP is an osmolyte in many of these organisms and often found in very high intracellular 

concentrations. In addition, it may act as an antioxidant, predator deterrent, and cryoprotectant 

(3-5). DMSP is also an important precursor of the volatile compound dimethyl sulfide (DMS) 

(6). The emission of DMS is the largest natural sulfur source to the upper atmosphere, 

participates in the formation of cloud condensation nuclei, and is hypothesized to connect biotic 

activities and the global climate (7, 8). 

The transformation of DMSP to DMS is accomplished through the cleavage pathway by 

algae, phytoplankton, higher plants, and bacteria (9-11). So far, nine enzymes are known to have 

this activity, although they are from various enzyme families, have different catalytic 

mechanisms, and form different products, such as acrylate, acryloyl-CoA, or 3-

hydroxypropionate-CoA (12). Bacteria possess at least two additional DMSP degradation 

pathways (13, 14). In the demethylation pathway, DMSP is processed by four enzymes, yielding 

MeSH as the final product. MeSH can be directly captured for methionine biosynthesis or 

degraded to hydrogen sulfide for sulfur assimilation (15, 16). This pathway is an important 

source of reduced sulfur for bacteria, which may help explain why most DMSP is processed 

through the demethylation pathway (17). Wirth et al. 2020 reported that even at a low 

concentration of 0.3 µM, DMSP is still the preferred sulfur source even in the presence of 

seawater levels of 14 mM sulfate. In the oxidation pathway, DMSP is first oxidized to 

dimethylsulfoxonium propionate (DMSOP) by both marine algae and bacteria. Bacteria can then 
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metabolize DMSOP to dimethylsulfoxide (DMSO) and acrylate (14). However, the enzymes 

involved in this pathway are currently not known. 

The enzyme catalyzing MeSH oxidation is MtoX (15). One byproduct of this reaction is 

hydrogen peroxide (H2O2), a reactive oxygen species (ROS). The accumulation of ROS can 

potentially lead to oxidative stress, causing damage of cellular components including lipids, 

proteins, and DNA. Compared to other ROS, H2O2 is not very reactive and relatively stable. 

Because it is not charged, it can easily cross the cellular membrane (18). A major route of 

damage caused by H2O2 is through the Fenton reaction with free intracellular ferrous ions and 

other transition metal ions yielding the much more reactive hydroxyl radical (19). H2O2 is also 

common in marine surface water, where it is produced by solar radiation (20). The estimated 

concentration of H2O2 can reach 0.1 µM in marine surface water. 

The antioxidant role of DMSP was first reported by Sunda et al. in 2002 (21). They found 

that DMSP rapidly reacts with hydroxyl radicals and serves as a cellular scavenger. Moreover, 

the DMSP cleavage products acrylate and DMS as well as the DMS oxidation products 

dimethylsulphoxide (DMSO) and methane sulfinic acid (MSNA) are also strong ROS 

scavengers. Thus, these molecules form an effective antioxidant system when DMSP and its 

degradation products are present. Many studies have confirmed this antioxidant role of DMSP in 

algae, corals, and plants (22-25). However, there are few studies involving this process in 

bacteria, the major DMSP consumers (26-28).  

Bacterial metabolism of dissolved DMSP plays a major role in DMS evolution, with high 

levels of degradation by the demethylation pathway preventing DMS formation by the cleavage 

pathway or the ‘bacterial switch’ hypothesis (29). However, the factors controlling the switch are 

poorly understood. Possibilities that have been identified include bacterial sulfur demand (6, 29, 
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30) and requirements for osmolytes (6, 31). In addition, oxidative stress has been proposed to 

play a role. ROS are common in marine environments, being generated by algae during 

photosynthesis as well as abiotically by photoreactions with dissolved organic matter. A role for 

ROS could explain the effect of ultraviolet light stress on DMS production (32, 33) and the 

correlation between expression of the genes encoding the demethylation pathway and catalase in 

R. pomeroyi and field populations of the roseobacter HTCC2255 (26). To directly examine the 

role of oxidative stress in the bacterial switch, the relative expression of the genes encoding the 

demethylation and cleavage pathways was examined in chemostat cultures of Ruegeria 

pomeroyi. R. pomeroyi DSS-3, a member of the Rhodobacteraceae family of the class 

Alphaproteobacteria, is one of the most studied model organisms for DMSP catabolism. It 

possesses high activity for both cleavage and demethylation pathways (Figure 2-1) (16, 30, 34). 

In these experiments, oxidative stress was controlled by exposure to H2O2 in wild type and a 

mutant with the gene encoding catalase deleted (ΔkatG), and the effects on transcription of the 

genes for DMSP metabolism was evaluated. 

 

Results and discussion 

Establishment of chemostat conditions 

One goal of the planned studies was to examine the relationship between oxidative stress and 

DMSP metabolism under conditions comparable to what might be found in nature, ie. slow 

growth and low DMSP concentrations.  For this reason, conditions were sought where the 

response to non-lethal concentrations of H2O2 could be determined during chemostat growth in 

both wild-type and a ΔkatG mutant. In preliminary experiments in the absence of DMSP, 150 

µM H2O2 rapidly killed chemostat cultures of the ΔkatG mutant, but the wild type tolerated at 
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least 3 mM H2O2. At 100 µM and 1 mM H2O2, chemostat cultures of the mutant and wild type, 

respectively, were able to achieve steady state growth, and these conditions were chosen for 

further study. 

R. pomeroyi DSS-3 was previously cultivated in chemostats with a seawater-based 

minimum medium with 68 µM Fe(III)EDTA, an iron source required for growth. However, 

Fe(III)EDTA and other metal ions catalyze the degradation of H2O2 (35). To improve the 

stability of H2O2 throughout these experiments, a second reservoir was added to the chemostat 

system so that the H2O2 solution could be stored separately from the medium containing 

Fe(III)EDTA (Figure S2-1). In addition, to lower the rate of abiotic H2O2 decomposition during 

growth in the chemostat, the Fe(III)EDTA concentration was lowered. In a series of batch tests 

for growth on glucose, 5 µM Fe(III)EDTA supported good growth while reducing H2O2 

decomposition, and this concentration was chosen for further studies.  

Abiotic chemostat controls were performed to test the stability of DMSP and H2O2 under 

these conditions. In water alone, both DMSP and H2O2 were stable, and their concentrations did 

not change significantly after 11 days of incubation at 30 ºC. In the chemostat medium, about 40-

50 % of the H2O2 added was consumed abiotically, presumably due to a reaction with the 

remaining Fe(III)EDTA and other metal ions (Table S2-2). In contrast, when DMSP was added, 

the concentration of H2O2 in the outflow increased by about 10 % of the total. Likewise, the 

DMSP concentration declined by 7-8 % regardless of the concentration of H2O2. Neither DMS 

nor MeSH was detected in the headspace. The reaction of H2O2 with Fe(III)EDTA is a radical 

chain reaction involving the hydroxyl radical in the chain propagation step. Because DMSP is a 

hydroxyl radical scavenger, it’s presence may have blocked the chain reaction and lessened H2O2 

degradation. 
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Chemostat growth and enzyme activities 

The media for chemostat cultures contained 2 mM glucose plus or minus 0.20 mM DMSP. 

Under these conditions, 99 % or more of both substrates were consumed (Table 2-1; (16)). The 

addition of DMSP resulted in a small increase in growth yield for wild-type but not the ΔkatG 

cultures. The further addition of H2O2 had little if any effect on the growth yields.  

The addition of H2O2 to the wild-type cultures had a dramatic effect on the catalase 

specific activity, which rapidly increased nearly two-fold within the first day of exposure (data 

not shown). After three days, the catalase activity reached the maximum level and remained 

stable (Table 1). This result was consistent with a major role for catalase in the oxidative stress 

response and its increased expression by ROS. When DMSP was present in the absence of H2O2, 

the catalase specific activity was reduced by about 40 % (Table 2-1). Because DMSP inhibited 

the abiotic degradation of H2O2 in this media, this result suggested that DMSP was able to 

mitigate oxidation stress independent of its effect on H2O2 concentrations. Upon the addition of 

H2O2, the catalase specific activity reached the same high level with or without DMSP (Table 2-

1). Presumably the high levels of exogenous H2O2 saturated the protective effect of DMSP.  

For the ΔkatG mutant, the observed catalase specific activity was about 4 μmol min-1 mg-

1, or about one-third of the wild-type levels. As katG was the only catalase gene in R. pomeroyi, 

the catalase activity of the ΔkatG mutant presumably reflected the activity of endogenous 

peroxidases or other enzymes. The specific activity did not increase upon the addition H2O2, a 

further indication that this activity was not KatG (Table 2-1). This activity was not sufficient to 

consume all of the H2O2 added to the medium, even though the amount of H2O2 was only one-

tenth of that added to wild-type cultures. Remarkably, addition of DMSP to the ΔkatG culture 

led to a decrease in the levels of H2O2 (Table 2-1). Since DMSP inhibited the abiotic 
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consumption of H2O2, the drop in extracellular H2O2 implied that DMSP stimulated a cell-

dependent consumption of H2O2.  

Transcriptional response to DMSP and oxidative stress 

To further elucidate the interaction between DMSP metabolism and oxidative stress in R. 

pomeroyi , the transcriptional response was examined in 24 cDNA libraries representing eight 

conditions, both wild type and ΔkatG during growth on glucose, glucose plus DMSP, glucose 

plus H2O2, and glucose plus both DMSP and H2O2 (Figure 2-2). A total of 9.569 to 14.848 

million (M) uniquely mapped clean reads were obtained for each library (Table S2-3). The reads 

of all 4457 genes were counted by featureCounts and then processed by DESeq2. Replicates 

were also examined for differences due to batch effects, i.e., different chemostat runs, methods 

of RNA preparation, or sequencing runs. However, no evidence was found for systematic biases 

due to batch effects (see Methods). In addition, the inclusion of the replicate WD1 severely 

reduced the number of differentially expressed genes (DEGs) calculated. For that reason, it was 

removed from subsequent analyses.  

In principal components analysis of the entire transcriptome, a strong signal was present 

for growth with DMSP (Figure 2-3A). In addition, a smaller response of the ΔkatG mutant to 

H2O2 was detected. To identify the physiological bases for these responses, the transcription of 

groups of functionally related genes were examined further.  

Identification of oxidative stress responsive genes 

To examine the relationship between oxidative stress and DMSP metabolism, genes responsive 

to oxidative stress were first identified. While the oxidative stress response in R. pomeroyi has 

not been studied in detail, oxidative stress has been documented in some related proteobacteria in 

the family Rhodobacteraceae, such as Rhodobacter sphaeroides (36, 37), and the OxyR regulon 
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is a well-studied group of oxidative response genes whose function is conserved in 

proteobacteria (38). In addition, up-regulation of genes encoding repair of DNA, proteins and 

lipids is often associated with oxidative stress. Thus, the genome was searched for homologs to 

oxidative responsive genes from other proteobacteria, and 84 candidates were identified. Their 

response to the presence of H2O2 in both the wild-type and the ΔkatG mutant was then examined 

to determine their role in R. pomeroyi (Figure S2-2). Many of these candidates had a complex or 

no response to the oxidative stressors used and were not suitable indicators. As an example, R. 

pomeroyi possessed four homologs to the Escherichia coli oxyR, which encodes a transcription 

factor involved in the oxidative stress response in proteobacteria. However, the abundance of 

transcripts from one of them (SPO_RS20725) was very low and considered unreliable for that 

reason. The abundance of transcripts of two others, SPO_RS11345 and SPO_RS16785, did not 

respond to the addition of H2O2 in either the wild-type or the ΔkatG mutant in the absence of 

DMSP and were not considered further. Lastly, the abundance of transcripts of only one, 

SPO_RS10675, was affected by the mutation or growth on H2O2. By these criteria, this gene as 

well as 17 others were chosen as indicators of oxidative stress in R. pomeroyi (Table 2-2). 

Expression of the oxidative stress responsive genes was affected by growth in the 

presence of DMSP and H2O2 as well as the ΔkatG mutation. In principal components analysis, 

the transcription of the oxidative stress responsive genes in cultures grown with DMSP were 

clearly distinguished from those grown without. Smaller effects were also seen for growth with 

H2O2 and between the wild-type and the ΔkatG mutant. The expression of katG in the wild type 

increased nearly two-fold upon the addition of H2O2, comparable to the increase in specific 

activity during growth with H2O2. Expression of seven of the indicator genes increased in the 

mutant compared to the wild type (Table 2-2, Figure 2-5B). These included the genes for DNA 
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and Fe-S cluster repair in the ruv and suf operons, respectively. The low expression of these 

repair genes in wild type even with H2O2 addition suggested that the wild type strain was well 

protected against H2O2 exposure. Lastly, expression of Gpx, an important enzyme reducing 

hydroperoxides including lipid hydroperoxide (39), and ruvC, a gene involved in DNA repair, 

further increased in the mutant upon the addition of H2O2. These increases were evidence for the 

high susceptibility of the mutant to H2O2. 

The addition of DMSP had strong effects on the expression of the oxidative stress 

responsive genes , especially in the mutant (Table 2-2). During growth of the mutant with 

DMSP, there was a two to eight-fold reduction in the expression of many of the oxidative stress 

responsive genes in both the presence and absence of H2O2. The results with the wild type were 

similar although fewer genes were affected. These results indicated that DMSP or the 

intermediates or products of its metabolism were largely protective of oxidative stress. 

Interaction between oxidative stress and DMSP metabolism 

In the absence of DMSP, the DMSP metabolic genes are only transcribed at low levels (40). This 

low level or basal expression in both the wild type and mutant was unaffected during growth 

with H2O2 (Figure 2-2C). Upon growth with DMSP, expression of genes encoding both the 

demethylation and cleavage pathways increased (Table 2-3, Figure 2-5). Among the 

demethylation genes, the largest increases were in the expression of mtoX, dmdD, dmdC1, and 

dmdC3. Among the cleavage genes, the largest increases were in dddW and dddD. The addition 

of H2O2 lowered the expression of the genes encoding the demethylation pathway in both the 

mutant and wild type. In contrast, the expression of dddW and dddD of the cleavage pathway 

both increased in the wild type (Table 2-3). Likewise, compared with wild type, the mutant had 

significantly higher expression of dddW and dddD but lower expression of mtoX.  Thus, 



 

39 

oxidative stress lowered the expression of the genes of the demethylation pathway and increased 

expression of the genes of the cleavage pathway (Figure 2-5).  

Response of sulfur metabolism to DMSP and oxidative stress 

DMSP is a preferred sulfur source for R. pomeroyi even when the concentration is much lower 

than that of sulfate (16), and growth with DMSP dramatically changed the pattern of expression 

of the sulfur metabolism genes (Figure 2-2D). DMSP sulfur is incorporated via the 

demethylation pathway where both sulfide and methane thiol are intermediates for biosynthesis 

of the sulfur-containing amino acids (Figure 2-4). When grown only on glucose, sulfate was the 

only sulfur source available, and the expression of the genes involved in sulfate assimilation was 

high in both the wild type and the mutant. Upon the addition of DMSP, the expression of the 

sulfate assimilation genes was greatly reduced, as expected if DMSP was the primary sulfur 

source (Table 2-4). Expression of metY, which encodes an alternative route of biosynthesizing 

methionine from methanethiol, also declined (Table 2-4). Similarly, expression of 5-

methyltetrahydrofolate-homocysteine methyltransferase (MTR), cysteine synthase A (cysK), and 

serine O-acetyltransferase (cysE) declined during growth on DMSP (Table 2-4). Possibly when 

intracellular methanethiol and sulfide are abundant, less of these enzymes is required to satisfy 

the requirement for biosynthesis of methionine and cysteine. Increases in oxidative stress either 

in the mutant or by the addition of H2O2 did not cause major changes in the expression of the 

genes encoding sulfate assimilation. This result shows that under oxidative stress, DMSP would 

likely remain the primary sulfur source. 

Previous studies have shown that during growth with DMSP as the sole carbon source, 

the expression of the sox genes for sulfur oxidation were upregulated (41). The sox genes of R. 

pomeroyi are mainly present in a single cluster as soxVWXYZABCDEF, encoding enzymes 
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oxidizing various inorganic sulfur compounds (42, 43). When grown with DMSP, the expression 

of soxC and soxD increased significantly in both the wild-type and mutant (Table 2-4). These 

genes encode the enzyme Sox(CD)2, which plays an important role in sulfur oxidation. Likewise, 

expression of soxV, a membrane protein involved in sulfur oxidation, also increased. These 

increases in expression would facilitate metabolism of sulfide during DMSP demethylation. 

However, the increases in their expression as well as that of many of the other sox genes was 

lower in the ΔkatG mutant than wildtype (Table 2-4). This pattern was consistent with the 

decreased expression of the genes encoding the demethylation pathway in the mutant. Likewise, 

SoeCBA is a cytoplasmic sulfite dehydrogenase  (44) whose expression increased during growth 

with DMSP in the mutant but only in the wild type when H2O2 was also present (Table 2-4 and 

data not shown). Presumably, the increased expression of soeCBA was a response to increased 

sulfite formed from sulfide under oxidative stress. Similarly, the expression of megL encoding 

methionine gamma-lyase greatly increased upon exposure to H2O2 in both the wild-type and the 

mutant. This enzyme may play a role in metabolism of methionine sulfoxide, a common 

oxidation product of methionine, and may be protective of oxidative stress (45, 46). 

 

Conclusions 

In the mixed substrate chemostat used in these experiments, conditions were chosen to simulate 

those that might be found in nature, i.e., the DMSP concentration was maintained at a low value 

of about 2 µM, the growth rate was slow with a doubling time of 24 hours, and the cell density 

remained constant. In addition, the rates of DMSP consumption and DMS and MeSH production 

were similar in both the wild-type and the mutant in the presence and absence of H2O2. Thus, in 

spite of the changes in the transcriptome, DMSP metabolism was not affected by the levels of 
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oxidative stress induced by these manipulations. Many studies have reported a low correlation 

between the abundance of mRNAs and proteins, indicating the importance of posttranscription 

regulation, translational regulation, degradation, and other regulatory processes (47). Thus, 

changes in gene expression and enzyme levels will only effect metabolism if they change the 

levels of key, rate-limiting enzymes. Nevertheless, the transcriptome still provides insights into 

the factors sensed by the cells and used to control metabolism.  

The demand for reduced sulfur has also been proposed to be a major regulatory strategy 

for DMSP metabolism in R. pomeroyi. However, under the conditions used here, the sulfur 

demand would account for only a small fraction of the DMSP consumed by the demethylation 

pathway. For instance, in the chemostat with 2 µM DMSP, the rate of DMSP consumption by 

wild-type cells is 19.8 nmol min-1, 0.45 nmol min-1 of which is consumed by the cleavage 

pathway and 19.3 nmol min-1 of which is consumed by the demethylation pathway. In contrast, 

the sulfur demand is about 3.4 nmol min-1 or about 18% of the activity of the demethylation 

pathway. Thus, the rate of demethylation far exceeds the sulfur demand at these concentrations. 

Similar results have been found at other DMSP concentrations in carbon-limited chemostats 

(Table 2-5). Even at lower extracellular DMSP concentrations of 0.3 µM, only 36% of the 

demethylation activity was needed to satisfy the sulfur demand, and at 61 µM only 1% of the 

demethylation activity was needed (Wirth et al., 2020). Lastly, under both 0.3 and 2 µM DMSP, 

the rate of DMS production was nearly the same, implying that the cleavage activity was 

independent of the relative sulfur demand and sulfur demand played no more than a minor role in 

the regulation of DMSP metabolism at these concentrations. 

There is a complex interaction between DMSP metabolism and oxidative stress in R. 

pomeroyi. In response to DMSP, expression of the indicators of oxidative stress are down 
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regulated (Figure 2-5B), suggesting that DMSP is largely protective. In response to oxidative 

stress, the DMSP transcriptome shifts from the demethylation to the cleavage pathway (Figure 2-

5). Like many marine roseobacters, R. pomeroyi is adapted to live associated with marine 

phytoplankton (48). Phytoplankton, including diatoms, dinoflagellates, and coccolithophores, 

produce both DMSP and ROS, such as superoxide and H2O2 (11, 49, 50). Thus, it is likely that 

when R. pomeroyi grows in the phycosphere, it is exposed to higher concentrations of both 

DMSP and H2O2 than found in open seawater (51), and cells must balance the response to both 

compounds. In this context, the cleavage pathway produces the strong ROS scavengers acrylate 

and DMS and not the oxidant H2O2 like the demethylation pathway, so it would be favored 

during oxidative stress. 

Under the experimental conditions chosen here, both the expression of the katG gene and 

the catalase activity declined during growth with DMSP. In contrast, Varaljay et al. (2015) 

observed an increase in katG expression when R. pomeroyi was exposed to DMSP. However, the 

concentration of DMSP was 80 µM, which was much higher than the concentration used in this 

study. Presumably, the higher levels of DMSP may have led to increased demethylation activity 

and higher production of intracellular H2O2. The levels of H2O2 and not DMSP may have then 

regulated katG expression, a conclusion consistent with increases in KatG activity observed here 

during growth with H2O2. 

These results are consistent with the hypothesis that, at the concentrations of DMSP 

investigated, oxidative stress is one of the factors controlling the bacterial switch between the 

demethylation and cleavage pathways in R. pomeroyi (Figure 2-5A). In this model, 

demethylation activity increases with increasing concentrations of DMSP and with it the 

intracellular concentration of H2O2 increased. The higher levels of H2O2 lead to increases in 
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oxidative stress, which then provides the signal for increased expression of the cleavage 

pathway, which not only reduces further H2O2 production but also produces more efficient 

scavengers for ROS, such as acrylate and DMS. Evidence to support this model include the 

following. 1) The cleavage pathway only become significant in cultures during growth at very 

high concentrations of DMSP. This result seems to preclude the sulfur demand hypothesis. 

Moreover, it is generally consistent with the observations of Gao et al. (2020), who reported that 

the relative expression of a cleavage pathway gene increases at high DMSP concentrations. 2) 

Growth on DMSP reduces the expression of oxidative stress responsive genes, suggesting that 

DMSP protects against oxidative stress. 3) Oxidative stress induced by the addition of H2O2 or 

the katG mutation reduces the expression of the demethylation genes and increases the 

expression of the cleavage genes.  

Other regulatory schemata are also likely to play roles in oxidative stress response in R. 

pomeroyi. For instance, acrylate, the product of the cleavage pathway, is both toxic and a strong 

a scavenger of hydroxyl radicals. Its toxicity seems to be the basis of a complex interaction 

between the two DMSP catabolic pathways. dmdA , the first gene of the demethylation pathway, 

and acuI, which encodes the reduction of acrylyl-CoA to propionyl-CoA, share an operon that is 

co-regulated by both DMSP and acrylate (52, 53). Loss of a functional acuI abolishes R. 

pomeroyi’s ability to grow on DMSP or acrylate as sole carbon sources. This indicates that 

acrylate or acryloyl-CoA accumulated via the cleavage pathway are highly toxic and need to be 

removed even though this pathway only processes a small portion of the DMSP (16, 54). 

Moreover, addition of even small amounts of acrylate to cultures leads to a higher production of 

MeSH and DMSP demethylation activity (27). Thus, this regulatory network may serve to limit 

the cleavage pathway and DMS production. 
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Methods  

Construction of catalase deletion stain (ΔkatG) 

A deletion mutant of katG was constructed by homologous recombination as described 

previously (55). Briefly, 1 kb regions up- and downstream of the katG gene in the R. pomeroyi 

genome and tetAR cassette from pRK415 were cloned into pCR2.1 using sequence and ligation-

independent cloning (SLIC) (56) and electroporated into competent R. pomeroyi cells using a 

BTX Electro Cell Manipulator 630 under the following conditions: 1.8 kV, 24 µF, 200 Ω. 

Recombinant clones were selected on tetracycline-amended (20 µg/ml) 1/2YTSS medium 

(DSMZ medium 974), and the katG deletion was verified via PCR and sequencing. Primers used 

are listed in Table S2-1. 

Chemostat cultivation 

R. pomeroyi DSS-3 was routinely cultivated at 30 ºC on a carbon-limited chemostat. Two 

reservoirs were used to prevent the degradation of H2O2 caused by Fe(III)EDTA and other metal 

ions in the medium (Figure S2-1). One reservoir contained 160 mM HEPES (pH 6.8), 10 µM 

Fe(III)EDTA, 0.2% (v/v) trace mineral solution, and 0.2% (v/v) vitamin solution in general salts 

solution (16, 31, 57). Another reservoir contained 1.16 mM KH2PO4 solution. The two reservoirs 

were connected by a single pump and the flowrate was 0.05 ml/min, for a combined flow rate at 

the chemostat of 0.1 ml/min and leading to the final Fe(III)EDTA concentration of 5 µM. 

Chemostat experiments were initiated with inoculation of a glycerol stock culture of R. pomeroyi 

into 1/2YTSS broth (DSMZ 974) with 20 µg/ml tetracycline for ΔkatG strain in a shaking 

incubator at 30 ºC. After 24 hours, 1 ml of the starter culture was inoculated into the empty 

chemostat vessel, and the addition of fresh medium was started. The medium was supplemented 
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with sufficient glucose or glucose plus DMSP for final concentrations of 2 mM glucose and 0.2 

mM DMSP. The chemostat was allowed to fill to its maximum volume of 144 ml at a rate of 0.1 

ml/min. Air was bubbled into the chemostat at 3 ml/min. For cultures with DMSP, methanethiol 

and DMS present in the headspace of the chemostats and DMSP remaining in the outflow were 

measured daily. To add H2O2 into the chemostat, 2 mM or 0.2 mM H2O2 was applied to the 

phosphate solution for wild type or ΔkatG strains, respectively, when the culture reached steady 

state. At the end of each experiment, contamination of the chemostat was checked by microscopy 

as well as sequencing the PCR amplified 16S rRNA genes. The 16S rRNA genes were amplified 

with universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-

TACGGYTACCTTGTTACGACTT-3′) containing 4 µl 5× Phusion HF or GC Buffer, 0.4 µl 10 

mM dNTPs, 10 pmol of primer 27F, 10 pmol of primer 1492R, 200 ng genomic DNA extracted 

using Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research), and 0.2 µl Phusion® High-

Fidelity DNA Polymerase (New England Biolabs) brought up to a final volume of 20 μl with 

nuclease-free water. The reactions were performed on C1000 Touch Thermal Cycler (Bio-Rad) 

thermocycler under these conditions: 5 min at 98 °C, followed by 30 cycles of 30 s at 98 °C, 30 s 

at 55 °C and 90 s at 72 °C, and a final extension step at 72 °C for 10 min. According to the 

sequencing result, no contamination was founded for all chemostats. 

The abiotic chemostat controls followed the same procedure for the H2O2 addition except 

that a starter culture was not added. The carbon sources were 2 mM glucose or 2 mM glucose 

plus 0.25 mM DMSP. After two volume changes, H2O2 was applied to the phosphate solution. 

The H2O2 and DMSP in the outflow were measured twice daily. 

Measurement of MeSH, DMS and outflow DMSP 

https://www.bio-rad.com/en-us/product/c1000-touch-thermal-cycler?ID=LGTW9415
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DMS and methanethiol were measured as previously described (16, 41). Briefly, 1 ml of the 

headspace gas was injected onto an SRI-8610-C gas chromatograph with a Chromosil 330 

column, N2 carrier gas at a flow rate of 60 ml/min, an oven temperature of 60°C, and a flame 

photometric detector. Under these conditions, methanethiol and DMS had retention times of 

approximately 1.30 min and 1.60 min, respectively. Standard curves generated from known 

amounts of DMS and methanethiol were used to convert peak areas to amounts of DMS and 

methanethiol in the gas phase. The DMS and methanethiol concentrations in the aqueous phase 

were then calculated by using the distribution coefficient for 10 ppm DMS (Ki=8.830) or MeSH 

(Ki=7.107) at 30°C in artificial seawater (58). 

Outflow DMSP was measured by mixing 1 ml of chemostat outflow with 1 ml of 4 M 

NaOH in a crimp sealed 10 ml vial to hydrolyze DMSP to DMS (actual volume is 11.5 ml). 1 ml 

of headspace gas was analyzed after 0.5 h incubation at 30 °C. The DMSP in the outflow was 

calculated based on the injected DMS and the distribution coefficient mentioned above. 

Quantification of H2O2  

For measuring H2O2 in uninoculated medium, the absorbance at 240 nm of the diluted H2O2 

solution was measured with a 1.16 mM KH2PO4 solution as the control. The concentration of 

H2O2 was calculated from the molar extinction coefficient of 43.6 M–1cm–1 at 240 nm.  

For measuring H2O2 in the chemostat outflow, the FOX1 reaction was used with sorbitol 

to increase sensitivity (59). Chemostat outflow was collected on ice for 15 minutes to minimize 

the catalase activity during the collection. To completely inactivate catalase and adjust the 

sample pH, 975 μl of the outflow was acidified with 25 μl 1 M H2SO4. It was then centrifuged at 

5,000 g for 5 min to remove the cellular debris. A series of 0-50 µM H2O2 standard samples was 

prepared by diluting fresh 1 mM H2O2 in sterile medium acidified as above. 200 μl of FOX1 
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reagent [100 μM xylenol orange, 250 μM (NH₄)₂Fe(SO₄)₂, 100 mM sorbitol in 25 mM H2SO4] 

was mixed with 20 μl of each sample in duplicate for the standard or triplicate for the chemostat 

outflow. After incubating at room temperature for 20 minutes, the absorbance at 595 nm was 

read in a plate reader (BioTek Synergy Mx). 

Catalase assay 

To measure the enzyme activity of chemostat culture, the fresh outflow was collected and 

assayed immediately. Cell dry weight was calculated from the absorbance at 660 nm by the 

equation: dry weight (μg/ml) = 364.74A660 + 6.7A660×A660. The protein was estimated as 55% of 

the cell dry weight. The assays were set as described by Chance and Maehly with modification 

(60). 

Briefly, culture was directly mixed with equal volume of 0.05% (v/v) H2O2 in 50 mM 

potassium phosphate buffer (pH 7.0). The absorbance at 240 nm was monitored for 3 minutes at 

30 °C. The H2O2 concentration was calculated from the molar extinction coefficient of 43.6 M–

1cm–1 at 240 nm.  

RNA extraction and sequencing 

The chemostat outflow for RNA extraction was collected in pre-chilled 5% (w/v) phenol-ethanol 

solution on ice to stabilize mRNA. After 4 hours, the collections were centrifuged at 5,000 g for 

20 minutes at 4 ºC. Cell pellets were either stored at -80 ºC or processed for RNA extraction 

immediately. For each condition, three samples were collected. Total RNA extraction and DNA 

digestion were performed using the Zymo BIOMICS RNA Miniprep kit (Zymo Research) with 

elongated bead beating. The quality of purified total RNA was then checked with agarose gel 

electrophoresis, Qubit RNA HS assays (Invitrogen) and nanodrop. Some samples were further 

purified with the RNA Clean & Concentrator kit (Zymo Research). The eligible samples were 
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sent to Novogene for the subsequent steps. Ribosomal RNA was removed using the Ribo-Zero 

kit. Strand-specific cDNA libraries were prepared and sequenced using an Illumina NovaSeq  

6000 Sequencing System with a read length of PE150. 

Bioinformatic analysis 

Raw data was trimmed by Trim galore to remove adapters and reads with quality scores lower 

than 20 (61). Reads were mapped to the R. pomeroyi DSS-3 genome using Bowtie2 (Version 

2.4.2) and counted using featureCounts (Version 2.0.1) (62, 63). Differential expression of genes 

between each condition was calculated using DESeq2 (Version 3.12) in R (Version 4.0.5) with 

apeglm type shrinkage of log2 fold changes (64, 65). When comparing different conditions to the 

wild type with no additions or the W transcriptome, 23 samples without WD1 were processed by 

DESeq2 together and each condition was chosen to be the experimental condition with wild type 

with no additions as the control condition. A shrinkage estimator was not used. 

A total of 9.569 to 14.848 million (M) uniquely mapped clean reads were obtained for the 

subsequent analyses (Table S2-3). The average Q30 was 94.06%, and the lowest was 93.08%. 

The average GC content was 64.09 mol %, which was close to the genome GC content of 64.1 

mol %. The average overall alignment rate without sample K1 was 98.87 % with a range of 

95.21-100 %. K1 had a low overall alignment rate of 82.22 %, and it was found to have a 16.32 

% overall alignment rate to the Escherichia coli genome (K-12 substr. MG1655). As no 

contamination was found throughout growth, this contamination appeared to have occurred 

during the downstream processing of the sample and should not have affected the reliability of 

the R. pomeroyi reads, which were included in the subsequent analyses.  

The reads of all 4457 genes were counted by featureCounts and then processed by 

DEseq2. The PCA (Figure 2-3) shows that among all of the conditions, often one replicate did 
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not cluster with the other replicates. One possible reason leading to these differences could be 

batch effects during sample processing. For example, some samples failed the quality check for 

library construction so that additional replicate samples were prepared from different chemostat 

runs. Similarly, some replicates were sequenced at different times. These ‘batch’ effects may 

have contributed to the observed differences between the replicates. To look for batch effects, the 

distances between replicates were calculated from the regularized-logarithm transformations 

(rlog) of the raw counts of all 24 samples (Table S2-4). For 14 replicates, there were no batch 

differences in their processing, and the average difference (± standard deviation) was 35±18.  Six 

replicates differed only in the sequencing run, and the average difference was 42±18. Lastly, four 

replicates differed in both the chemostat run and RNA purification procedure, and the average 

difference was 48±10. Because the differences were not significantly different between replicates 

processed in different batches, the batch effects were likely to be small.  

Upon calculation of the differential expressed genes (DEGs) for each of the comparisons 

in Figure 2-2, it was found thar the number of DEGs was greatly reduced for comparisons 

including replicate WD1. When WD1 was dropped in subsequent analyses, the number of DEGs 

was comparable to other comparisons even though only two replicates were used for the WD 

condition. 

For principal component analysis, all 23 samples were normalized together first by 

DESeq2. The results were calculated and plotted by DESeq2 by the normalized counts of 

selected genes. 
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Table 2-1. DMSP consumption and metabolic data of R. pomeroyi strains during chemostat 

growth on glucose or glucose and DMSP before and after H2O2 additions. 1 

Parameter Unit 

Wild type ΔkatG 

Glucose 
Glucose + 

DMSP 
Glucose 

Glucose + 

DMSP 

Inflow glucose nmol min-1 200 200 200 200 

Inflow DMSP nmol min-1 0 20 0 20 

Before adding H2O2 
2      

OD600 NA 0.30±0.00 0.36±0.01 0.33±0.01 0.33±0.01 

Cell dry weight 3 μg/ml 110±0 133±2 121±2 122±3 

MeSH produced nmol min-1 NA 0.04±0.01 NA 0.06±0.01 

DMS produced nmol min-1 NA 0.45±0.02 NA 0.45±0.08 

Outflow DMSP nmol min-1 NA 0.20±0.01 NA 0.18±0.01 

Catalase activity4 
μmol min-1 

mg-1 
11.4±0.5 6.9±0.2 4.4±0.3 1.8±0.4 

After adding H2O2 
5      

Inflow H2O2 
6 μM 975 1045 110 107 

OD600 NA 0.31±0.01 0.30±0.00 0.35±0.01 0.34±0.01 

Cell dry weight μg/ml 112±2 112±1 129±3 126±2 

Outflow H2O2 μM <1 <1 5.8±1.3 <1 

MeSH produced nmol min-1 NA 0.06±0.01 NA 0.05±0.01 

DMS produced nmol min-1 NA 0.50±0.05 NA 0.38±0.06 

Outflow DMSP nmol min-1 NA 0.19±0.02 NA 0.24±0.04 

Catalase activity 
μmol min-1 

mg-1 
24.3±0.4 24.0±0.5 1.8±0.8 3.0±0.4 

 

1The 95% confidence intervals are based on three measurements unless indicated otherwise. NA: 

not applicable. 
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2The data reported are the means (n=6) of results for the last two days of steady state before the 

addition of H2O2 except for the OD600, where n=4. All cultures had a background H2O2 

concentrations of less than 1 μM. 

3Cell dry weights were calculated from the absorbance at 660 nm by the equation: dry weight = 

364.74A660 + 6.7A660×A660. 

4For catalase specific activity, 55% of the cell dry weight was assumed to be protein. Catalase 

activity was measured on whole cultures collected from the chemostat outflow, and the average 

of three determinations are reported. 

5After adding H2O2, all the parameters were measured three times daily. The data reported are 

the means (n=9) of results for day 3 to day 5 after adding H2O2 except for OD600, where n=6. 

6The inflow H2O2 is calculated from the concentration measured in the reservoir.
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Table 2-2. Fold change of expression of selected oxidative stress responsive genes. Abbreviations for growth conditions are 

defined in Figure 2-2. Each comparison was made to the wild-type with no additions or W transcriptome. Conditions in parentheses 

are controls for each comparison. NA: cannot be compared due to the gene deletion. 

Genes Locus tag1 Annotations WH WD WDH K KH KD KDH 

katG 20080 catalase-peroxidase 2.120* 0.703 0.936 NA NA NA NA 

soxR 04980 redox-sensitive transcriptional activator 0.614 0.909 0.620 0.630 0.452 0.497 0.233** 

soxS 04985 regulatory protein 0.935 3.218** 2.699** 0.855 0.949 1.394 2.021** 

sodB 11860 Fe-Mn family superoxide dismutase 0.992 0.567 0.227** 0.686 0.769 0.451* 0.154** 

oxyR  10675 H2O2-inducible genes activator 1.029 0.588 1.013 2.596** 2.153** 0.862 1.212 

lexA 10920 SOS response genes repressor 0.851 0.391* 0.297** 2.871* 1.791 0.330** 0.203** 

GPx 18990 glutathione peroxidase 1.072 1.655 1.786* 3.228** 19.504** 1.722* 2.167** 

recA 10320 recombinase 0.701 0.595 0.357** 2.320 2.113 0.436* 0.162** 

mutT 00305 8-oxo-dGTP diphosphatase 1.202 1.225 1.087 1.544 1.528** 1.323 1.061 

ruvB 15785 Holliday junction DNA helicase 1.054 1.085 1.567** 2.136** 1.873** 1.223 1.620** 

ruvA 15790 Holliday junction DNA helicase 1.063 0.965 1.488** 2.147** 2.156** 1.223 1.697** 

ruvC 15795 crossover junction endodeoxyribonuclease 1.412 1.460 3.448** 2.637* 5.608** 2.808** 4.431** 

uvrA 11250 excinuclease ABC subunit A 0.922 1.218 0.839 1.823 1.814** 0.825 0.511** 

uvrB 02750 excinuclease ABC subunit B 1.033 1.324 1.110 1.280 1.430** 0.951 0.883 

uvrD 05950 excinuclease ABC subunit C 0.760 0.672 0.590** 1.362 1.093 0.528** 0.386** 

sufD 10235 Fe-S cluster assembly protein 1.069 0.548 0.422** 1.554 1.494 0.446** 0.427** 
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sufC 10240 Fe-S cluster assembly ATPase 1.317 1.179 0.890 2.150** 3.068** 0.987 0.744 

sufB 10265 Fe-S cluster assembly protein 0.950 1.033 0.836 2.093 3.431** 0.971 0.415** 

 
1all locus tags have the prefix SPO_RS 

*: adjusted p value <0.1. 

**: adjusted p value <0.05. 
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Table 2-3. Fold change of expression of DMSP metabolism genes under each condition compared to wild-type with no 

additions or W transcriptome. Abbreviations for growth conditions are defined in Figure 2-2. 

Genes Locus tag1 Annotations WH WD WDH K KH KD KDH 

demethylation pathway genes 

dmdA 09710 DMSP demethylase 1.347 2.309** 2.100** 1.277 1.066 2.406** 1.847** 

dmdB1 10375 MMPA-CoA ligase 1.027 1.070 0.712 1.154 0.876 0.726 0.346** 

dmdB2 03420 MMPA-CoA ligase 1.147 1.195 1.277 1.583* 0.867 1.234 1.421** 

dmdC1 19300 MMPA-CoA dehydrogenase 0.910 3.422** 2.849** 1.180 1.819 3.719** 2.084** 

dmdC2 01515 MMPA-CoA dehydrogenase 1.487 2.605 1.601 3.223 1.038 1.418 0.475 

dmdC3 14785 MMPA-CoA dehydrogenase 1.114 3.957** 2.449* 2.127 0.967 2.099 0.734 

dmdD 19305 MTA-CoA hydratase 1.476 4.966** 2.217** 1.038 2.012 3.535** 1.720 

acuH 00755 enoyl -CoA hydratase 1.021 0.991 0.539 0.747 1.063 0.692 0.261** 

mtoX 21180 methanethiol oxidase 1.004 39.371** 13.000** 1.091 1.021 15.110** 4.171** 

cleavage pathway genes 

dddD 08640 DMSP lyase 0.911 1.105 2.480** 1.000 1.390 2.958** 4.846** 

dddP 11655 DMSP lyase 0.744 1.004 1.069 0.700 0.709* 1.006 1.081 

dddQ 22175 DMSP lyase 1.098 1.079 1.586* 0.911 0.828 1.257 1.874** 

dddW 02290 DMSP lyase 2.169 4.304** 14.979** 1.943 8.304** 12.113** 20.800** 

acuI 09715 
NADPH-dependent acryloyl-CoA 

reductase 
1.114 1.693 1.356 1.010 1.248 1.474 1.420 

other DMSP pathway genes 
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adlH 00490 aldehyde dehydrogenase 1.364 1.077 1.082 1.092 0.855 0.827 1.042 

prpE 14880 propionyl-CoA synthetase 1.974 1.101 0.736 1.546 0.861 0.843 0.543** 

 

*: adjusted p value <0.1. 

**: adjusted p value <0.05. 

1all locus tags have the prefix SPO_RS. 
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Table 2-4. Fold change of expression of selected sulfur metabolism genes under each condition compared to wild-type with no 

additions or W transcriptome. Abbreviations for growth conditions are defined in Figure 2-2. 

Genes Locus tag1 Annotations WH WD WDH K KH KD KDH 

sulfate reduction genes 

cysJI 13360 sulfite reductase 1.538 0.029** 0.056** 1.132 2.018 0.046** 0.088** 

cysH 13365 phosophoadenylyl-sulfate reductase 1.290 0.030** 0.079** 0.987 1.227 0.054** 0.094** 

SAT 04535 
bifunctional sulfate 

adenylyltransferase/adenylylsulfate kinase 
2.084 0.535 0.506 1.516 2.424 0.603 0.442 

sulfur oxidation sox enzyme system 

soxV 04990 sulfur oxidation V protein 1.310 5.607** 21.655** 1.046 7.365** 14.899** 31.372** 

soxW 04995 thioredoxin 0.662 0.849 0.585* 0.901 0.450** 0.483** 0.310** 

soxX 05000 L-cysteine S-thiosulfotransferase 0.710 1.890* 1.347 1.055 0.369** 0.474** 0.398** 

soxY 05005 sulfur oxidation Y protein 0.550 1.068 0.666 0.770 0.262** 0.325** 0.326** 

soxZ 05010 sulfur oxidation Z protein 0.620 0.999 0.462* 0.704 0.216** 0.171** 0.073** 

soxA 05015 L-cysteine S-thiosulfotransferase 0.645 1.088 0.651 0.828 0.303** 0.344** 0.284** 

soxB 05020 S-sulfosulfanyl-L-cysteine sulfohydrolase 0.682 2.754** 2.302** 0.845 0.409** 1.029 1.387 

soxC 05025 sulfur oxidation molybdopterin C protein 0.695 10.367** 10.058** 0.960 1.536 3.637** 5.234** 

soxD 05030 S-disulfanyl-L-cysteine oxidoreductase 0.759 5.763** 5.591** 0.926 1.104 2.239** 3.523** 

soxE 05035 diheme cytochrome C 0.984 1.516 1.186 0.705 0.447** 0.692 0.829 

soxF 05040 sulfide-cytochrome-c reductase 0.500** 0.733 0.638* 0.598 0.352** 0.319** 0.364** 

quinone-reducing molybdenum sulfite dehydrogenase SoeABC 
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soeC 17005 sulfite dehydrogenase subunit C 1.456 1.805 6.018** 0.981 2.885** 4.516** 8.861** 

soeB 17010 sulfite dehydrogenase subunit B 0.856 1.208 1.664* 1.118 1.245 1.423 2.160** 

soeA 17015 sulfite dehydrogenase subunit A 1.067 1.205 3.568** 1.633 4.533** 3.150** 5.716** 

methionine and cysteine metabolism genes 

metY 07295 O-acetyl-L-homoserine sulfhydrylase 1.379 0.879 0.456** 0.834 0.706 0.578** 0.317** 

metZ 06880 O-succinyl-L-homoserine sulfhydrylase 1.385 0.704 1.019 0.929 2.006 1.098 1.499 

megL 21430 methionine gamma-lyase 1.235 4.841* 38.284** 1.242 14.694** 27.219** 58.386** 

MTR 09575 
5-methyltetrahydrofolate-homocysteine 

methyltransferase 
0.736 0.515* 0.336** 1.086 0.560** 0.368** 0.203** 

cysQ 00195 3'(2'),5'-bisphosphate nucleotidase 1.228 1.330 0.947 0.746 1.265 1.236 0.628 

cysK 11395 cysteine synthase A 1.211 0.367** 0.193** 0.929 1.392 0.184** 0.104** 

cysE 11400 serine O-acetyltransferase 0.960 0.773 0.410** 0.947 0.704 0.426** 0.166** 

 

*: adjusted p value <0.1. 

**: adjusted p value <0.05. 

1all locus tags have the prefix SPO_RS.  
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Table 2-5. DMSP consumption by R. pomeroyi during chemostat growth on glucose plus DMSP. 1 

Parameter units 100 µM2 200 µM 5000 µM2 

Inflow DMSP nmol min-1 10 20 500 

DMSP concentration µM 0.3 2.0 61 

DMSP metabolized nmol min-1 10.0 19.8 494 

Demethylation activity nmol min-1 9.6 19.3 35.3 

Cleavage activity nmol min-1 0.4 0.5 93.6 

 

1Chemostats where carbon-limited and fed 200 nmol min-1 (or 2 mM) glucose plus the indicated amounts of DMSP.  Dilution rates 

were 1 da-1 in minimal medium as described in Table 1 and the methods. 

2Calculated from the data in Table 1 of Wirth et al. (2020). The chemostats were run under the same conditions as this study but with 

68 µM Fe(III)EDTA. 
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Figure 2-1. DMSP metabolic pathways in R. pomeroyi DSS-3. Genes: dmdA (SPO_RS09710), 

dmdB (SPO_RS10375, SPO_RS03420), dmdC (SPO_RS19300, SPO_RS01515, 

SPO_RS14785), dmdD (SPO_RS19305), acuH(SPO_RS00755), adlH (SPO_RS00490), mtoX 

(SPO_RS21180), dddD (SPO_RS08640), dddP (SPO_RS11655), dddQ (SPO_RS22175), dddW 

(SPO_RS02290), prpE (SPO_RS14880), and acuI (SPO_RS09715).  
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Figure 2-2. Experimental design for chemostat growth conditions. The arrows indicate the 

possible comparisons between selected conditions. Abbreviations for the growth conditions are 

indicated in parentheses. WT: wild type R. pomeroyi DSS-3; ΔkatG: the catalase deletion mutant. 
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Figure 2-3. Effect of growth conditions on the patterns of gene expression. Principal 

component analyses for RNAseq results of each sample except for WD1. Abbreviations are 

defined in Figure 2-2. A, the entire genome; B, oxidative stress genes listed in table 2-2 (katG 

was not included because it is absent in the mutant); C, DMSP metabolism genes listed in table 

2-3; D, sulfur metabolism genes listed in table 2-4. 
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Figure 2-4. Overview of sulfur metabolism in R. pomeroyi. Sulfide can be used for 

biosynthesizing cysteine or methionine by CysK or MetZ and MTR, respectively. In chemostats, 

sulfide can be produced either by reducing sulfate or oxidizing MeSH released by DMSP 

demethylation. MeSH can also be directly incorporated for methionine biosynthesis by MetY. 

For locus tags, see table 2-3 and table 2-4. 
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Figure 2-5. Regulation network of oxidative stress on DMSP metabolism based on changes 

in gene expression. The increasing expression of oxidative stress genes from W, WH, K and KH 

when DMSP was not present indicated the increasing oxidative stress among the conditions. The 

log2fold changes of selected genes were calculated compared to wild-type with no additions (the 

W transcriptome). A. Proposed regulation network; B. Averaged log2fold change of the 

oxidative stress genes listed in table 2-2; C. Averaged log2fold change of the demethylation 

pathway genes listed in table 2-3; D. Averaged log2fold change of the cleavage pathway genes 

listed in table 2-3. 
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CHAPTER 3 

SUBSTRATE SPECIFICITY OF THE 3-METHYLMERCAPTOPROPIONYL-COA 

DEHYDROGENASE (DMDC1) FROM RUEGERIA POMEROYI DSS-31 
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Abstract 

The acyl-coenzyme A (CoA) dehydrogenase family enzyme DmdC catalyzes the third step in the 

dimethylsulfoniopropionate (DMSP) demethylation pathway, the oxidation of 3-

methylmercaptopropionyl-CoA (MMPA-CoA) to 3-methylthioacryloyl-CoA (MTA-CoA). To 

study its substrate specificity, the recombinant DmdC1 from Ruegeria pomeroyi was 

characterized. In addition to MMPA-CoA, the enzyme was highly active with short chain acyl-

CoAs, with Km values for MMPA-CoA, butyryl-CoA, valeryl-CoA, caproyl-CoA, heptanoyl-

CoA, caprylyl-CoA and isobutyryl-CoA of 36, 19, 7, 11, 14, 10, and 149 µM, respectively, and 

kcat values of 1.48, 0.40, 0.48, 0.73, 0.46, 0.23 and 0.01 sec-1, respectively. Among these 

compounds, MMPA-CoA was the best substrate. The high affinity of DmdC1 for its substrate 

supports the model for kinetic regulation of the demethylation pathway.  In contrast to DmdB, 

which catalyzes the formation of MMPA-CoA from MMPA, CoA and ATP, DmdC1 was not 

affected by physiological concentrations of potential effectors, such as DMSP, MMPA, ATP and 

ADP. Thus, compared to the other enzymes of the DMSP demethylation pathway, DmdC1 has 

only minimal adaptations for DMSP metabolism compared to other enzymes in the same family 

with similar substrates, supporting the hypothesis that it evolved relatively recently from a short 

chain acyl-CoA dehydrogenase involved in fatty acid oxidation. 

Importance 

We report the kinetic properties of DmdC1 from the model organism R. pomeroyi and close an 

important gap in the literature. While the crystal structure of this enzyme was recently solved and 

its mechanism of action described (Shao et al. 2020), its substrate specificity and sensitivity to 

potential effectors was never examined. We show that DmdC1 has a high affinity for other short 

chain acyl-CoAs in addition to MMPA-CoA, which is the natural substrate in DMSP metabolism 
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and is not affected by the potential effectors tested. This evidence supports the hypothesis that 

DmdC1 possesses few adaptations to DMSP metabolism and likely evolved relatively recently 

from a short chain acyl-CoA dehydrogenase involved in fatty acid oxidation. This work is 

important because it expands our understanding about the adaptation of marine bacteria to the 

increased availability of DMSP about 250 million years ago.  

  



 

76 

Introduction 

Dimethylsulfoniopropionate (DMSP) is a ubiquitous low molecular compound in marine surface 

water produced by phytoplankton, algae, bacteria, corals, and higher plants (1-4). About 10% of 

DMSP is degraded to the volatile compound dimethylsulfide (DMS) (5). DMS is the major 

natural sulfur source to the atmosphere, where it can be oxidized to sulfate and methanesulfonate 

(6). According to the CLAW hypothesis, these products and DMS itself act as cloud 

condensation nuclei, promoting the albedo effect and lowering global temperatures. Marine 

bacteria metabolize DMSP by three competing pathways, the cleavage, demethylation and 

oxidation pathways (7, 8). Only the cleavage pathway directly yields DMS (9, 10). In contrast, 

most of DMSP is processed by the demethylation pathway, which involves four enzymes, DMSP 

demethylase DmdA (E.C. 2.1.1.269), MMPA-CoA ligase DmdB (E.C. 6.2.1.44), MMPA-CoA 

dehydrogenase DmdC (E.C. 1.3.8.-),, and MTA-CoA hydratase DmdD (E.C. 4.2.1.155)  or the 

DmdD ortholog, AcuH (EC:4.2.1.17) (Figure 3-1) (5, 7). The final products of this pathway are 

methanethiol (MeSH), carbon dioxide, and acetaldehyde. The reduced sulfur in MeSH can be 

assimilated into biomass directly or oxidized to formaldehyde and hydrogen sulfide by MtoX (1, 

11). Thus, DMSP is not only an important sulfur source for marine organisms, but it is also an 

integral part of the global sulfur cycle.  

DMSP may have first become abundant in seawater about 250 million years ago when 

the highly active DMSP producers, dinoflagellates and coccolithophores, became abundant and 

coinciding with the first predicted episode of roseobacter genome expansion (12, 13). Thus, it 

has been proposed that the individual steps of the demethylation pathway in the roseobacters 

may have evolved at that time by recruitment of existing enzymes through specific adaptations to 

novel functions (9). For instance, the first enzyme of the pathway DmdA shares structural 
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similarity especially near the tetrahydrofolate-binding site but low sequence identity to the 

ubiquitous glycine cleavage T-protein (GcvT) (7, 14, 15). In spite of these similarities, DmdA 

possesses a catalytic mechanism distinct from GvcT as well as a high substrate specificity for 

DMSP. Likewise, the last enzyme in the pathway DmdD is a member of the crotonase 

superfamily and possesses a similar structure and activity site residues with other enoyl-CoA 

hydratases  (16). However, it also possesses a high affinity and catalytic efficiency for its 

physiological substrate MTA-CoA, and greatly reduced activity for crotonyl-CoA, a good 

substrate for other enoyl-CoA hydratases. Similarly, the enzymes catalyzing the middle steps of 

the pathway, DmdB and DmdC, possess sequence and structural similarly to acyl-CoA ligases 

and acyl-CoA dehydrogenases, respectively, widely used in fatty acid metabolism (17). Although 

DmdB shares a similar mechanism and overlapping substrate specificity with other acyl-CoA 

ligases, the enzymes from marine bacteria have acquired sensitivities to effectors such as DMSP 

that may allow regulation of the demethylation pathway (18). Likewise, many properties of 

DmdC are similar to those of other acyl-CoA dehydrogenases (17). Enzymes in this family 

catalyze the initial step of fatty acid β-oxidation using flavin adenine dinucleotide (FAD) as a 

required cofactor and have a glutamate residue at the active site, resulting in the formation of a 

double bond at the α and β positions of various CoA-conjugated substrates (19).  However, its 

substrate specificity and sensitivity to potential effectors has not been evaluated. To address 

these questions, the recombinant DmdC1 from Ruegeria pomeroyi was studied further.    

Results and Discussion 

Phylogenetic analysis of dmdC homologues. The roseobacters contain a large number of genes 

with significant sequence similarity to dmdC and other acyl-CoA dehydrogenases genes. For 

example, the genomes of R. pomeroyi DSS-3 and Roseovarius nubinhibens ISM encode at least 
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10 acyl-CoA dehydrogenase family enzymes including DmdC (Figure 3-2). While the function 

of most of these enzymes is not known, the DmdCs form a distinct clade consistent with a 

specific role in DMSP catabolism. Moreover, R. pomeroyi possesses three closely related DmdC 

enzymes, named DmdC1, DmdC2 and DmdC3, all of which are more closely related to each 

other than other acyl-CoA dehydrogenases (Figure 3-2). In contrast, R. nubinhibens encodes 

homologs to DmdC2 and DmdC3 but not DmdC1 (9).  

Purification of RPO_DmdC1 dehydrogenase. Previously, it was found that a dmdC1 deletion 

mutant of R. pomeroyi had reduced DmdC activity in cell-free extracts and failed to grow with 

MMPA as the sole carbon source (7). To examine the properties of this physiologically important 

enyzme further, the recombinant RPO_DmdC1 dehydrogenase was purified. Induction of the 

recombinant enzyme expression in Escherichia coli BL21(DE3) led to the appearance of new 

protein band with a Mr of ~60 kDa (Figure S3-1). This protein was purified 8.7-fold to 

electrophoretic homogeneity using a three-step chromatographic procedure (Table S3-1). No 

obviously contaminating proteins were detected by SDS-PAGE in the final preparation, and 

purity was estimated to be >85%. The purified RPO_DmdC1 dehydrogenase had a specific 

activity of 0.785 µmol min-1 mg-1 in the standard assay at pH 7.5. For storage, the purified 

enzyme was mixed with 30% (vol/vol) glycerol, 1 mM dithiothreitol (DTT), and 0.1 mM EDTA. 

Under these conditions, it was stable at -20 °C for at least 2 months.   

Properties of RPO_DmdC1 dehydrogenase. The Mr of purified RPO_DmdC1 dehydrogenase 

determined by SDS-PAGE was 61.2 kDa and close to the molecular weight predicted from the 

amino acid sequence, which was 62.9 kDa. The native enzyme eluted as a single peak on a gel 

filtration column with a Mr of 130.5 kDa, indicating that it was a homodimer. Similarly, the 

DmdC3 from R. nubinhibens ISM also forms a homodimer (17). 
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 DmdC is a member of the acyl-CoA dehydrogenase family of proteins, which frequently 

couple the oxidation of acyl-CoA compounds to the reduction of an acceptor flavoprotein, 

although some enzymes can reduce free FAD (19). MTA-CoA formation from MMPA-CoA by 

RPO_DmdC1 dehydrogenase was only detected in the presence of the artificial electron 

acceptors phenazine methosulfate (PMS) plus 2,6-dichloroindophenol sodium (DCPIP) or PMS 

plus iodonitrotetrazolium violet (INT) (Table S3-2). No activity was detected with DCPIP, FAD, 

FMN, or NADP+ alone. This result suggests that this enzyme is coupled to an uncharacterized 

flavoprotein in vivo. In contrast, the R. nubinhibens DmdC3 was active with free FAD (17). 

Activity with free flavins is not common for acyl-CoA dehydrogenases (19), so it is difficult to 

compare this activity with that of the R. pomeroyi enzyme. 

The response of RPO_DmdC1 dehydrogenase to pH was examined in the range of 6 to 8. 

Depending upon the buffer, activity was either indifferent to the pH or increased at the lower 

pHs in this range (Figure 3-3). Because the cation concentration and ionic strength also varied 

with pH, their effects were also tested (Figure S3-2). Both the chloride and acetate salts of the 

monovalent cations of lithium, sodium, potassium, and ammonium yielded about 40% inhibition 

at a concentration of 0.4 M. The lack of specificity for the salt suggested that activity was 

responding to the ionic strength of the buffer. Likewise, 0.4 M CaCl2 and MgCl2 both yielded 

80% inhibition and had a much higher ionic strength. Thus, the small response to pH in the range 

of 6 to 8 was probably due to changes in the ionic strength of the buffers and not a direct effect 

of pH. In contrast, the pH optimum of the R. nubinhibens DmdC dehydrogenase was 9.0 (17). 

However, over the pH range of 6-8, activity only increased by about 20 % and did not differ 

greatly from the response of RPO_DmdC1 dehydrogenase. Importantly, a direct comparison of 

the pH responses of these two enzymes is difficult because the electron acceptors were different. 
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 RPO_DmdC1 dehydrogenase was insensitive to potential effectors that might regulate the 

demethylation pathway (Figure S3-3). DMSP, MMPA, FMN, ADP, and ATP had little effect on 

activity. While FAD stimulated activity by 20%, this result was not surprising for a flavoprotein 

and was unlikely to denote a regulatory capacity.  

Substrate specificity of RPO_DmdC1 dehydrogenase. The RPO_DmdC1 dehydrogenase 

possessed a broad substrate specificity with good activity towards MMPA-CoA and straight-

chain C4-C8 acyl-CoA substrates (Table 3-1). Very low activity was detected with isobutyryl-

CoA, but no activity was found with the longer branched-chain acyl-CoA substrates tested. 

Similarly, the activity with 3-mercaptopropionyl-CoA was below the limit of detection. Thus, its 

specificity was typical for a short-chain acyl-CoA dehydrogenase (19).  

Conclusions 

The structure and mechanism of the R. nubinhibens DmdC dehydrogenase closely resembles 

those of other short-chain acyl-CoA dehydrogenases (17). The low Km and high catalytic 

efficiency of the RPO_DmdC1 for MMPA-CoA as well as the C4-C8 acyl-CoAs reported here 

support the hypothesis that this enzyme is closely related to short-chain acyl-CoA 

dehydrogenases as well as the proposed kinetic regulation of the demethylation pathway (17). 

The major modification seems to be the decrease in substrate specificity to include MMPA-CoA. 

No evidence was found for acquisition of regulatory functions related to DMSP demethylation, 

such as the inhibition of DmdB by DMSP (18). Thus, compared to the other enzymes of the 

DMSP demethylation pathway, DmdC has only minimal adaptations for DMSP metabolism.  

Materials and Methods 

Plasmid construction and expression of recombinant protein. The RPO_DmdC1 gene 

(SPO3804) of 1,767 bp was cloned from the Ruegeria pomeroyi DSS-3 genome and inserted into 
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the expression vector pET101, yielding pET101-SPO3804. Escherichia coli BL21 (DE3) cells 

bearing pET101-SPO3804 were grown at 30 °C in 500 ml of Luria-Bertani broth with 100 µg ml-

1 ampicillin. Expression of RPO_DmdC1 was induced by supplementation with 200 µM 

isopropyl-β-D-1-thiogalactopyranoside (IPTG) when the culture reached an optical density at 

600 nm (OD600) of 0.6-0.8, and then the culture was incubated at 30 °C overnight. Cells were 

harvested by centrifugation at 4 °C (5,000 ×g, 15 min), washed with 10 ml of 50 mM Tris-HCl 

(pH 7.5) and then resuspended in the same buffer. Cells were lysed by sonication with a W-380 

sonicator (Heat Systems-Ultrasonics, Inc.) for 5 minutes of 5-s bursts with the output set at 5 and 

the duty cycle set at 40%. The lysed cell suspension was centrifuged at 17,000 ×g for 3 min to 

remove the cell debris from the supernatant. 

Purification of RPO_DmdC1 dehydrogenase. The resulting supernatant was filtered 

(Whatman 0.2 µm PES Filter) to remove small particles and remaining bacterial cells. The 

filtrate was then loaded onto a Q-Sepharose HP (GE Healthcare) column (1.6 by 7.0 cm) in a 

AKTA purifier system (GE Healthcare) equilibrated with 50 mM Tris-HCl (pH 7.5), and proteins 

were eluted with a linear gradient from 0 to 1 M NaCl at a flow rate of 2 ml min-1. Fractions 

containing  RPO_DmdC1 dehydrogenase were identified by enzymatic assay,  pooled, and 

further purified on the same Q-Sepharose HP column. Active fractions were pooled, and 

(NH4)2SO4 was added to 1.7 M before loading onto a phenyl-Superose (GE Healthcare) column 

(1.0 by 10.0 cm) equilibrated with 50 mM Tris-HCl (pH 7.5) containing 1.7 M (NH4)2SO4 and 

eluting with a linear gradient from 1.7 to 0 M (NH4)2SO4 at a flow rate of 1 ml min-1. Active 

fractions were pooled and concentrated using the Amicon Ultra-4 10K centrifugal filter 

(Millipore). Finally, 1 ml of enzyme containing 30% (vol/vol) glycerol, 1 mM DTT, and 0.1 mM 

EDTA was stored at -20 °C.  
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Enzyme assays. Unless specified differently, enzyme activity of RPO_DmdC1 dehydrogenase 

was assayed at room temperature (25 ºC) for 5 min in a reaction mixture containing 200 µM 

MMPA-CoA, the intermediate and terminal electron acceptors 50 µM phenazine methosulfate 

(PMS) and 200 µM 2,6-dichloroindophenol sodium (DCPIP), respectively, and 1.12 µg enzyme 

in 100 mM HEPES-NaOH buffer (pH 6.5) with a volume of 200 µl (7). The reaction was 

quenched by addition of concentrated H3PO4 acid to a final concentration of 10% (vol/vol) and 

centrifuged to remove denatured proteins. MTA-CoA formation was analyzed by high-

performance liquid chromatography (Agilent 1260 Infinity) using a ZORBAX Eclipse Plus C18 

column (3.5 µm, 4.6 by 100 mm; Agilent) and developed with a linear gradient of 2 to 20% 

acetonitrile in 50 mM ammonium acetate buffer (pH 6.0) over 10 min at a flow rate of 1 ml min-

1. The product was detected by its absorbance at 254 nm (7) and quantified with standard CoA 

samples analyzed with the same procedure (20). One unit was defined as the amount of enzyme 

producing 1 µmol of MTA-CoA per min, and the specific activity was defined as 1 U per mg of 

protein. 

 Apparent Michaelis-Menten kinetic constants were calculated by varying MMPA-CoA or 

fatty acid-CoAs in the standard assay. MMPA-CoA was varied over the range of 0.025 mM to 

0.2 mM, butyryl-CoA over the range of 0.025 mM to 0.4 mM, caproyl-CoA over the range of 

0.0074 mM to 0.059 mM, caprylyl-CoA over the range of 0.010 mM to 0.076 mM, isobutyryl-

CoA over the range of 0.010 mM to 0.164 mM, and valeryl-CoA over the range of 0.011 mM to 

0.087 mM. Kinetic data and statistical analyses were performed using SigmaPlot 12.5 (Systat 

Software Inc.).  

Protein quantification. Protein concentrations were determined using either the Bio-Rad protein 

assay dye reagent concentrate or the bicinchoninic acid protein assay kit (Thermo Scientific) 
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with bovine serum albumin as the standard. Both the methods yielded similar results (21, 22).  

SDS-PAGE. SDS-PAGE was accomplished using 4 to15% Mini-PROTEAN TGX precast gels 

(Bio-Rad). Gels were stained using Simply Blue safe stain (Invitrogen). Gel Pro Analyzer 

program version 4.0 (Media Cybernetics, L.P.) was used to assess the protein purity based upon 

images of the stained SDS-PAGE gels. 

Native Molecular Mass. The native molecular mass of RPO_DmdC1 was determined as 

previously described (18). Briefly, a Sephacryl S200 HR (GE Healthcare) column (1.6 by 34 cm) 

equilibrated with 50 mM Tris-HCl (pH 7.5) and 250 mM NaCl was used, and proteins were 

eluted in the same buffer at a flow rate of 0.75 ml min-1. β-Amylase (200 kDa), alcohol 

dehydrogenase (150 kDa), bovine albumin (66 kDa), carbonic anhydrase (29 kDa), and 

cytochrome c (12.4 kDa) served as molecular mass standards. 

Substrate synthesis. MMPA-CoA was synthesized enzymatically using purified recombinant 

DmdB as previously described (7). After resuspension, MMPA-CoA was aliquoted and stored at 

-20 ºC for several months. Other substrates were synthesized with the acyl coenzyme A (acyl-

CoA) synthetase as described by Crosby and Escalante-Semerena 2014 (23).   

Phylogenetic analysis. The DmdC1 (SPO3804), DmdC2 (SPO0298), DmdC3 (SPO2915) from 

R. pomeroyi DSS-3  and DmdC (ISM) from R. nubinhibens ISM were used as query sequences 

for a BLASTp search against their respective genomes (24). All detected sequences aligned using 

the MUSCLE algorithm in MEGA 11(25). A maximum-likelihood tree was constructed with the 

best model (LG+G+I+F) identified by MEGA 11 and 100 bootstrap replicates.  
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Table 3-1. Substrate specificity and apparent kinetic constants for recombinant 

RPO_DmdC1 dehydrogenasea. 

Substrates Km (µM) Vmax (µmol min-1 mg-1) kcat (s
-1) kcat/Km (s-1 mM-1) 

MMPA-CoA 34±8 1.37±0.09 1.44±0.09 42 

Butyryl-CoA 19±3 0.37±0.01 0.39±0.01 21 

Valeryl-CoA 7.1±0.7 0.47±0.01 0.48±0.01 67 

Caproyl-CoA 11.6±0.9 0.72±0.02 0.75±0.02 65 

Heptanoyl-CoA 23±3 0.48±0.02 0.50±0.02 22 

Caprylyl-CoA 21±5 0.28±0.02 0.29±0.02 13 

Isobutyryl-CoA 280±36 0.16±0.01 0.17±0.01 0.61 

3-Mercaptopropionyl-CoA  <0.005b   

2-Methylbutyryl-CoA  <0.005   

Isovaleryl-CoA  <0.005   
 

aAssayed under the standard conditions at pH 7.0. Values are based on duplicate assays at five 

concentrations of substrate and reported ± the standard errors. 

bLimit of detection. 
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Figure 3-1. Demethylation pathway in R. pomeroyi DSS-3. The four Dmd enzymes and their 

locus numbers in R. pomeroyi DSS-3. Abbreviations: MMPA, 3-methylmercaptopropionic acid; 

MTA-CoA; 3-methylthioacryloyl-CoA; HS-CoA, coenzyme A. 
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Figure 3-2. Phylogeny of DmdC homologues from R. pomeroyi DSS-3 and R. nubinhibens 

ISM. The maximum-likelihood tree shows that the DmdCs form a distinct clade within the other 

acyl-CoA dehydrogenase family genes encoded in the genomes of R. pomeroyi DSS-3 and R. 

nubinhibens ISM. Annotated clades are labeled. Numbers at the nodes are bootstrap percentages 

derived from 100 replications. Locus tags correspond to organisms as follows: R. pomeroyi 

(SPO) and R. nubinhibens ISM (ISM). The scale bar indicates the number of substitutions per 

site. 
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Figure 3-3.  Response of the recombinant RPO_DmdC1 dehydrogenase to pH. 

RPO_DmdC1 enzyme activity was tested in the standard enzymatic assay with 200 µM MMPA-

CoA and 100 mM buffer of the designated pH. Results are averages of two replicates. Error bars 

are not shown because the duplicates were very close. 
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Abstract 

Gram-negative staining, aerobic, non-spore-forming, catalase- and oxidase-positive, cocci, 

ovoids, or rods. Halophilic or moderately halotolerant. Optimal growth typically occurs at 25 ˚C 

and pH 7.5-8. Capable of utilizing a large variety of organic carbon compounds. The majority of 

strains produce acids from sugars and are non-motile. The major fatty acid is C18:1ω7c. The 

major quinone is ubiquinone 10 (Q-10). Species have been isolated globally from seawater and 

microbial mats from marine environments. Members of the family Rhodobacteraceae. The type 

species is Loktanella salsilacus. 
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Etymology 

Lok.tan.el′la. N.L. fem. n. Loktanella named after Tjhing-Lok Tan from the Alfred Wegener 

Institute in Bremerhaven, who contributed to our understanding of marine and polar bacteriology 

and ecology. 

Description 

Rod-shaped, Gram-negative staining, non-spore-forming, and lacking flagella, except for 

Loktanella atrilutea, which possesses a polar flagellum. Motility was not observed except in L. 

atrilutea. All species are aerobes. Positive for catalase and oxidase. Ability to reduce nitrate to 

nitrite, depends on the species. Growth temperatures range from 5 to 37 ˚C, but optimal growth 

occurs at 25˚C. Grows at NaCl concentrations from 0% to 10% (w/v). All species have an 

optimal pH between 7.5 and 8, but growth occurs between pH 6 and pH 10. 

Capable of degrading a variety of carbon compounds including carbohydrates and 

carboxylic acids. However, reports of the substrate specificity are incomplete for many species. 

The major quinone is ubiquinone 10 (Q-10). The polar lipids observed in at least one species 

comprise diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, and 

phosphatidylcholine. The major fatty acid is C18:1ω7c. The other fatty acids observed with ≥ 1.0 

% of the total fatty acids in at least one species comprise C14:0, C15:0, C16:0, C17:0, C18:0, C18:2, 

C16:1ω8c, C18:1ω9c, C19:1cy, 11-methyl C18:1ω7c, C10:0 3-OH, summed feature 2 (C12:0 aldehyde, 

iso-C16:1 I, and C14:0 3-OH and/or unknown 10.928), summed feature 3 (iso-C15:0 2-OH and/or 

C16:1ω7c), and summed feature 7 (C19:1ω6c and/or C19:0ω10c cyclo and/or unknown ELC 

18.846). 

 Species are globally distributed in marine or salty water environments. Species have been 

isolated from seawater and microbial mats. Members of the family Rhodobacteraceae. The type 
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species is Loktanella salsilacus. 

DNA G + C content (mol %): 60-66.3. 

Type species: Loktanella salsilacus Van Trappen et al. 2004VP. 

Number of species with validated names: 4. 

Further Descriptive Information 

Cell morphology. The cells of all species in Loktanella are Gram-negative staining rods (1-3). 

For a summary of morphological characters, see Table 4-1. Cell length varies from 0.9 µm to 4 

µm, and cell width ranges from 0.5 µm to 1 µm. All the species except L. atrilutea lack flagella 

and are nonmotile. L. atrilutea is motile by means of a polar flagellum. Some species, including 

L. salsilacus and Loktanella fryxellensis, often occur in pairs or form short chains of cells. 

Colonial and cultural characteristics. On plates, colonies can typically be observed after 2-7 

days. Colonies can be up to 3 mm in diameter. Colonies of Loktanella agnita are whitish, round, 

regular, convex, smooth, and 1-3 mm in diameter after incubation for 2-3 days on marine agar 

2216 (MA, Difco) (2). Colonies of L. atrilutea are beige and round (3). Older colonies turn dark 

orange. Colonies of L. fryxellensis are pale pink to beige, convex, translucent, and 1.0 mm in 

diameter after incubation for 7 days at 25 ºC on MA (1). Colonies of L. salsilacus are beige, 

convex, translucent, and 1.0-2.0 mm in diameter after 2 days at 25 ºC on MA. Colonies of L. 

salsilacus and L. fryxellensis do not adhere to the agar. 

Nutritional, growth conditions and biochemical characteristics. Data of Loktanella growth 

range and optimum conditions is incomplete. All the species tested grow optimally at 25 ºC. 

Additional information is listed in Table 4-1. 

The ability to utilize various sole carbon sources has only been reported for L. salsilacus 

and L. agnita. Both species utilize cellobiose, D-fructose, D-galactose, D-glucose, and D-

mannose but not L-arabinose, benzoate, citrate, formate, L-glutamate, salicin, sucrose, or 
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trehalose. All of the Loktanella species hydrolyze aesculin (no data for L. atrilutea) but not agar, 

casein, gelatin, or starch. 

All species tested are negative for acetoin, hydrogen sulfide, and indole production. In 

assays with the API ZYM system, all the species are positive or weakly positive for acid 

phosphatase, alkaline phosphatase, esterase lipase (C8), and leucine arylamidase and negative for 

α-chymotrypsin, cystine arylamidase, α-fucosidase, N-acetyl-β-glucosaminidase, lipase (C14), 

and α-mannosidase. 

Loktanella species are susceptible to a variety of antibiotics, but not all species have been 

tested for the same antibiotics. There are no data for antibiotic susceptibility of L. atrilutea and 

L. fryxellensis. All the species tested are susceptible to cephalothin, chloramphenicol, 

gentamicin, kanamycin, neomycin, novobiocin, oleandomycin, streptomycin, and tetracycline 

but resistant to ampicillin and lincomycin.  

The characters that can be used to distinguish the Loktanella species from one another are 

listed in Table 4-2. 

Chemotaxonomic characteristics. The major fatty acid in Loktanella is C18:1ω7c. Every species 

possesses C18:1ω7c, but its percentage ranges from 74.4% to 87.7%. The following fatty acids 

have also been observed in all Loktanella species: C16:0, C18:0 and C10:0 3-OH. For a summary of 

the fatty acids in the Loktanella species, see Table 4-3. All Loktanella species tested for polar 

lipids possess phosphatidylglycerol and phosphatidylcholine.  

Genome features. Except for L. agnita, whole genome sequences are publicly available for the 

type strains of the remaining Loktanella species. The detailed information of the whole-genome 

sequences is summarized in Table 4-4. So far, a genetics system for Loktanella has not been 

reported. 
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Ecology. Loktanella species are found in aerobic, marine environments. Except L. salsilacus and 

L. fryxellensis, which were originally isolated from Antarctica lakes, the remaining species were 

isolated from seas of Japan. Potential Loktanella species have been identified by 16S rRNA gene 

sequencing of environmental DNA sampled from saltwater lakes, seawater, marine sediment, 

algae, and corals from around the world. The wide range of growth temperature, salinity, and 

carbon sources of Loktanella species may help to explain their presence in such a wide variety of 

environments. 

Enrichment and Isolation Procedures 

All the Loktanella species were isolating by dilution plating. L. salsilacus and L. fryxellensis 

were isolated by plating dilutions of microbial mat samples from Ace Lake and Organic Lake, 

Vestfold Hills, Antarctica and Lake Fryxell, Antarctica, respectively, homogenized in sterile 

physiological water [0.86% (w/v) NaCl] (4). Plates were then incubated in aerobic conditions at 

4 or 20 ºC. L. agnita was isolated by plating seawater collected from the first meter below the 

surface in Chazma Bay, Sea of Japan, Pacific Ocean on MA or medium B and incubating 

aerobically for 5-10 days at room temperature (2, 5). Medium B consists of 0.2% (w/v) peptone, 

0.2% (w/v) casein hydrolysate, 0.2% (w/v) yeast extract, 0.1% (w/v) glucose, 0.02% (w/v) 

KH2PO4, 0.005% (w/v) MgSO4∙7H2O, and 1.5% (w/v) agar in 50% seawater with pH 7.8. L. 

atrilutea was isolated by plating seawater from off the Sanriku coast, Japan, on a modified 

gelatin agar and incubating at 25 ºC for one week (3).  

Maintenance Procedures 

Strains of Loktanella can be maintained on solid media or in liquid cultures. Because all 

Loktanella species are aerobes, shaking is recommended for liquid cultures in order to increase 

the oxygenation of the media. 
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Several types of rich media have been used to cultivate the Loktanella species. The most 

common medium is marine agar/broth 2216 (MA/MB, Difco). All the species are routinely 

cultivated on MA or MB. R2A agar was also used to cultivate L. salsilacus, L. atrilutea and L. 

fryxellensis. None of the tested species grow on Tryptic Soy Agar (TSA) or Nutrient Agar (NA). 

The modified gelatin agar used for isolating L. atrilutea contains 0.75× artificial seawater 

(3% NaCl, 0.07% KCl, 1.08% MgCl2∙6H2O, 0.54% MgSO4∙7H2O and 0.1% CaCl2∙2H2O), 0.4% 

gelatin, 0.025% peptone, 0.025% yeast extract, 0.001% FeSO4∙7H2O, 0.001% Na2HPO4 and 1% 

agar (3). 

Differentiation of the genus Loktanella from other genera 

Although many phenotypic and chemotaxonomic characters have been examined, many 

characteristics have not been tested for all the species. As a result, no clear characters except 

gelatin hydrolysis have been identified that distinguish Loktanella from the closely related 

genera Flavimaricola, Cognatiyoonia, Yoonia, and Limimaricola. So far, the most reliable way 

to distinguish Loktanella species from those of other genera is comparison of the whole-genome 

sequences. RpoC protein sequence is also proposed to serve as a reliable phylogenetic marker if 

the whole-genome is not available (6). In contrast, the 16S rRNA sequence similarity is not a 

reliable marker in this group (see below). 

Taxonomic comments 

The genus Loktanella was first proposed by Van Trappen et al. in 2004 to describe a distinct 

phylogenetic group (based on 16S rRNA gene sequence) of chemoheterotrophic, nonmotile, and 

oxidase-, catalase-, and β-galactosidase positive bacteria of the Rhodobacter group with three 

species, L. salsilacus (type), L. fryxellensis and Loktanella vestfoldensis. Since then, 19 species 

have been isolated and added to the genus Loktanella (listed in order of publication): Loktanella 
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hongkongensis, L. agnita, Loktanella rosea, Loktanella koreensis, Loktanella maricola, L. 

atrilutea, Loktanella pyoseonensis, Loktanella tamlensis, Loktanella litorea, Loktanella 

cinnabarina, Loktanella sediminilitoris, Loktanella soesokkakensis, Loktanella. aestuariicola, 

Loktanella maritima, Loktanella variabilis, Loktanella ponticola, Loktanella sediminum, 

Loktanella marina and Loktanella acticola (2, 3, 7-21). In many cases, the classification of these 

species within Loktanella was bases upon a high similarity of the 16S rRNA genes with the type 

species L. salsilacus (Figure 4-1). However, when genome sequences became available, the 

genus Loktanella proved to be polyphyletic. 

After an extensive taxonomic reevaluation based on whole-genome sequences, core-gene 

average amino acid identity, percent of conserved proteins, and phenotypic data, most species 

were moved out of Loktanella (6). L. hongkongensis, L. cinnabarina, L. pyoseonensis and L. 

soesokkakensis were reclassified in the novel genus Limimaricola with Limimaricola 

hongkongensis as type. L. marina was reclassified in the novel genus Flavimaricola. L. 

vestfoldensis, L. litorea, L. maricola, L. maritima, L. rosea, L. sediminilitoris and L. tamlensis 

were reclassified in the novel genus Yoonia with Yoonia vestfoldensis as the type. L. koreensis 

and L. sediminum were reclassified in the novel genus Cognatiyoonia with Cognatiyoonia 

koreensis as type. At that time, genome sequences were not available for L. aestuariicola, L. 

variabilis, L. agnita and L. ponticola. L. aestuariicola and L. variabilis were moved into 

Limimaricola because of their high 16S rRNA sequence similarity with the other Limimaricola 

species and the phenotypic differences between these species and the remaining species in the 

genus Loktanella. L. ponticola and L. agnita were left in the genus Loktanella as there is no clear 

support from 16S rRNA and phenotype to move them into other genera. Subsequently, the 

genome sequence of L. ponticola became available. Reanalysis of its phylogeny suggested that it 

https://lpsn.dsmz.de/species/loktanella-tamlensis
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was a deep lineage associated with Yoonia (Figure 4-2). However, neither the phylogenetic nor 

phenotype data clearly indicated whether or not it should be reclassified into the genus Yoonia or 

into a novel genus.  Until this ambiguity is removed, the species is retained here in Yoonia. 

Lastly, L. acticola was described while Wirth and Whitman (2018) was in press, and its 

classification was not considered by them. It shares high 16S rRNA sequence similarity with 

most of the species reclassified as  Yoonia compared to the similarity of the sequences of the 

type strains of other Loktanella species (94.0-96.3%) (21). It also has 8-25% DNA-DNA 

hybridization with Yoonia species. Thus, L. acticola should be reclassified into the genus Yoonia 

and is not considered a species of Loktanella here. 

Currently, there are only 4 species remained in Loktanella. By comparing the 16S rRNA 

sequence similarity among them, L. agnita has the lowest similarity to the other three species, 

with a similarity of 94.25, 94.50, and 94.93% to L. atrilutea, L. fryxellensis and L. salsilacus, 

respectively (Figure 4-1). When the genome sequence of L. agnita is available, it may be 

reclassified into another genus. 

List of species of the genus Loktanella 

1. Loktanella agnita Ivanova et al. 2005 VP 

ag.ni′ta. L. fem. part. adj. agnita recognized. 

Description as for the genus and Tables 4-1 and 4-2 (2, 20). Na+ or seawater is required for 

growth. Weakly reduces nitrate to nitrite. Hydrolyzes aesculin, hypoxanthine, Tweens 20, 40, 

and 60, and L-tyrosine but not agar, casein, chitin, DNA, gelatin, laminarin, starch, urea, or 

xanthine. There are conflicting results for Tween 80 hydrolysis. In assays with Biolog GN 

Microplates, exhibits only a limited ability to utilize carbon sources including glycyl L-glutamic 

acid, alaninamide, and glycyl L-aspartic acid. On basal medium (BM) (22), utilizes acetate, 
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cellobiose, D-fructose, D-galactose, D-glucose, L-malate, D-mannose, pyruvate, succinate, and 

D-xylose as sole carbon and energy sources but not L-arabinose, benzoate, citrate, formate, L-

glutamate, maltose, salicin, sucrose, or trehalose. Negative for arginine dihydrolase, hemolysis, 

lysine decarboxylase, and ornithine decarboxylase. In assays with the API ZYM system, the 

reactions are positive for alkaline phosphatase, esterase lipase (C8), leucine arylamidase, and 

trypsin and weakly positive for acid phosphatase. The reactions are negative for α-chymotrypsin, 

cystine arylamidase, esterase (C4), α-fucosidase, α-galactosidase, β-galactosidase, α-glucosidase, 

β-glucuronidase, β-glucosidase, lipase (C14), α-mannosidase, N-acetyl-β-glucosaminidase, 

naphthol-AS-BI-phosphohydrolase, and valine arylamidase. Susceptible to carbenicillin, 

cephalothin, chloramphenicol, gentamicin, kanamycin, neomycin, novobiocin, oleandomycin, 

streptomycin, and tetracycline but resistant to ampicillin, lincomycin, penicillin G, and 

polymyxin B. 

DNA G + C content (mol %): 59.1 (Tm). 

Type strain: R10SW5 (=KMM 3788=CIP 107883). 

GenBank accession (16S rRNA gene): AY682198. 

GenBank accession (genome): not available. 

2. Loktanella atrilutea Hosoya and Yokota 2007VP  

at.ri.lu′te.a. L. adj. ater -tra -trum dark; L. adj. luteus -a-um orange; N.L. fem. adj. atrilutea dark 

orange. 

Description as for the genus and Tables 4-1 and 4-2 (3). Grows on R2A agar but not on NA or 

TSA. Hydrolyzes Tweens 20, 40, 60, and 80 but not agar, alginate, casein, DNA, gelatin, starch, 

L-tyrosine, or urea. In marine oxidation fermentation (MOF) medium comprising 0.1% (w/v) 

casitone, 0.01% (w/v) yeast extract, 0.05% (w/v) ammonium sulfate, 0.05% (w/v) Tris buffer, 
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0.3% (w/v) agar, 0.001% (w/v) phenol red, and 0.5-1% (w/v) carbohydrate in half strength 

artificial seawater, pH 7.5 (23), produces acids from L-arabinose, cellobiose, D-fructose, D-

galactose, D-glucose, lactose, maltose, D-mannose, raffinose, L-rhamnose, D-sorbitol, sucrose, 

and D-xylose but not dulcitol, glycerol, inositol, D-mannitol, or trehalose. Negative for 

production of acetoin, hydrogen sulfide, and indole. Negative for arginine dihydrolase, lysine 

decarboxylase, ornithine decarboxylase, and tryptophan deaminase. In assays with the API ZYM 

system, the reactions are positive for acid phosphatase, alkaline phosphatase, esterase (C4), 

esterase lipase (C8), α-galactosidase, α-glucosidase, β-glucuronidase, leucine arylamidase, and 

naphthol-AS-BI-phosphohydrolase. The reactions are negative for α-chymotrypsin, cystine 

arylamidase, α-fucosidase, β-galactosidase, β-glucosidase, lipase (C4), α-mannosidase, N-acetyl-

β-glucosaminidase, trypsin, and valine arylamidase. The susceptibilities and resistances to 

antibiotics have not been reported. 

DNA G + C content (mol %): 64.9 (genome). 

Type strain: IG8 (=IAM 15450=NCIMB 14280=DSM 29326=JCM 23210). 

GenBank accession (16S rRNA gene): AB246747. 

GenBank accession (genome): GCA_ 900128995. 

3. Loktanella fryxellensis Van Trappen et al. 2004VP 

fry.xell.en′sis N.L. fem. adj. fryxellensis referring to the isolation source, Lake Fryxell, 

Antarctica. 

Description as for the genus and Tables 4-1 and 4-2 (1, 3). Growth was observed on R2A agar 

but not on NA or TSA. Hydrolyzes aesculin, citrate, and Tween 80 but not agar, casein, DNA, 

gelatin, starch, L-tyrosine, or urea. In MOF medium, produces acids from D-fructose, D-

galactose, D-glucose, inositol, lactose, maltose, D-mannose, raffinose, L-rhamnose, D-sorbitol, 
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sucrose, trehalose, and D-xylose but not L-arabinose, cellobiose, dulcitol, glycerol, or D-

mannitol. In assays with the API 20E system, the reactions are negative for arginine dihydrolase, 

lysine decarboxylase, ornithine decarboxylase, and tryptophan deaminase. In assays with the API 

20NE system, growth on carbohydrates is not observed, and acids from carbohydrates are not 

produced. In assays with the API ZYM system, the reactions are positive for alkaline 

phosphatase, esterase (C4), esterase lipase (C8), β-galactosidase, β-glucosidase, and leucine 

arylamidase and weakly positive for acid phosphatase, α-glucosidase, naphthol-AS-BI-

phosphohydrolase, and valine arylamidase. The reactions are negative for α-chymotrypsin, β-

glucuronidase, cystine arylamidase, α-fucosidase, α-galactosidase, N-acetyl-β-glucosaminidase, 

lipase (C14), α-mannosidase, and trypsin. The susceptibilities and resistances to antibiotics have 

not been reported. 

DNA G + C content (mol %): 66.3 (genome). 

Type strain: LMG 22007 (=CIP 108323=DSM 16213). 

GenBank accession (16S rRNA gene): AJ582225. 

GenBank accession (genome): GCA_ 900110065. 

4. Loktanella salsilacus Van Trappen et al. 2004VP 

sal.si.la′cus. L. adj. salsus salt, salty; L. gen. n. lacus of a lake; N.L. gen. n. salsilacus of a salt 

lake, referring to the isolation source, Ace Lake and Organic Lake, Vestfold Hills, Antarctica. 

Description as for the genus and Tables 4-1 and 4-2 (1, 3, 20). Growth was observed on R2A 

agar but not on NA or TSA. Hydrolyzes aesculin, citrate, hypoxanthine, and Tweens (20, 40, 60, 

and 80) but not agar, casein, DNA, gelatin, starch, or xanthine. There are conflicting results for 

urea hydrolysis, L-tyrosine hydrolysis, and nitrate reduction. Negative for production of acetoin, 

hydrogen sulfide, and indole. On BM, utilizes cellobiose, D-galactose, D-glucose, maltose, D-
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mannose, and D-fructose as sole carbon and energy sources but not acetate, L-arabinose, 

benzoate, citrate, formate, L-glutamate, L-malate, pyruvate, salicin, succinate, sucrose, trehalose, 

or D-xylose. In MOF medium, produces acid from L-arabinose, cellobiose, D-fructose, D-

galactose, D-glucose, glycerol, inositol, lactose, maltose, D-mannose, raffinose, sucrose, 

trehalose, and D-xylose but not dulcitol, D-mannitol, L-rhamnose, or D-sorbitol. In assays with 

the API 20E system, the reactions are negative for arginine dihydrolase, lysine decarboxylase, 

ornithine decarboxylase, and tryptophan deaminase. In assays with the API 20NE system, 

growth on carbohydrates is not observed, and acids from carbohydrates are not produced. In 

assays with the API ZYM system, the reactions are positive for esterase (C4), esterase lipase 

(C8), and leucine arylamidase and weakly positive for acid phosphatase, alkaline phosphatase, α-

glucosidase, and naphthol-AS-BI-phosphohydrolase. The reactions are negative for α-

chymotrypsin, cystine arylamidase, α-fucosidase, N-acetyl-β-glucosaminidase, β-glucuronidase, 

lipase (C14), α-mannosidase, and valine arylamidase. There are conflicting results for α-

galactosidase, β-galactosidase, β-glucosidase, and trypsin. Susceptible to carbenicillin, 

cephalothin, chloramphenicol, gentamicin, kanamycin, neomycin, novobiocin, oleandomycin, 

penicillin G, polymyxin B, streptomycin, and tetracycline but resistant to ampicillin and 

lincomycin. 

DNA G + C content (mol %): 60 (genome). 

Type strain: LMG 21507 (=CIP 108322=DSM 16199). 

GenBank accession (16S rRNA gene): AJ440997. 

GenBank accession (genome): GCA_900114485. 
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Table 4-1. Selected characteristics of Loktanella species. Species: 1, L. agnita; 2, L. atrilutea; 

3, L. fryxellensis; 4, L. salsilacus. “+” positive. “-” negative. “ND” no data available. “v” 

conflicting results were reported. 

Characteristic 1 2 3 4 

Morphology rods rods short rods short rods 

Cell size (µm) 
0.7-0.9 in 

diameter 
0.5-1.0×1.8-2.0 <1×2.0-3.0 <1×3.0-4.0 

Motility - + - - 

Flagellation - polar - - 

Carbon sourcea     

Carbohydrates + ND ND + 

Amino acids - ND ND - 

Carboxylic acids + ND ND - 

Catalase + + + + 

Oxidase + + + + 

Growth conditions 

(optimum) 
    

Temperature (ºC) 8-35 (25) 8-35 (25-30) 5-35 (25) 5-37 (25) 

Salinity (% w/v 

NaCl) 
3-6 0-8 0-5 0-10 

pH 6-10 (7.5-8) 6-8 ND ND 

Nitrate reduction + - - v 

Polar lipids identified + - + + 

Abundant fatty acids C18:1ω7c C18:1ω7c C18:1ω7c C18:1ω7c 

Major quinone Q-10 Q-10 Q-10 Q-10 

API ZYM determinedb + + + + 

Isolation habitat Seawater seawater 
microbial mats 

from salty lake 

microbial mats 

from salty lake 

References 2, 20 3 1 1, 20 

 
aResults based on tests describe in detail in the species description. 

bAPI ZYM results are given in the species descriptions. 
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Table 4-2. Selected characteristics distinguishing of Loktanella species. Species: 1, L. agnita; 

2, L. atrilutea; 3, L. fryxellensis; 4, L. salsilacus. “+” positive or weakly positive. “-” negative.  

“ND” no data available. “v” conflicting results were reported. 

Characteristic 1 2 3 4 

Hydrolysis of     

L-tyrosine + - - v 

Tween 80 v + + + 

urea - - - v 

Produce acid from     

L-arabinose ND + - + 

cellobiose ND + - + 

dulcitol ND - + + 

glycerol ND - - + 

inositol ND - + + 

L-rhamnose ND + + - 

D-sorbitol ND + + - 

trehalose ND - + + 

D-xylose ND + + + 

Polar lipids     

diphosphatidylglycerol + ND - - 

phosphatidylethanolamine + ND - + 

Enzyme activity     

esterase (C4) - + + + 

α-galactosidase - + - v 

β-galactosidase - - + v 

α-glucosidase - + + + 

β-glucosidase - - + v 

β-glucuronidase - + - - 

naphthol-AS-BI-phosphohydrolase - + + + 

trypsin + - - v 

valine arylamidase - - + - 

Antibiotics susceptibility     

penicillin G - ND ND + 

polymycin B - ND ND + 

References 2, 20 3 1, 3 1, 3, 20 
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Table 4-3. Cellular fatty acids in the Loktanella species. Species: 1, L. agnita; 2, L. atrilutea; 

3, L. fryxellensis; 4, L. salsilacus. “-” no data available or not detected.  

Fatty acids 1 2 3a 4b 

C12:0 0.4 - - - 

C14:0 4.6 - - - 

C14:1 4.6 - - - 

C15:0 4.6 - - - 

C16:0 4.6 9.5 2.7±1.1 2.9±0.9 

C17:0 1.7 - - - 

C18:0 - 2.2 1.6±0.9 1.4±0.8 

C18:2 1.8 - - - 

C10:0 3-OH 1.0 1.5 3.7±1.1 2.4±0.7 

C12:1 3-OH - - - - 

C16:1ω7c 1.9 - - - 

C17:1ω6c - - - - 

C17:1ω8c - - - - 

C18:1ω7c 79 74.4 84.9±3.7 87.7±1.9 

C18:1ω9c 4.4 - - - 

C19:1cy 1.7 - - - 

11-methyl C18:1ω7c - 6.3 - <1 

Summed feature 2c - 3.8 1.7±0.7 <1 

Summed feature 3d - - - 2.8±0.9 

Summed feature 7e - 1.0 4.7±2.0 1.2±1.0 

References 2 3 1 1 

 
aMean percentage of total fatty acids with corresponding standard deviation from 12 strains.  

bMean percentage of total fatty acids with corresponding standard deviation from 10 strains.  

cSummed feature 2 comprises C12:0 aldehyde, iso-C16:1 I, C14:0 3-OH and/or unknown 

10.928. 

dSummed feature 3 comprises iso-C15:0 2-OH and/or C16:1ω7c. 

eSummed feature 7 comprises C19:1ω6c and/or C19:0ω10c cyclo and/or unknown ELC 18.846. 
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Table 4-4. Genome sequences for the Loktanella species. All genomes were downloaded from 

NCBI (https://www.ncbi.nlm.nih.gov). Genomes of L. agnita is currently not available. 

Strain 
Assembly 

level 

Genome 

size (Mbp) 

Number 

of PEGa 

Number 

of REGb 

L. atrilutea IG8T contig 4.21 3940 51 

L. fryxellensis LMG 22007T scaffold 3.55 3288 50 

L. salsilacus LMG 21507T contig 4.13 3810 57 

 

Table 4-4 (continued). 

Strain 
Number of 

scaffolds 

Number 

of contigs 

GenBank 

assembly 

L. atrilutea IG8T 46 46 GCA_ 900128995 

L. fryxellensis LMG 22007T 74 75 GCA_900110065 

L. salsilacus LMG 21507T 77 77 GCA_900114485 
 

aPredicted protein-encoding genes (PEG). 

bPredicted stable RNA-encoding genes (REG). 
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Table 4-5. Characteristics distinguishing of Loktanella from other, closely related genera. 

Genera: 1, Loktanella; 2, Cognatiyoonia; 3, Flavimaricola; 4, Limimaricola; 5, Yoonia. “+” all 

of the species are positive. “-” all of the species are negative. “d” one or more but not all of the 

species are positive. 

 

Characteristic 1 2 3 4 5 

API ZYM      

 acid phosphatase + d + d d 

 α-chymotrypsin - d - d - 

 cystine arylamidase - d - d - 

 lipase (C14) - - - d - 

 leucine arylamidase + + + + d 

Hydrolyze      

 aesculin +* + + d d 

 gelatin - + - - - 

 starch - - - - d 

 

*: No data available for Loktanella atrilutea. 
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Figure 4-1. 16S rRNA gene-based phylogenetic tree of Loktanella species and their 

relatives. Prior to the reclassification by Wirth and Whitman (2018), all species shown in the 

tree except Ruegeria atlantica, Wenxinia marina, Roseobacter litoralis, Salipiger mucosus and 

Shimia marina were classified in the genus Loktanella. In the tree, former Loktanella species are 

named according to their reclassification. Type species are bolded. 16S rRNA gene sequences 

were downloaded from NCBI and aligned using RDP aligner (https://rdp.cme/msu.edu) (24). The 

phylogenetic tree was constructed by maximum-likelihood analysis using IQTREE with 1000 

non-parametric bootstrap replicates (25, 26). The scale bar indicates the number of substitutions 

per site. 
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Figure 4-2. Core-gene-based phylogenetic tree of Loktanella species and its relatives. Bolded 

taxa indicate the type species of the genera. Note that Limiamricola variabilis and Yoonia 

ponticola were not included in the reclassification of Wirth and Whitman (2018). The whole-

genome sequences were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/) or IMG 

(https://img.jgi.doe.gov) and subjected to phylogenomic analyses as previously described (6). 

The maximum-likelihood tree was constructed using IQTree version 1.6.3 with the best model 

(LG+F+I+G4) identified by Bayesian information criterion and 100 bootstrap replicates (25, 26). 

The scale bar indicates the number of substitutions per site. 
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CHAPTER 5 

THE GENUS YOONIA1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Wang T, Wirth JS, Chen C, Whitman WB. 2021. In Bergey’s Manual of Systematics of Archaea 

and Bacteria (eds Trujillo ME, Dedysh S, DeVos P, Hedlund B, Kämpfer P, Rainey FA and 

Whitman WB). 

Reprinted here with permission of the publisher. 
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Abstract 

Gram-negative staining, aerobic, non-spore-forming, catalase- and oxidase-positive cocci, 

ovoids, or rods. Optimal growth typically occurs between 25 and 30 ˚C, 0-5 % (w/v) NaCl, and 

pH 6.5-8. Capable of utilizing a large variety of organic carbon compounds. All species tested 

can utilize acetate and L-malate as sole carbon and energy sources. The major fatty acid is 

C18:1ω7c. The major quinone is ubiquinone 10 (Q-10). Species have been isolated globally from 

marine environments such as seawater, marine sediments, and microbial mats. Members of the 

family Rhodobacteraceae. The type species is Yoonia vestfoldensis. 
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Etymology 

Yoo′ni.a. N.L. fem. n. Yoonia in honour of Jung-Hoon Yoon, for his contributions to the 

taxonomy of marine Alphaproteobacteria. 

Description 

Coccoid, ovoid, or rod shaped, Gram-negative staining, and non-spore-forming. Usually not 

flagellated. Yoonia tamlensis is the only flagellated species and possesses a polar flagellum. 

Motility was not observed in any species except Y. tamlensis. All species are aerobes. Positive 

for catalase and oxidase. Unable to reduce nitrate to nitrite. Growth temperatures range from 4 to 

37 ˚C, but optimal growth occurs between 25 and 30 ˚C. Species including Yoonia maricola, 

Yoonia maritima, and Yoonia rosea require NaCl for growth. Optimal NaCl concentrations are 

between 0 and 5 % (w/v), but growth occurs between 0 % and 12 % (w/v) NaCl. All species 

have an optimal pH between 6.5 and 8, but growth occurs between pH 5.5 and pH 10. 

Capable of degrading a variety of carbon compounds including carbohydrates and 

carboxylic acids. All species tested can utilize acetate, cellobiose, D-galactose, D-glucose, and 

L-malate as sole carbon and energy sources. None of the species tested can produce acids from 

D-glucose, lactose, maltose, melezitose, myo-inositol, raffinose, L-rhamnose, D-ribose, D-

sorbitol, or trehalose. The major quinone is ubiquinone 10 (Q-10). The polar lipids in at least one 

species comprise diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, 

phosphatidylglycerol, unidentified aminolipids, unidentified aminophospholipids, unidentified 

lipids, and unidentified phospholipids. The major fatty acid is C18:1ω7c. The fatty acids ≥ 1.0 % 

of the total fatty acids in at least one species comprise C16:0, C17:0, C18:0, C18:2, C17:1ω8c, C18:1ω7c, 

11-methyl C18:1ω7c, C10:0 3-OH, C12:1 3-OH, iso-C17:0 3-OH, summed feature 3 (iso-C15:0 2-OH 
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and/or C16:1ω7c), summed feature 7 (C19:1ω6c and/or C19:0ω10c cyclo and/or unknown ELC 

18.846), and the unknown fatty acid ECL 11.799.  

 Species are globally distributed in marine environments. Species have been isolated from 

seawater, marine sediments, and microbial mats. Members of the family Rhodobacteraceae. The 

type species is Yoonia vestfoldensis. 

DNA G + C content (mol %): 53.4-61.8. 

Type species: Yoonia vestfoldensis Wirth and Whitman 2018VP (Loktanella vestfoldensis 

Van Trappen et al. 2004VP). 

Number of species with validated names: 9. 

Further Descriptive Information 

Cell morphology. The cells of all species in Yoonia are Gram-negative staining cocci, ovoids, or 

rods (1-9). For a summary of morphological characters of the Yoonia species, see Table 5-1. Cell 

length varies from 0.4 to 7.0 µm and cell width varies from 0.2 to 1.2 µm. Yoonia acticola cells 

greater than 10 µm are also observed. Most species are nonmotile and not flagellated, but Yoonia 

tamlensis is motile by means of a polar flagellum (4). Some species, including Y. tamlensis and 

Yoonia vestfoldensis, can occur in pairs (2). Y. vestfoldensis can also form short chains. 

Colonial and cultural characteristics. On plates, colonies can typically be observed after 2-7 

days. Colonies can be up to 3 mm in diameter. Colonies of Y. acticola are greyish yellow, 

circular, slightly convex, glistening, smooth, and 0.5-1.0 mm in diameter after incubation for 7 

days at 25 ºC on marine agar 2216 (MA, B.D.) (8).  Colonies of Yoonia litorea are light orange-

yellow, circular to slightly irregular, slightly convex, smooth, glistening, and 1.0-2.0 mm in 

diameter after 3 days at 30 ºC on MA (3). Colonies of Y. maricola are light orange, circular, 

slightly convex, glistening and 1.0-2.0 mm in diameter after 7 days at 25 ºC on MA (5). Colonies 

of Y. maritima are light beige-pigmented, shiny smooth with regular edges, and 2-3 mm in 
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diameter (1). Colonies of Yoonia ponticola are greyish-yellow, circular, slightly convex, smooth, 

glistening, and 1.0-2.0 mm in diameter after incubation for 7 days at 25 ºC on MA (9). Colonies 

of Y. rosea are pinkish, round, regular, convex, smooth, transparent, and 1-3 mm in diameter 

after 2-3 days on MA (7). Colonies of Yoonia sediminilitoris are greyish-yellow, circular, 

slightly convex, smooth, glistening and 0.5-1.0 mm in diameter after 7 days at 25 ºC (6). 

Colonies of Y. tamlensis are beige, circular, smooth, convex, translucent, and 1-3 mm in diameter 

on yeast extract-malt extract-seawater (YE-SW) agar after 3 days at 30 ºC (4). Colonies of Y. 

vestfoldensis are pale pink, convex, translucent with entire margins (2). The colonies are smaller 

than 1 mm in diameter after 2 days at 25 ºC on MA and do not adhere to the agar. 

Nutrition and growth conditions. Reports on the Yoonia growth range and optimal conditions 

are incomplete (Table 5-1). All species tested grow optimally at pH 6.5-8.0 and 25-30 ºC. Yoonia 

species grow optimally at NaCl concentrations below 5 % (w/v), but Y. rosea and Y. 

vestfoldensis can tolerate more than 10% (w/v) NaCl.  

Various carbon sources are utilized by Yoonia as sole sources of carbon and energy, but 

the data are not complete for Y. acticola, Y. maritima, Y.  ponticola, and Y. vestfoldensis (Table 

5-2 and species descriptions). All species tested can utilize acetate, cellobiose, D-galactose, D-

glucose and L-malate but not benzoate, formate, L-glutamate, or salicin as sole carbon and 

energy sources. All species tested cannot produce acid from D-glucose, lactose, maltose, D-

mannose, melezitose, myo-inositol, raffinose, L-rhamnose, D-ribose, D-sorbitol, or trehalose. 

 There are several characters that distinguish the Yoonia species from one another (Table 

5-2). Y. litorea is the only species tested that is unable to utilize L-arabinose and D-fructose as 

sole sources of carbon and energy. Y. maritima is the only species tested that can produce acids 

from cellobiose and D-galactose and positive for valine arylamidase. Y. ponticola is the only 
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species that can hydrolyze xanthine. Y. rosea is the only species tested that can hydrolyze 

tyrosine, produce acid from D- fructose, and tolerate 12% (w/v) NaCl. Y. sediminilitoris is the 

only species tested that cannot utilize pyruvate or succinate as sole sources of carbon and energy. 

Y. tamlensis is the only species tested that can hydrolyze starch, produce acid from D-mannitol, 

and is positive for N-acetyl-β-glucosaminidase. Y. vestfoldensis is the only species tested that can 

hydrolyze urea and is positive for β-glucosidase. 

In assays with the API ZYM system, all the species are positive or weakly positive for 

alkaline phosphatase, esterase (C4), and esterase lipase (C8). All the species are negative for α-

chymotrypsin, cystine arylamidase, α-fucosidase, α-galactosidase, β-glucuronidase, lipase (C14), 

and α-mannosidase. 

Yoonia species are susceptible to a variety of antibiotics, but not all species have been 

tested for the same antibiotics. The antibiotic susceptibility in Y. vestfoldensis has not been 

reported. The remaining species tested are susceptible to carbenicillin (no data for Y. ponticola), 

cephalothin, chloramphenicol, gentamicin, novobiocin, and oleandomycin. Y. maricola, Y. 

maritima, Y. rosea, Y. sediminilitoris, and Y. tamlensis are all susceptible to benzylpenicillin, 

cephazolin, cephalexin, erythromycin, oxacillin, ofloxacin, rifampicin, and vancomycin. 

Chemotaxonomic characteristics. The major fatty acid in Yoonia is C18:1 ω7c. It is present in 

every species with a range of 65-81 %. The following fatty acids have also been observed in all 

Yoonia species: C16:0 and C18:0. For a complete list of the fatty acids in the Yoonia species, see 

Table 5-3. 

 Although the polar lipid content of the type species Y. vestfoldensis has not been 

determined, all of the Yoonia species tested possess phosphatidylglycerol and 

phosphatidylcholine as major polar lipids (Table 5-2). All the Yoonia species tested except Y. 
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litorea and Y. ponticola also possess diphosphatidylglycerol as a major polar lipid. For a 

complete list of the polar lipids in the Yoonia species, see Table 5-2. 

Genome features. Draft genome sequences are publicly available for the type strains of all of 

the Yoonia species except Y. acticola. By comparing the genomes of the type strains downloaded 

from NCBI, there are 721 core function genes shared in this genus. In addition, there is a 

complete genome sequence available for the reference strain of Y. vestfoldensis, strain SMR4r. 

This strain possesses 3 replicons: one chromosome of 3.84 Mbp and two small plasmids of 0.11 

and 0.04 Mbp. Table 5-4 provides details of the whole-genome sequences of Yoonia species. A 

genetics system for the Yoonia species has not been published. 

Ecology. Yoonia species are found in aerobic, saltwater environments (1-9). With the exception 

of Y. vestfoldensis, which was originally isolated from Antarctic lakes, all remaining species 

were isolated from seas around Korea, Japan, and Russia. Yoonia appears to be cosmopolitan, 

and closely related 16S rRNA genes have been identified in environmental samples from around 

the world, such as saltwater lakes, seawater, marine sediments, and algal or coral tissues. The 

wide range of growth temperatures, salinities, and carbon sources of Yoonia species may help to 

explain their presences in such a wide variety of environments. 

Enrichment and Isolation Procedures 

All of the Yoonia species were isolated by dilution plating (3-6, 8-12). Y. acticola was isolated 

by plating seawater collected near Oido, an island in the Yellow Sea, South Korea, on MA and 

incubating at 25 ºC for 10 days (8).  Y. maricola, Y. litorea, and Y. sediminilitoris were isolated 

by standard dilution plating of seawater from the South Sea of Korea, the East Sea of Korea, and 

tidal sediment from Boseong in the South Sea of Korea, respectively, at 25 ºC on MA (3, 5, 6). Y. 

maritima was isolated by serially diluting shallow sediment with sterile seawater, plating on MA, 
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and incubating for 7 days at 28 ºC (1). The sediment sample was collected from Peter the Great 

Bay, the Sea of Japan, Russia. Y. ponticola. was isolated by plating seawater from Wando in the 

South Sea of South Korea on MA and incubating at 25 ºC (9). Y. rosea was isolated from marine 

sediment from Chazhma Bay, Sea of Japan, Pacific Ocean, homogenized with sterile seawater 

(7, 13). Dilutions were then plated on MA or medium B. Medium B comprised 0.2% (w/v) 

peptone, 0.2% (w/v) casein hydrolysate, 0.2% (w/v) yeast extract, 0.1% (w/v) glucose, 0.02% 

(w/v) KH2PO4, 0.005% (w/v) MgSO4∙7H2O and 1.5% (w/v) agar in 50% (v/v) seawater at pH 

7.8. Plates were incubated aerobically for 7 days at room temperature. Y. tamlensis was isolated 

from surface seawater at Samyang Beach in Jeju, Republic of Korea, by directly diluting a water 

sample and plating onto YE-SW agar for 5 days at 30 ºC (4). Y. vestfoldensis was isolated by 

plating dilutions of homogenized microbial mat samples from lake Ace and Pendant, Vestfold 

Hills, Antarctica, in sterile physiological water [0.86% (w/v) NaCl] (1). Plates were then 

incubated in aerobic conditions at 4 ºC or 20 ºC. 

Maintenance Procedures 

Strains of Yoonia can be maintained on solid media or in liquid cultures. Because all Yoonia 

species are aerobes, shaking is recommended for liquid cultures in order to increase the 

oxygenation. 

Several types of rich media have been used to cultivate the Yoonia species. The most 

common medium is marine agar/broth 2216 (MA/MB, B.D.). All species are routinely cultivated 

on MA or MB except Y. tamlensis (1-9). Y. tamlensis can also grow on MA but is routinely 

cultivated in YE-SW broth or agar. YE-SW broth comprises of 0.4% (w/v) yeast extract, 1% 

(w/v) malt extract, 0.4% (w/v) glucose in 60% (v/v) seawater, pH 7.2. This liquid medium can be 

solidified by adding 1.8% (w/v) agar. Y. vestfoldensis can also grow on R2A agar and grow 



 

125 

weakly on trypticase soy agar (TSA) and nutrient agar (NA). All other tested species cannot 

grow on either TSA or NA. 

Several Yoonia species were cultivated in an artificial seawater-based medium (1, 3, 5, 6, 

9). The artificial seawater contains 2.36% (w/v) NaCl, 0.064% (w/v) KCl, 0.453% (w/v)  

MgCl2∙6H2O, 0.594% (w/v) MgSO4∙7H2O, and 0.13% (w/v)  CaCl2∙2H2O (14). The amount of 

NaCl may vary depending on the desired salinity. A basal medium (BM) was also used to 

cultivate Yoonia species. It contains 200 mM NaCl, 50 mM MgSO4, 10 mM KCl, 10 mM CaCl2, 

50-100 mM Tris HCl (pH 7.5), 19 mM NH4Cl, 0.33 mM K2HPO4, and 0.1 mM FeSO4 (15) with 

2% (v/v) Hunter’s mineral salts solution (16) and 1% (v/v) vitamin solution (3, 5, 6, 17). In 

addition, 0.02% (w/v) NaNO3, 0.002% (w/v) yeast extract, and 1.5% (w/v) agar can be added 

when necessary (3). The sole carbon sources are typically added for a final concentration of 

0.1% (w/v).  

In order to store Yoonia species, cultures in rich media are mixed with a sterile glycerol 

solution for a final concentration of 20-30 % (v/v) glycerol. The freezer stock can then be stored 

at -20 ˚C or -80 ˚C for long-term preservation (1, 4, 6).  

Differentiation of the genus Yoonia from other genera 

Although many phenotypic and chemotaxonomic characters were examined for Yoonia and 

related genera, the data for many species are still not available, and many characteristics were 

not tested for all the species. Thus, only a few characters are known that distinguish Yoonia from 

the closely related genera Cognatiyoonia, Flavimaricola, Limimaricola, and Loktanella, Table 5-

5. So far, the most reliable way to distinguish Yoonia species from other genera is via the 

comparisons of whole-genome sequences. RpoC protein sequences are also proposed to serve as 

a reliable phylogenetic marker to distinguish between various genera if whole-genomes are 
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unavailable (18). In contrast, the 16S rRNA sequence similarity is not a reliable marker in this 

group (see the following discussion). 

Taxonomic comments 

All the species of Yoonia were originally classified in the genus Loktanella because of the high 

similarity of  the 16S rRNA gene sequences and biochemical properties (1-9). However, recent 

research indicated that 16S rRNA gene sequence similarity is a poor marker for the phylogeny of 

the roseobacter group, although it can still accurately assign members to this group (19, 20). 

After examining the core-gene phylogeny (Figure 5-1), core-gene average amino acid identity 

(cAAI), percent of conserved proteins (POPCs), and phenotypes, Loktanella litorea, Loktanella 

maricola, Loktanella maritima, Loktanella rosea, Loktanella sediminilitoris, Loktanella 

tamlensis, and Loktanella vestfoldensis were reclassified into the novel genus Yoonia with 

Yoonia vestfoldensis as the type species (18). Similar conclusions were reached upon a 

phylogenomic analysis of the entire Alphaproteobacteria class (21). The genome of Loktanella 

ponticola was not available at that time, and it was left in the genus Loktanella in the absence of 

unambiguous evidence from the 16S rRNA and phenotype to move them into other genera. 

Recently, the genome sequence of L. ponticola became available. Reanalysis of its phylogeny 

suggested that it was a deep lineage associated with Yoonia, and it is reclassified to that genus 

(Figure 5-1). Loktanella acticola was described while Wirth and Whitman (2018) was in press, 

and its classification was not considered. It shares high 16S rRNA gene sequence similarity with 

most of the species reclassified as  Yoonia (97.0-98.9%) compared to the similarity of the 

sequences of the type strains of other Loktanella species (94.0-96.3%) (8). It also has 8-25% 

DNA-DNA hybridization with Yoonia species. Thus, L. acticola was reclassified into the genus 

Yoonia.  
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Cognatiyoonia is a genus closely related to Yoonia. The core-genome phylogeny of these species 

indicates that they could be grouped into a single genus or two novel genera (18). They were 

split into two genera because of the lower cAAI and POCP value when combined. In addition, 

both the Cognatiyoonia species are positive for gelatinase and nitrate reduction, which none of 

the Yoonia species are. By pangenome analysis of Yoonia and Cognatiyoonia species, there are 

1,317 core functional genes shared by all the species in these genera (Figure 5-2), which makes 

up more than 30% of the functional genes in each species. 

List of species of the genus Yoonia 

1. Yoonia acticola comb. nov., (Loktanella acticola Park et al. 2017) 

ac.ti′co.la. L. n. acta -ae seaside, shore; L. suff. -cola (from L. n. incola) a dweller, inhabitant; 

N.L. fem. n. acticola a dweller of seaside. 

Description as for the genus and Tables 5-1 and 5-2 (8). Mg2+ ions are not required for growth. 

Hydrolyzes aesculin, hypoxanthine, and Tween 80 but not agar, casein, gelatin, starch, L-

tyrosine, urea, or xanthine. In marine oxidation fermentation (MOF) medium comprising 0.1% 

(w/v) Casitone, 0.01% (w/v) yeast extract, 0.05% (w/v) ammonium sulfate, 0.05% (w/v) Tris 

buffer, 0.3% (w/v) agar, 0.001% (w/v)  phenol red, and 0.5-1% (w/v) carbohydrate in half 

strength artificial seawater, pH 7.5 (22), produces acids from D-fructose and D-mannitol but not 

L-arabinose, cellobiose, D-galactose, D-glucose, myo-inositol, lactose, maltose, D-mannose, 

melezitose, melibiose, raffinose, L-rhamnose, D-ribose, D-sorbitol, sucrose, trehalose, or D-

xylose. In assays with API ZYM system, the reactions are positive for alkaline phosphatase, 

esterase (C4), esterase lipase (C8), leucine arylamidase, and naphthol-AS-BI-phosphohydrolase. 

The reactions are negative for acid phosphatase, α-chymotrypsin, cystine arylamidase, α-

fucosidase, α-galactosidase, β-galactosidase, α-glucosidase, β-glucuronidase, β-glucosidase, 
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lipase (C4), α-mannosidase, N-acetyl-β-glucosaminidase, trypsin, and valine arylamidase. 

Susceptible to ampicillin, benzylpenicillin, cephalothin, chloramphenicol, gentamicin, 

kanamycin, neomycin, novobiocin, oleandomycin, penicillin G, streptomycin, and tetracycline 

but resistant to lincomycin and polymyxin B. 

DNA G + C content (mol %): 57.3 (LC). 

Type strain: OISW-6 (=KCTC 52837=NBRC 112781). 

Basonym: Loktanella acticola. 

GenBank accession (16S rRNA gene): KY817315. 

GenBank accession (genome): not available. 

2. Yoonia litorea Wirth and Whitman 2018VP (Loktanella litorea Yoon et al. 2013VP). 

li.to′re.a. L. fem. adj. litorea of or belonging to the seashore. 

Description as for the genus and Tables 5-1 and 5-2 (3). The properties are based on those of 

type strain and may not be typical for all members of the species. Hydrolyzes aesculin and 

hypoxanthine but not agar, casein, gelatin, starch, Tweens (20, 40, 60, and 80), L-tyrosine, urea, 

or xanthine. On BM agar, utilizes acetate, cellobiose, D-galactose, D-glucose, L-malate, maltose, 

D-mannose, pyruvate, sucrose, succinate, and trehalose (weakly) as sole carbon and energy 

sources but not L-arabinose, benzoate, citrate, formate, D-fructose, L-glutamate, salicin, and D-

xylose. In MOF medium, produces acids from L-arabinose and melibiose but not from 

cellobiose, D-fructose, D-galactose, D-glucose, myo-inositol, lactose, maltose, D-mannitol, D-

mannose, melezitose, raffinose, L-rhamnose, D-ribose, D-sorbitol, sucrose, trehalose, or D-

xylose. In assays with the API ZYM system, the reactions are positive for acid phosphatase, 

alkaline phosphatase, esterase (C4), esterase lipase (C8), and naphthol-AS-BI-phosphohydrolase. 

The reactions are negative for α-chymotrypsin, cystine arylamidase, α-fucosidase, α-
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galactosidase, β-galactosidase, N-acetyl-β-glucosaminidase, α-glucosidase, β-glucosidase, β-

glucuronidase, leucine arylamidase, lipase (C14), α-mannosidase, trypsin, or valine arylamidase. 

Susceptible to carbenicillin, cephalothin, chloramphenicol, gentamicin, novobiocin, and 

oleandomycin but resistant to ampicillin, kanamycin, lincomycin, neomycin, penicillin G, 

polymyxin B, streptomycin, and tetracycline. 

DNA G + C content (mol %): 57.5 (genome). 

Type strain: DPG-5 (=KCTC 23883=CCUG 62113). 

Basonym: Loktanella litorea. 

GenBank accession (16S rRNA gene): JN885197. 

GenBank accession (genome): GCA_900114675. 

3. Yoonia maricola Wirth and Whitman 2018VP (Loktanella maricola Yoon et al. 2007). 

ma.ri′co.la. L. n. mare sea; L. suff. -cola (from L. n. incola) a dweller, inhabitant; N.L. n. 

maricola inhabitant of the sea. 

Description as for the genus and Tables 5-1 and 5-2 (1, 3, 5). The properties are based on those 

of the type strain and may not be typical for all members of the species. Growth does not occur 

on TSA, NA, MacConkey agar, or in the absence of NaCl. Hydrolyzes hypoxanthine and Tweens 

20, 40, and 60 but not agar, casein, chitin, DNA, gelatin, starch, L-tyrosine, urea, or xanthine. 

There are conflicting results for the hydrolysis of aesculin and Tween 80. Produces 

bacteriochlorophyll a aerobically in the dark but not hydrogen sulfide or indole. Negative for 

arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, and tryptophan deaminase. 

On BM, utilizes acetate, L-arabinose, cellobiose, citrate, D-galactose, D-glucose, D-fructose, L-

malate, pyruvate, and succinate as energy and carbon sources but not benzoate, formate, L-

glutamate, maltose, D-mannose, salicin, sucrose, trehalose, or D-xylose. In MOF medium, does 
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not produce acid from L-arabinose, cellobiose, D-fructose, D-galactose, D-glucose, myo-inositol, 

lactose, maltose, D-mannitol, D-mannose, melezitose, melibiose, raffinose, L-rhamnose, D-

ribose, D-sorbitol, sucrose, trehalose, or D-xylose. In assays with the API ZYM system, the 

reactions are positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), and naphthol-

AS-BI-phosphohydrolase and weakly positive for acid phosphatase and leucine arylamidase. The 

reactions are negative for α-chymotrypsin, cystine arylamidase, α-fucosidase, α-galactosidase, β-

galactosidase, N-acetyl-β-glucosaminidase, α-glucosidase, β-glucosidase, β-glucuronidase, lipase 

(C14), α-mannosidase, trypsin, and valine arylamidase. There are conflicting results for 

naphthol-AS-BI-phosphohydrolase. Susceptible to ampicillin, benzylpenicillin, carbenicillin, 

cephazolin, cephalothin, chloramphenicol, doxycycline, erythromycin, gentamycin, kanamycin, 

lincomycin, nalidixic acid, neomycin, novobiocin, oleandomycin, oxacillin, ofloxacin, penicillin 

G, rifampicin, streptomycin, tetracycline, and vancomycin but resistant to polymyxin B. 

DNA G + C content (mol %): 56.2 (genome). 

Type strain: DSW-18 (=KCTC 12863=JM 14564= DSM 29128). 

Basonym: Loktanella maricola. 

GenBank accession (16S rRNA gene): EF202613. 

GenBank accession (genome): GCA_002797915. 

4. Yoonia maritima Wirth and Whitman 2018VP (Loktanella maritima Tanaka et al. 2014). 

ma.ri′ti.ma. L. fem. adj. maritima maritime, marine. 

Description as for the genus and Tables 5-1 and 5-2 (1, 8). The properties are based on those of 

type strain and may not be typical for all members of the species. Growth does not occur on 

TSA, NA, R2A agar, or in the absence of NaCl. Hydrolyzes aesculin and hypoxanthine but not 

casein, chitin, DNA, gelatin, starch, Tween 80, L-tyrosine, urea, or xanthine. Does not produce 



 

131 

bacteriochlorophyll a or hydrogen sulfide. In MOF medium, produces acids from  cellobiose, D-

galactose, sucrose, and D-xylose but not L-arabinose, D-fructose, D-glucose, myo-inositol, 

lactose, maltose, D-mannitol, D-mannose, melezitose, melibiose, raffinose, L-rhamnose, D-

ribose, D-sorbitol, or trehalose.  In assays with the API 20NE and API 20E system, only aesculin 

hydrolysis, p-nitrophenyl-β-D-galactopyranoside (PNPG) test, and citrate utilization are positive. 

Cannot assimilate any of the substrates in the ID32 GN gallery. In assays with the API ZYM 

system, the reactions are positive for acid phosphatase, alkaline phosphatase, esterase (C4), 

esterase lipase (C8), β-glucosidase, leucine arylamidase, and naphthol-AS-BI-phosphohydrolase 

and weakly positive for α-glucosidase and valine arylamidase. The reactions are negative for α-

chymotrypsin, cystine arylamidase, α-fucosidase, α-galactosidase, β-galactosidase, N-acetyl-β-

glucosaminidase, β-glucuronidase, lipase (C14), α-mannosidase, and trypsin. Susceptible to 

ampicillin, benzylpenicillin, carbenicillin, cephazolin, cephalothin, chloramphenicol, 

erythromycin, gentamycin, kanamycin, neomycin, novobiocin, oleandomycin, ofloxacin, 

oxacillin, penicillin G, rifampicin, streptomycin, and vancomycin but resistant to doxycycline, 

lincomycin, nalidixic acid, polymyxin B, and tetracycline. 

DNA G + C content (mol %): 53.4 (genome). 

Type strain: KMM 9530 (=NRIC 0919=JCM 19807= DSM 101533). 

Basonym: Loktanella maritima. 

GenBank accession (16S rRNA gene): AB894236. 

GenBank accession (genome): GCA_003003285. 

5. Yoonia ponticola comb. nov. (Loktanella ponticola Jung et al. 2014) 

pon.ti′co.la. L. n. pontus the sea; L. suff. -cola (from L. n. incola) a dweller, inhabitant; N.L. 

fem. n. ponticola a dweller of sea 
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Description as for the genus and Tables 5-1 and 5-2 (9). Mg2+ ions are not required for growth. 

The predominant isoprenoid quinone is Q10. Minor amounts of Q-8 (3.5%) and Q-9 (4.2%) are 

also present. Hydrolyzes aesculin, hypoxanthine, L-tyrosine, and xanthine (weakly) but not agar, 

casein, gelatin, starch, Tween 80, or urea. Produces acids from L-arabinose (weakly), D-

galactose, and D-mannitol but not cellobiose, D-fructose, D-glucose, myo-inositol, lactose, 

maltose, D-mannose, melezitose, melibiose, raffinose, L-rhamnose, D-ribose, D-sorbitol, 

sucrose, trehalose, or D-xylose. In assays with the API ZYM system, the reactions are positive 

for acid phosphatase, alkaline phosphatase, esterase (C4), esterase lipase (C8), and β-

galactosidase and weakly positive for N-acetyl-β-glucosaminidase and leucine arylamidase. The 

reactions are negative for α-chymotrypsin, cystine arylamidase, α-fucosidase, α-galactosidase, α 

-glucosidase, β-glucosidase, β-glucuronidase, lipase (C14), α-mannosidase, naphthol-AS-BI-

phosphohydrolase, trypsin, and valine arylamidase. Susceptible to ampicillin, benzylpenicillin, 

cephalothin, chloramphenicol, gentamicin, kanamycin, neomycin, novobiocin, oleandomycin, 

penicillin G, polymyxin B, streptomycin, and tetracycline but resistant to lincomycin.  

DNA G + C content (mol %): 55.45 (LC). 

Type strain: W-SW2 (=KCTC 42133=NBRC 110409). 

GenBank accession (16S rRNA gene): KJ855314. 

IMG accession (genome): 2828431062. 

6. Yoonia rosea Wirth and Whitman 2018VP (Loktanella rosea Ivanova et al. 2005). 

ro.se′a. L. fem. adj. rosea rose-colored or rosy, referring to the pinkish color of the colonies. 

Description as for the genus and Tables 5-1 and 5-2 (1, 3, 7). The properties are based on those 

of type strain and may not be typical for all members of the species. Na+ or seawater is required 

for growth. Growth does not occur on TSA or NA. Diffusible pigments have not been detected 
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on any of the media tested. Hydrolyzes aesculin and hypoxanthine but not agar, casein, chitin, 

DNA, gelatin, laminarin, starch, urea, or xanthine. There are conflicting results for Tween 80. 

Does not produce indole, hydrogen sulfide, poly-β-hydroxybutyrate, or acetoin. Negative for 

arginine dihydrolase, hemolysis, lysine decarboxylase, and ornithine decarboxylase. On BM 

agar, utilizes acetate, L-arabinose, alaninamide, L-alanylglycine, cellobiose, citrate, D-fructose, 

D-galactose, D-glucose, glucuronamide, L-malate, maltose, pyruvate, succinate, and D-xylose as 

sole energy and carbon sources but not benzoate, formate, L-glutamate, D-mannose, salicin, 

sucrose, or trehalose. In MOF medium, produces acids from L-arabinose and D-fructose, but not 

from cellobiose, D-galactose, D-glucose, myo-inositol, lactose, maltose, D-mannitol, D-mannose, 

melezitose, melibiose, raffinose, L-rhamnose, D-ribose, D-sorbitol, sucrose, trehalose, or D-

xylose. In assays with the API ZYM system, the reactions are positive for alkaline phosphatase 

(weak), esterase (C4), esterase lipase (C8), β-glucosidase, leucine arylamidase, and naphthol-AS-

BI-phosphohydrolase. The reactions are negative for α-chymotrypsin, cystine arylamidase, α-

fucosidase, α-galactosidase, β-galactosidase, N-acetyl-β-glucosaminidase, α-glucosidase, β-

glucuronidase, lipase (C14), α-mannosidase, trypsin, and valine arylamidase. There are 

conflicting results for acid phosphatase. Susceptible to ampicillin, benzylpenicillin, carbenicillin, 

cephazolin, cephalothin, chloramphenicol, doxycycline, erythromycin, gentamycin, kanamycin, 

nalidixic acid, neomycin, novobiocin, oleandomycin, oxacillin, ofloxacin, penicillin G, 

rifampicin, streptomycin, tetracycline, and vancomycin but resistant to lincomycin and 

polymyxin B. 

DNA G + C content (mol %): 57.7 (genome). 

Type strain: Fg36 (=DSM 29591=KMM 6003= CIP 107851= LMG 22534). 

Basonym: Loktanella rosea. 
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GenBank accession (16S rRNA gene): AY682199. 

GenBank accession (genome): GCA_900156505. 

7. Yoonia sediminilitoris Wirth and Whitman 2018VP (Loktanella sediminilitoris Park et al. 

2013). 

se.di.mi.ni.li′to.ris. L. neut. n. sedimeninis, -inis sediment; L. neut . n. litus -oris the seashore, 

beach; N.L. gen. n. sediminilitoris of sediment, of seashore. 

Description as for the genus and Tables 5-1 and 5-2 (1, 6). The properties are based on those of 

the type strain and may not be typical for all members of the species. Mg2+ is required for 

growth. Hydrolyzes aesculin, DNA, and Tweens 20, 40, 60, and 80 but not agar, casein, chitin, 

gelatin, hypoxanthine, starch, L-tyrosine, urea, or xanthine. Produces hydrogen sulfide. On BM, 

utilizes acetate, L-arabinose, cellobiose, D-fructose, D-galactose, D-glucose, L-malate, D-

mannose, sucrose, and D-xylose as sole energy and carbon sources but not benzoate, citrate, 

formate, L-glutamate, maltose, pyruvate, salicin, succinate, and trelahose. In MOF medium, does 

not produce acid from L-arabinose, cellobiose, D-fructose, D-galactose, D-glucose, myo-inositol, 

lactose, maltose, D-mannitol, D-mannose, melezitose, melibiose, raffinose, L-rhamnose, D-

ribose, D-sorbitol, sucrose, trehalose, or D-xylose. In assays with the API ZYM system, the 

reactions are positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), and trypsin. 

The reactions are negative for acid phosphatase, α-chymotrypsin, cystine arylamidase, α-

fucosidase, α-galactosidase, β-galactosidase, N-acetyl-β-glucosaminidase, β-glucosidase, β-

glucuronidase, leucine arylamidase, lipase (C14), α-mannosidase, naphthol-AS-BI-

phosphohydrolase, and valine arylamidase. There are conflicting results for α-glucosidase. 

Susceptible to ampicillin, benzylpenicillin, carbenicillin, cephazolin, cephalothin, 

chloramphenicol, doxycycline, erythromycin, gentamycin, kanamycin, neomycin, novobiocin, 
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ofloxacin, oleandomycin, oxacillin, penicillin G, rifampicin, streptomycin, tetracycline, and 

vancomycin but resistant to lincomycin, nalidixic acid, and polymyxin B. 

DNA G + C content (mol %): 57.2 (genome). 

Type strain: D1-W3 (=KCTC 32383=CECT 8284=DSM 29955). 

Basonym: Loktanella sediminilitoris. 

GenBank accession (16S rRNA gene): KC311338. 

GenBank accession (genome): GCA_003058085. 

8. Yoonia tamlensis Wirth and Whitman 2018VP (Loktanella tamlensis Lee 2012). 

tam.len′sis. N.L. fem. adj. tamlensis of or belonging to Tamla, the old name of Jeju, Republic of 

Korea, referring to the site where the type strain was isolated. 

Description as for the genus and Tables 5-1 and 5-2 (1, 4, 6). The properties are based on those 

of type strain and may not be typical for all members of the species. Motile by means of a polar 

flagellum. Growth does not occur on TSA, NA, or yeast extract-malt extract agar. Diffusible 

pigments have not been detected on any of the media tested. Hydrolyzes aesculin, 

carboxymethylcellulose, and starch but not chitin, DNA, gelatin, Tween 80, DL-tyrosine, urea, 

or xanthine. There are conflicting results for the hydrolysis of casein and hypoxanthine. On BM, 

utilizes acetate, L-arabinose, cellobiose, citrate, D-fructose, D-galactose, D-glucose, L-malate, 

maltose, D-mannose, pyruvate, succinate, sucrose, and D-xylose as sole energy and carbon 

sources but not benzoate, formate, L-glutamate, salicin, or trehalose. In MOF medium, produces 

acids from  D-mannitol and sucrose but not from L-arabinose, cellobiose, D-fructose, D-

galactose, D-glucose, myo-inositol, lactose, maltose, D-mannose, melezitose, melibiose, 

raffinose, L-rhamnose, D-ribose, D-sorbitol, trehalose, or D-xylose. In assays with API 20 NE, 

no growth is observed with any carbohydrates. In assays with API 50 CH, no acid is produced 
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from any substrate. In assays with the API ZYM system, the reactions are positive for acid 

phosphatase, alkaline phosphatase, esterase (C4), esterase lipase (C8), β-galactosidase, N-acetyl-

β-glucosaminidase, and leucine arylamidase. The reactions are negative for α-chymotrypsin, 

cystine arylamidase, α-fucosidase, α-galactosidase, β-glucosidase, β-glucuronidase, lipase (C14), 

α-mannosidase, naphthol-AS-BI-phosphohydrolase, trypsin, and valine arylamidase. There are 

conflicting results for α-glucosidase and hydrogen sulfide production. Susceptible to ampicillin, 

benzylpenicillin, carbenicillin, cephazolin, cephalothin, chloramphenicol, doxycycline, 

erythromycin, gentamycin, kanamycin, lincomycin, nalidixic acid, neomycin, novobiocin, 

ofloxacin, oleandomycin, oxacillin, penicillin G, rifampicin, streptomycin, tetracycline, and 

vancomycin but resistant to polymyxin B. 

DNA G + C content (mol %): 56.9 (genome). 

Type strain: SSW-35 (=DSM 26879=KCTC 12722=JCM 14020). 

Basonym: Loktanella tamlensis. 

GenBank accession (16S rRNA gene): DQ533556. 

GenBank accession (genome): GCA_900115105. 

9. Yoonia vestfoldensis Wirth and Whitman 2018VP (Loktanella vestfoldensis Van Trappen et al. 

2004). 

vest.fold.en′sis. N.L. fem. adj. vestfoldensis referring to the isolation source, lakes Ace and 

Pendant, Vestfold Hills, Antarctica. 

Description as for the genus and Tables 5-1 and 5-2 (2, 5). Growth occurs on NA (weak), TSA 

(weak), and R2A agar. Hydrolyzes aesculin, Tween 80, and urea but not agar, casein, DNA, 

gelatin, starch, or L-tyrosine. In assays of API 20NE system, growth is not observed, and acids 

are not produced from any carbohydrate. The reactions are negative for gelatinase, hydrogen 
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sulfide production, indole production, nitrate reduction, and acetoin production. None of the 

strains show activity for arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, or 

tryptophan deaminase. In assays with the API ZYM system, reactions are positive for acid 

phosphatase, esterase (C4), esterase lipase (C8), and trypsin and weakly positive for alkaline 

phosphatase, β-galactosidase, α-glucosidase, β-glucosidase, leucine arylamidase, and naphthol-

AS-BI-phosphohydrolase. The reactions are negative for α-chymotrypsin, cystine arylamidase, 

α-fucosidase, α-galactosidase, N-acetyl-β-glucosaminidase, β-glucuronidase, lipase (C14), α-

mannosidase, and valine arylamidase. The susceptibilities and resistances to antibiotics have not 

been reported. 

DNA G + C content (mol %): 61.8 (genome). 

Type strain: LMG 22003 (=CIP 108321= DSM 16212= NBRC 102487). 

Basonym: Loktanella vestfoldensis. 

GenBank accession (16S rRNA gene): AJ582226. 

GenBank accession (genome): GCA_000382265. 
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Table 5-1. Selected characteristics of Yoonia species. Species: 1, Y. acticola; 2, Y. litorea; 3, Y. 

maricola; 4, Y. maritima; 5, Y. ponticola; 6, Y. rosea; 7, Y. sediminilitoris; 8, Y. tamlensis; 9, Y. 

vestfoldensis. “+” positive. “-” negative. “ND” no data available. 

Characteristic 1 2 3 4 5 

Morphology 

coccus, 

ovoids or 

rods 

rods rods 
ovoids or 

short rods 

coccus, 

ovoids or 

rods 

Cell size (µm) 
0.4-

1.2×>0.4 

0.4-0.8×0.8-

5.5 

0.3-0.6×0.8-

3.0 

0.6-0.8×1.6-

2.0 

0.2-0.7×0.4-

7.0 

Motility - - - - - 

Flagellation - - - - - 

Carbon source a      

Carbohydrates ND + + ND ND 

Carboxylic acids ND + + ND BD 

Catalase + + + + + 

Oxidase + + + + + 

Growth ranges 

(optimum) 
     

Temperature (ºC) 4-30 (25) 15-37 (30) 4-34 (25) 4-36 (28-30) 4-30 (25) 

Salinity (% w/v 

NaCl) 
0-8 (2-3) 0.5-6 (2) 0.5-7 2-8 (3-4) 0.5-6 (2) 

pH 6-8 (7-8) 6-8 (7-8) 5.5-8 (7-8) 
5.5-9 (6.5-

7.5) 
5.5-8 (7-8) 

Nitrate reduction - - - - - 

Polar lipids identified + + + + + 

Major fatty acids C18:1ω7c C18:1ω7c C18:1ω7c C18:1ω7c C18:1ω7c 

Major quinone Q-10 Q-10 Q-10 Q-10 Q-10 

API ZYM determined + + + + + 

Isolation habitat seawater seawater seawater 
shallow 

sediment 
seawater 

References 8 3 5 1 9 

 

Table 5-1 (continued). 

Characteristic 6 7 8 9 

Morphology rods rods short rods short rods 

Cell size (µm) 
0.7-0.9 in 

diameter 

0.4-0.8×0.9-

4.0 
0.7×1.1-1.7 <1×3-4 

Motility - - + - 

Flagellation - - polar - 
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Carbon source a     

Carbohydrates + + + ND 

Carboxylic acids + + + ND 

Catalase + + + + 

Oxidase + + + + 

Growth ranges 

(optimum) 
    

Temperature (ºC) 4-35 (25) 10-35 (25) 4-30 (25-30) 5-37 (25) 

Salinity (% w/v 

NaCl) 
1-12 0-5 (2) 1-6 0-10 (0-5) 

pH 6-10 (7.5-8) 5.5-8 (7-8) 7-10 (7-8) ND 

Nitrate reduction - - - - 

Polar lipids identified + + + - 

Major fatty acids C18:1ω7c C18:1ω7c C18:1ω7c C18:1ω7c 

Major quinone Q-10 Q-10 Q-10 Q-10 

API ZYM determined + + + + 

Isolation habitat 
marine 

sediment 

tidal flat 

sediment 

surface 

seawater 

microbial 

mat 

References 3, 7 6 1, 4, 6 2 

 
aResults based upon tests described in detail in the species descriptions. 
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Table 5-2. Selected characteristics distinguishing of Yoonia species. Species: 1, Y. acticola; 2, 

Y. litorea; 3, Y. maricola; 4, Y. maritima; 5, Y. ponticola; 6, Y. rosea; 7, Y. sediminilitoris; 8, Y. 

tamlensis; 9, Y. vestfoldensis. “+” positive or weakly positive. “-” negative.  “ND” no data 

available. “v” conflicting results were reported. 

Characteristic 1 2 3 4 5 

Hydrolysis of      

aesculin + + v + + 

agar - - - ND - 

casein - - - - - 

DNA ND ND - - ND 

hypoxanthine + + + + ND 

starch - - - - - 

tyrosine - - - - + 

Tween 80 + - v - - 

xanthine - - - - + 

urea - - - - - 

Utilization of      

L-arabinose ND - + ND ND 

citrate ND - + ND ND 

D-fructose ND - + ND ND 

maltose ND + - ND ND 

D-mannose ND + - ND ND 

pyruvate ND + + ND ND 

succinate ND + + ND ND 

sucrose ND + - ND ND 

trehalose ND + - ND ND 

D-xylose ND - - ND ND 

Acid production from      

L-arabinose - + - - + 

cellobiose - - - + - 

D-fructose + - - - - 

D-galactose - - - + + 

D-mannitol + - - - + 

melibiose - + - - - 

sucrose - - - + - 

D-xylose - - - + - 

Polar lipids      
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diphosphatidylglycerol + - + + + 

phosphatidylethanolamine - + - - - 

unidentified phospholipid + - - + + 

unidentified aminolipid + - - + + 

unidentified lipid - - - + + 

unidentified aminophospholipid - - - - - 

Enzyme activity      

acid phosphatase - + + + + 

β-galactosidase - - - - + 

N-acetyl-β-glucosaminidase - - - - + 

α-glucosidase - - - + - 

β-glucosidase - - - - - 

leucine arylamidase + - + + + 

naphthol-AS-BI-phosphohydrolase + + v + - 

trypsin - - - - - 

valine arylamidase - - - + - 

Antibiotics susceptibility      

ampicillin + - + + + 

doxycycline ND ND + - ND 

kanamycin + - + + + 

lincomycin - - + - - 

nalidixic acid ND ND + - ND 

neomycin + - + + + 

penicillin G + - + + + 

polymyxin B - - - - + 

streptomycin + - + + + 

tetracycline + - + - + 

References 8 3 1, 3, 5 1, 8 9 

 

Table 5-2 (continued). 

Characteristic 6 7 8 9 

Hydrolysis of     

aesculin + + v + 

agar - - + - 

casein - - v - 

DNA - + - - 

hypoxanthine + - v ND 

starch - - + - 

tyrosine + - - - 
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Tween 80 v + - + 

xanthine - - - - 

urea - - - + 

Utilization of     

L-arabinose + + + ND 

citrate + - + ND 

D-fructose + + + ND 

maltose + - + ND 

D-mannose - + + ND 

pyruvate + - + ND 

succinate + - + ND 

sucrose - + + ND 

trehalose - - - ND 

D-xylose + + + ND 

Acid production from     

L-arabinose + - - ND 

cellobiose - - - ND 

D-fructose + - - ND 

D-galactose - - - ND 

D-mannitol - - + ND 

melibiose - - - ND 

sucrose - - + ND 

D-xylose - - - ND 

Polar lipids     

diphosphatidylglycerol + + + ND 

phosphatidylethanolamine + + + ND 

unidentified phospholipid + + + ND 

unidentified aminolipid + + - ND 

unidentified lipid + + + ND 

unidentified aminophospholipid - + - ND 

Enzyme activity     

acid phosphatase v - + + 

β-galactosidase - - + + 

N-acetyl-β-glucosaminidase - - + - 

α-glucosidase - v v + 

β-glucosidase - - - + 

leucine arylamidase + - + + 

naphthol-AS-BI-phosphohydrolase + - - + 

trypsin - + - + 

valine arylamidase - - - - 
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Antibiotics susceptibility     

ampicillin + + + ND 

doxycycline + + + ND 

kanamycin + + + ND 

lincomycin - - + ND 

nalidixic acid + - + ND 

neomycin + + + ND 

penicillin G + + + ND 

polymyxin B - - - ND 

streptomycin + + + ND 

tetracycline + + + ND 

References 1, 3, 7 1, 6 1, 4, 6 2, 5 
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Table 5-3. Cellular fatty acids in the Yoonia species. Species: 1, Y. acticola; 2, Y. litorea; 3, Y. 

maricola; 4, Y. maritima; 5, Y. ponticola; 6, Y. rosea; 7, Y. sediminilitoris; 8, Y. tamlensis; 9, Y. 

vestfoldensis. Values for Y. vestfoldensis are the averages of four strains. The remaining values 

are for the type strains. “-” no data available or not detected.  

Fatty acids 1a 2 3 4 5 

C16:0 6.5 5.3 3.9 5.8 4.6 

C17:0 <0.5 0.8 0.7 2.3 <0.5 

C18:0 1.9 2.4 2.9 1.4 <0.5 

C18:2 - - - 3.4 - 

iso-C17:0 3-OH - - 1.3 - - 

iso-C20:0 - 0.8 - - - 

C10:0 3-OH 1.7 2.8 - 3.1 1.2 

C12:1 3-OH 3.4 - 2.9 2.5 3.6 

C16:1ω7c - - - 0.5 - 

C17:1ω6c <0.5 - - - - 

C17:1ω8c <0.5 0.4  1.1 - 

C18:1ω7c 73.6 67.5 75.9 77.0 79.1 

C18:1ω9c 0.7 - - - - 

11-methyl C18:1ω7c 8.7 17.2 10.2 2.6 2.4 

Summed feature 3b 1.2 1.1  - - 

Summed feature 7c 1.1 1.4 - - <0.5 

Unknown 11.799 - - - - - 

References 8 3 5 1 9 

 

Table 5-3 (continued). 

Fatty acids 6 7 8 9 

C16:0 7.9 13.6 6.98 2.9±0.7 

C17:0 0.9 - 0.55 - 

C18:0 2.3 8.2 1.25 1.8±0.3 

C18:2 - - 1.65 - 

iso-C17:0 3-OH - - - - 

iso-C20:0 - - - - 

C10:0 3-OH 2.1 3.0 3.29 6.1±1.5 

C12:1 3-OH 4.4 5.8 1.95 5.6±1.4 

C16:1ω7c - - 1.92 - 

C17:1ω6c - - - - 

C17:1ω8c - - - - 
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C18:1ω7c 81.2 69.3 75.21 74.1±3.1 

C18:1ω9c - - - - 

11-methyl C18:1ω7c 13.5 - 4.56 1.9±0.8 

Summed feature 3b 1.0 - - - 

Summed feature 7c - - - 4.7±0.7 

Unknown 11.799 - - - 2.3±1.2 

References 3 6 1 2 

 
aData from cells cultivated for 5 days. 

bSummed feature 3 comprises iso-C15:0 2-OH and/or C16:1ω7c. 

cSummed feature 7 comprises C19:1ω6c and/or C19:0ω10c cyclo and/or unknown ELC 

18.846. 
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Table 5-4. Genome sequences for the Yoonia species. All genomes were 

downloaded from NCBI (https://www.ncbi.nlm.nih.gov) or IMG 

(https://img.jgi.doe.gov).  

Strain 
Assembly 

level 

Genome 

size (Mbp) 

Number 

of PEGa 

Number 

of REGb 

Y. litorea DPG-5T Contig 3.32 3252 47 

Y. maricola DSW-18T Contig 3.80 3727 46 

Y. maritima KMM 9530T Scaffold 3.68 3544 48 

Y. ponticola W-SW2T Scaffold 3.73 3705 53 

Y. rosea Fg36T Contig 3.51 3471 48 

Y. sediminilitoris D1-W3T Scaffold 4.67 4328 49 

Y. tamlensis SSW-35T Scaffold 3.19 3161 51 

Y. vestfoldensis LMG 2200 3T Scaffold 3.72 3654 60 

Y. vestfoldensis SKA53 Complete 3.99 3856 53 

 

Table 5-4 (continued). 

Strain 
Number of 

scaffolds 

Number 

of contigs 

GenBank 

assembly 

Y. litorea DPG-5T 8 8 GCA_900114675 

Y. maricola DSW-18T 7 7 GCA_002797915 

Y. maritima KMM 9530T 26 27 GCA_003003285 

Y. ponticola W-SW2T 30 NRc 2828431062d 

Y. rosea Fg36T 5 5 GCA_900156505 

Y. sediminilitoris D1-W3T 49 50 GCA_003058085 

Y. tamlensis SSW-35T 7 9 GCA_900115105 

Y. vestfoldensis LMG 2200 3T 45 49 GCA_000382265 

Y. vestfoldensis SKA53 3 3 GCA_002158905 
 

aPredicted protein-encoding genes (PEG). 

bPredicted stable RNA-encoding genes (REG). 

dNot reported. 

eIMG identification number. 
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Table 5-5. Characteristics distinguishing of Yoonia from closely related genera. Genera: 1, 

Yoonia; 2, Cognatiyoonia; 3, Flavimaricola; 4, Limimaricola; 5, Loktanella. “+” all species are 

positive or weakly positive. “-” all species are negative. “d” one or more but not all of the species 

are positive or weakly positive. 

Characteristic 1 2 3 4 5 

Nitrate reduction - d + d d 

API ZYM      

 α-chymotrypsin - d - d - 

 cystine arylamidase - d - d - 

 esterase (C4) + + + + d 

 α-galactosidase - - + d d 

 β-glucuronidase - - - - d 

 lipase (C14) - - - d - 

Hydrolyze      

 gelatin - + - - - 
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Figure 5-1. Phylogeny of Yoonia and Cognatiyoonia species. Whole genome sequences were 

downloaded from NCBI (https://www.ncbi.nlm.nih.gov/) or IMG (https://img.jgi.doe.gov) and 

subjected to phylogenomic analyses as previously described (18). The maximum-likelihood tree 

was constructed based on the core-genes using IQTree version 1.6.3 with the best model 

(LG+F+I+G4) identified by Bayesian information criterion and 100 bootstrap replicates (23, 24). 

The root is the other genomes of the related roseobacters. The genome of Y. acticola is not 

available and not included in the tree. Bolded taxa indicate the type species of the genera Yoonia 

and Cognatiyoonia. The scale bar indicates the number of substitutions per site. 
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Figure 5-2. Pangenome analysis of Yoonia and Cognatiyoonia species. The pangenome 

analysis was performed with KBase platform, by using Genome Comparison SDK version 0.07 

and kb_phylogenomics version 1.4.0 for core, partial pangenome and singleton genes calculation 

(26). The phylogenetic tree in Figure 5-1 was pruned to remove Yoonia sp. CCS2 which was not 

included in this analysis. The node number in the tree indicates the corresponding set of species 

involved in each set. Core, ortholog sets whose members are found in all the collected genome. 

Partial pangenome, ortholog clusters present in more than one genome and fewer than all. 

Singleton, genes with no sequence homology in any other genomes. 

 

Node number 1 2 3 4 5 6 7 8 9 

Core 1317 1912 1436 1568 1621 2287 1879 2067 2456 

Partial pangenome 2989 0 2512 2221 2003 0 1113 612 0 

Singleton 8984 2823 7340 6194 5381 2013 4254 2828 2155 
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CHAPTER 6 

CONCLUSIONS 

1. DMSP acts as an antioxidant in R. pomeroyi. 

The antioxidant role of DMSP has been reported for about 20 years and tested in algae, 

corals, and higher plants. To my best knowledge, prior to our experiments in Chapter 2, there 

was no similar study done in bacteria with direct treatment of ROS. With the modified chemostat 

system, we can constantly and continuously treat R. pomeroyi wild-type and a catalase deletion 

mutant, ΔkatG strain, with H2O2 and minimize the abiotic degradation caused by the medium 

components.  

For wild-type, catalase is a powerful tool to resist H2O2, whose activity was quickly 

upregulated after exposure. As a result, no H2O2 was detected in the outflow throughout the 

experiment. The original catalase activity was lower when DMSP was available in the absence of 

added H2O2, suggesting DMSP alleviated the oxidative stress faced. When catalase is deleted, 

the ΔkatG strain faces inherent oxidative stress as the poor growth ability and high expression 

level of repair genes showed. When ΔkatG strain was treated by 0.1 mM H2O2, one tenth of the 

concentration for wild-type, there was about 5% of H2O2 remaining in the outflow, confirming 

the presence of strong oxidative stress. But when DMSP was added, the H2O2 in outflow 

dropped back to background level. All these results confirm the antioxidant role of DMSP is 

present in bacteria as well. 

 

2. The interaction between the two DMSP catabolic pathways in R. pomeroyi. 
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Unlike other DMSP producers or consumers, bacteria are the only known group of 

organisms that can utilize DMSP via both the cleavage and demethylation pathway. The 

widespread MeSH oxidase MtoX plays an important role in sulfur assimilation as it coverts 

MeSH to sulfide. But this process also produces H2O2, resulting in oxidative stress. As DMSP 

cleavage is reported to be an antioxidant system, the production of H2O2 should lead to the 

upregulation of the cleavage pathway. Although in Chapter 2, no significant difference in DMS 

and MeSH production was detected before and after adding H2O2, the transcriptional analysis 

showed the upregulation of dddW and dddD, and downregulation of dmdA, dmdC1, dmdD, and 

mtoX in both strains. Similarly, higher expression of dddD and dddW, and lower expression of 

mtoX were observed when comparing ΔkatG strain to the wild-type without treatment with H2O2. 

These results confirmed that under oxidative stress, R. pomeroyi lowers demethylation pathway 

activity to avoid the further production of H2O2 but increases the cleavage pathway activity to 

produce more DMS and acrylate. 

Acryloyl-CoA is a strong electrophilic compound produced downstream of the cleavage 

pathway, and has to be converted to other compounds such as propionyl-CoA to avoid cellular 

toxicity. In the R. pomeroyi genome, the acryloyl-CoA reductase gene acuI is located right 

downstream of dmdA and these two genes are co-regulated. Previous studies and our data have 

reported that acrylate treatment will lead to a stimulus of MeSH production, indicating that high 

activity of cleavage pathway causes increased activity of demethylation pathway. Thus, both 

DMSP catabolic pathways produce harmful products, which will upregulate the other pathway 

for detoxification. As a result, the two pathways are likely to drive a positive feedback and keep 

both pathways upregulated with increasing DMSP concentrations. 
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3. DMSP is the preferred sulfur source compared to sulfate for R. pomeroyi. 

In our previous experiment studying the assimilation of DMSP sulfur, it was found that 

even when the available DMSP concentration was only about 1 µM, more than 90% of cellular 

sulfur was assimilated from DMSP rather than sulfate, whose concentration was about 14 mM in 

the medium. In Chapter 2, the significant downregulation of sulfate reduction genes cysH and 

cysJI when DMSP was present also supported findings that DMSP was the preferred sulfur 

source compared to sulfate. In addition, under this condition, mtoX was one of the most 

upregulated genes, which agreed with the previous result that more DMSP sulfur was assimilated 

in the form of sulfide rather than MeSH. When H2O2 was added, it restricted the expression of 

dmdD and mtoX, but the expression level of these two genes were still higher than during grow 

on glucose. The expression of cysH and cysJI remained low as well. These findings show that 

when there is oxidative stress, DMSP will still be demethylated for a sulfur source, even though 

this could lead to more H2O2. 

 

4. DmdC1 has minimal adaptations for DMSP catabolism. 

DmdC catalyzes the third step of the demethylation pathway, and it shares sequence and 

structural similarity to acyl-CoA dehydrogenases involved in fatty acid metabolism. It has been 

proposed that the steps of DMSP demethylation may have evolved about 250 million years ago, 

when DMSP likely first become abundant, by recruiting existing enzymes through specific 

adaptations. To address this question for DmdC, in Chapter 3, dmdC1 gene was recombinantly 

expressed to study its substrate specificity and sensitivity to a variety of potential effectors. 

DmdC1 possessed a broad substrate specificity with good activity towards MMPA-CoA and 

straight-chain C4-C8 acyl-CoAs. However, DmdC1 was insensitive to DMSP, MMPA, ATP, and 
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ADP, which may regulate the demethylation pathway. Thus, DmdC1 is likely to be a short-chain 

acyl-CoA dehydrogenase with modification to decrease the substrate specificty to include 

MMPA-CoA. Compared to other enzymes of the demethylation pathway, DmdC1 has only 

minimal adapations to DMSP metabolism.  

 

5. Reclassification of Lotanella acticola and Loktanella ponticola into the genus Yoonia. 

Though the reclassification by Wirth et al., 16 species in the genus Loktanella were 

moved into novel genera including Cognatiyoonia, Flavimaricola, Limimaricola, and Yoonia 

based on whole-genome sequences, core-gene average amino acid identity, percent of conserved 

proteins and phenotypic data. Loktanella acticola and Loktanella ponticola were not included in 

this reclassification because they were isolated after this time or there was no genome sequence 

available, respectively (Chapter 4 and Chapter 5). L. ponticola remained in the genus Loktanella 

as there is no clear evidence supporting to move it into another genus. Recently, the genome for 

L. ponticola has become available. By reevaluating the phylogeny, L. ponticola was moved into 

the genus Yoonia, as it was a deep lineage associated with Yoonia, and no data clearly indicate it 

should be reclassified into a novel genus. Although there is no genome sequence for L. acticola, 

the high 16S rRNA sequence similarity and DNA-DNA hybridization percentage to Yoonia 

species supports the reclassification of it into the genus Yoonia. Currently, there are 4 and 9 

species in the genus Loktanella and Yoonia respectively.
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Table S2-1. Primers used for generating pCR2.1 deletion vector. Restriction sites are in bold. 

Primers Sequences 

tetAR_F SpeI 5’-ACTAGTACCGTATTACCGCCTTTGAGTGAG-3’ 

tetAR_R XhoI 5’-CTCGAGACGCTGAGTGCGCTTCAAATCATC-3’ 

katG_Up_Fwd 

HindIII 
5’-GACCATGATTACGCCAAGCTTGGACACCAACATGCCCAG-3’ 

katG_Up_Rev 

SpeI 
5’-GGCGGTAATACGGTACTAGTCAGCACCAGAAAGAACCGG-3’ 

katG_Down_Fwd 

XhoI 
5’-AGCGCACTCAGCGTCTCGAGGACCTAGGCCGCGCGTCCCG-3’ 

katG_Down_Rev 

XbaI 
5’-GGGCGAATTGGGCCCTCTAGACTGGGCATGTTGGTGTCC-3’ 
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Table S2-2. H2O2 stability in culture media1. The abiotic controls were setup following the 

routine chemostat procedure except that the chemostats were not inoculated. The maximum 

volume was 144 ml. The flowrates of medium and air were 0.1 and 3 ml min-1, respectively. 

H2O2 added 1000 1000 100 100 

DMSP added2 0 250±16 0 250±16 

H2O2 in outflow3 606±54 704±26 49±3 66±5 

DMSP in outflow4 0 231±20 0 233±19 
 

1All values are reported in micromolar. 

2The DMSP concentration added was the average of 6 measurements at the beginning and the 

end of the experiment. The 95% confidence intervals are indicated. 

3The concentration is the average detected from day 3 to day 5 after adding H2O2 (n=9), when the 

concentration was stable. The 95% confidence intervals are indicated. In the absence of added 

H2O2, the concentration measured was <0.5 µM. 

4The amount of DMSP in outflow was measured in triplicates at the end of the experiment. The 

95% confidence intervals are indicated. 

  



 

161 

Table S2-3. Summary of sequencing data including the number of reads and indicators of 

their quality. Sample abbreviations are defined in Figure 2-2, with the number indicating the 

replicate.  

Sample Raw reads (M) 
Effective rate 

(%) 
Q30 (%) GC (%) 

Overall alignment 

rate (%) 

W1 9.706 98.10 94.27 62.64 98.06 

W2 11.170 97.71 94.97 63.55 97.68 

W3 11.967 96.85 95.07 63.02 95.21 

WH1 9.569 97.19 96.13 63.00 99.63 

WH2 9.977 96.76 95.90 63.13 99.62 

WH3 9.705 97.28 95.91 62.81 98.64 

WD11 10.198 99.25 93.94 66.78 99.57 

WD2 14.037 98.33 94.04 63.70 99.00 

WD3 12.162 99.11 93.91 63.46 100.00 

WDH1 11.159 98.77 93.62 65.39 98.93 

WDH2 10.276 99.00 94.35 65.82 99.18 

WDH3 12.441 98.95 93.70 63.61 98.28 

K1 11.742 97.46 95.18 61.79 82.22 

K2 13.889 95.36 95.15 63.72 99.12 

K3 14.848 98.57 94.69 64.50 99.13 

KH1 11.661 98.48 93.33 64.92 98.84 

KH2 12.218 98.68 93.08 65.86 98.95 

KH3 12.448 98.45 93.35 63.59 98.88 

KD12 10.688 99.07 95.05 64.93 99.40 

KD2 13.053 99.20 93.68 64.24 99.07 

KD3 11.926 99.31 93.81 63.16 98.60 

KDH1 13.657 99.39 93.59 66.05 99.25 

KDH2 14.674 99.30 93.36 65.31 99.37 

KDH3 13.852 99.60 93.69 66.31 99.50 
 

1Sample dropped during analysis. 

2Data contained contaminating reads from E.coli, which were removed during the analysis.  
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Table S2-4. Comparison of replicates and determination of batch effects. To calculate the 

distance between samples, the counts were transformed by regularized-logarithm transformation 

(rlog). Sample abbreviations are defined in Figure 2-2, with the number indicating the replicate. 

NA: not applicable. 

Sample Chemostat batch 
Sequencing 

batch 

Distance to 

replicate 1 

Distance to 

replicate 2 

W1 A 5 NA 37 

W2* A’ 5 37 NA 

W3* A’ 5 43 24 

WH1* A 4 NA 12 

WH2* A 4 12 NA 

WH3* A 4 49 47 

WD1 B 3 NA 65 

WD2 B 3 65 NA 

WD3 B 2 71 14 

WDH1 B 3 NA 60 

WDH2 B 3 60 NA 

WDH3 B 2 37 47 

K1* C’ 5 NA 15 

K2* C’ 5 15 NA 

K3 C 5 56 56 

KH1 C 3 NA 43 

KH2 C 3 43 NA 

KH3 C 3 24 48 

KD1 D 1 NA 39 

KD2 D 2 39 NA 

KD3 D 2 45 17 

KDH1 D 2 NA 21 

KDH2 D 2 21 NA 

KDH3 D 2 11 28 

 

*: sample cleaned by RNA Clean & Concentrator kit. 

’: backup chemostat for makeup samples. 
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Table S2-5. Number of differentially expressed genes in each comparison with adjusted p 

values <0.1. Abbreviations for growth conditions are defined in Figure 2. Conditions in 

parentheses are controls for each comparison. The mean count for all genes under all conditions 

was 1 or greater. 

 K(W) WH(W) KH(K) WD(W) KD(K) 

Upregulated 73 65 360 634 775 

Downregulated 20 97 422 793 862 

Outlier1 52 24 26 8 19 

 

Table S2-5 (continued). 

 

 

1Detected by Cook’s distance. 

 KD(WD) WDH (WD) KDH (KD) WDH (WH) KDH (KH) 

Upregulated 668 869 543 1084 1551 

Downregulated 248 325 1417 1055 1514 

Outlier1 0 0 0 9 0 
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Table S2-6. Full list of genes selected for analyzing sulfur metabolism and oxidative stress. 

Locus tag Genes Annotations 

Oxidative stress genes (84) 

SPO_RS10675  hydrogen peroxide-inducible genes activator (oxyR homologue) 

SPO_RS11345  hydrogen peroxide-inducible genes activator (oxyR homologue) 

SPO_RS20080 katG catalase/peroxidase HPI 

SPO_RS00535 yaaA peroxide stress protein YaaA 

SPO_RS19660 trxA thioredoxin 

SPO_RS17330 trxA thioredoxin 

SPO_RS04550 trxB thioredoxin-disulfide reductase 

SPO_RS13145  thioredoxin domain-containing protein 

SPO_RS04995 soxW thioredoxin family protein 

SPO_RS02235  thiol reductase thioredoxin 

SPO_RS10235  SufD family Fe-S cluster assembly protein 

SPO_RS10240 sufC Fe-S cluster assembly ATPase SufC 

SPO_RS10265 sufB Fe-S cluster assembly protein SufB 

SPO_RS13285  SUF system Fe-S cluster assembly protein 

SPO_RS13290  iron-sulfur cluster assembly accessory protein 

SPO_RS06770 gor glutathione-disulfide reductase 

SPO_RS03235  carboxymuconolactone decarboxylase family 

protein/alkylhydroperoxidase AhpD family core domain protein 

SPO_RS03835  carboxymuconolactone decarboxylase family 

protein/alkylhydroperoxidase AhpD family protein 

SPO_RS06395  peroxidase-related enzyme 

SPO_RS07105  carboxymuconolactone decarboxylase family 

protein/alkylhydroperoxidase AhpD family protein 

SPO_RS19070  peroxidase-related enzyme 

SPO_RS19230  carboxymuconolactone decarboxylase family 

protein/alkylhydroperoxidase AhpD family protein 

SPO_RS00370 hemH protoporphyrin/coproporphyrin ferrochelatase 

SPO_RS01680 ccpA cytochrome-c peroxidase 

SPO_RS03770  peroxidase 

SPO_RS04325  cytochrome-c peroxidase 

SPO_RS18990  glutathione peroxidase 

SPO_RS20600  di-heme cytochrome c peroxidase family protein/hypothetical protein 

SPO_RS21190  methylamine utilization protein MauG/c-type cytochrome 

SPO_RS22125  vanadium-dependent haloperoxidase 

SPO_RS20725  LysR family transcriptional regulator 

SPO_RS04195  LysR family transcriptional regulator 

SPO_RS17675  LysR family transcriptional regulator 

SPO_RS07845  LysR family transcriptional regulator 
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SPO_RS16785  hydrogen peroxide-inducible genes activator 

SPO_RS21470  LysR family transcriptional regulator 

SPO_RS21795  LysR family transcriptional regulator 

SPO_RS20665  LysR family transcriptional regulator 

SPO_RS01230  LysR family transcriptional regulator 

SPO_RS20010 pcaQ pca operon transcription factor PcaQ 

SPO_RS12080  LysR family transcriptional regulator 

SPO_RS10920 lexA 
transcriptional repressor LexA,in the response to DNA damage (SOS 

response) 

SPO_RS18960  peroxiredoxin 

SPO_RS01605 soxR redox-sensitive transcriptional activator SoxR 

SPO_RS04980 soxR winged helix-turn-helix transcriptional regulator 

SPO_RS04985 soxS regulatory protein 

SPO_RS11860 sodB superoxide dismutase 

SPO_RS00070 msrA peptide-methionine (S)-S-oxide reductase MsrA 

SPO_RS18980 msrA peptide-methionine (S)-S-oxide reductase MsrA 

SPO_RS18985 msrB peptide-methionine (R)-S-oxide reductase MsrB 

SPO_RS16560 msrQ protein-methionine-sulfoxide reductase heme-binding subunit MsrQ 

SPO_RS16565 msrP protein-methionine-sulfoxide reductase catalytic subunit MsrP 

SPO_RS10320 recA recombinase RecA 

SPO_RS00775 recF DNA replication/repair protein RecF 

SPO_RS08535 recG ATP-dependent DNA helicase RecG 

SPO_RS08815 recJ single-stranded-DNA-specific exonuclease RecJ 

SPO_RS16190 recO DNA repair protein RecO 

SPO_RS18080 recR recombination protein RecR 

SPO_RS15785 ruvB Holliday junction branch migration DNA helicase RuvB 

SPO_RS15790 ruvA Holliday junction branch migration protein RuvA 

SPO_RS15795 ruvC crossover junction endodeoxyribonuclease RuvC 

SPO_RS15845 priA primosomal protein N' 

SPO_RS19505 polA DNA polymerase I 

SPO_RS11250 uvrA excinuclease ABC subunit UvrA 

SPO_RS02750 uvrB excinuclease ABC subunit UvrB 

SPO_RS18425 uvrC excinuclease ABC subunit UvrC 

SPO_RS05950 uvrD UvrD-helicase domain-containing protein 

SPO_RS08530 ligA NAD-dependent DNA ligase LigA 

SPO_RS10520 mfd transcription-repair coupling factor 

SPO_RS07205  DNA modification methyltransferase 

SPO_RS00750 mutM 
bifunctional DNA-formamidopyrimidine glycosylase/DNA-(apurinic or 

apyrimidinic site) lyase 

SPO_RS17455 mutY A/G-specific adenine glycosylase 

SPO_RS00305 mutT 8-oxo-dGTP diphosphatase MutT 
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SPO_RS00055 mutS DNA mismatch repair protein MutS 

SPO_RS17030 mutL DNA mismatch repair endonuclease MutL 

SPO_RS18140 nth endonuclease III 

SPO_RS12740 xth exodeoxyribonuclease III 

SPO_RS09650 tag DNA-3-methyladenine glycosylase I 

SPO_RS01465 udgA uracil-DNA glycosylase 

SPO_RS10785  DNA-3-methyladenine glycosylase 2 family protein 

SPO_RS06850 xseA exodeoxyribonuclease VII large subunit 

SPO_RS01270 xseB exodeoxyribonuclease VII small subunit 

SPO_RS10390 zwf glucose-6-phosphate dehydrogenase 

SPO_RS15375 zwf glucose-6-phosphate dehydrogenase 

Sulfur metabolism genes (39) 

SPO_RS00195 cysQ 3'(2'),5'-bisphosphate nucleotidase CysQ 

SPO_RS11395 cysK pyridoxal-phosphate dependent cysteine synthase A 

SPO_RS11400 cysE serine O-acetyltransferase 

SPO_RS13360 cysJI nitrite/sulfite reductase 

SPO_RS13365 cysH phosphoadenylyl-sulfate reductase 

SPO_RS04535 sat bifunctional sulfate adenylyltransferase/adenylylsulfate kinase 

SPO_RS04990 soxV cytochrome C biogenesis protein CcdA 

SPO_RS04995 soxW thioredoxin family protein 

SPO_RS05000 soxX sulfur oxidation c-type cytochrome SoxX 

SPO_RS05005 soxY thiosulfate oxidation carrier protein SoxY 

SPO_RS05010 soxZ thiosulfate oxidation carrier complex protein SoxZ 

SPO_RS05015 soxA sulfur oxidation c-type cytochrome SoxA 

SPO_RS05020 soxB thiosulfohydrolase SoxB 

SPO_RS05025 soxC sulfite dehydrogenase, sulfur oxidation molybdopterin C protein 

SPO_RS05030 soxD c-type cytochrome 

SPO_RS05035 soxE c-type cytochrome 

SPO_RS05040 soxF FAD-dependent oxidoreductase 

SPO_RS07755 soxY quinoprotein dehydrogenase-associated SoxYZ-like carrier 

SPO_RS14335 soxH MBL fold metallo-hydrolase 

SPO_RS17005 soeC 
LysR family transcriptional regulator/membrane-bound sulfite 

dehydrogenase soeABC 

SPO_RS17010 soeB 
serine/threonine protein phosphatase/membrane-bound sulfite 

dehydrogenase soeABC 

SPO_RS17015 soeA 
L-threonine 3-dehydrogenase/membrane-bound sulfite dehydrogenase 

soeABC 

SPO_RS18875 sseA 3-mercaptopyruvate sulfurtransferase 

SPO_RS03405 tauA ABC transporter substrate-binding protein/taurine transporter 

SPO_RS03410 tauB ABC transporter ATP-binding protein/taurine transporter 

SPO_RS03415 tauC ABC transporter permease subunit/taurine transporter 
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SPO_RS09100  sulfate/tungstate uptake family ABC transporter, permease protein 

SPO_RS09105  ATP-binding cassette domain-containing protein/sulfate/tungstate 

uptake family ABC transporter 

SPO_RS09110  extracellular solute-binding protein/sulfate/tungstate uptake family ABC 

transporter 

SPO_RS09930 sulP sulfate permease 

SPO_RS15495 sulP SulP family inorganic anion transporter 

SPO_RS09750  cysteine synthase A 

SPO_RS08200  NAD(P)/FAD-dependent oxidoreductase/sulfide:quinone 

oxidoreductase 

SPO_RS08800 metA homoserine O-succinyltransferase 

SPO_RS06880 metZ O-succinylhomoserine sulfhydrylase 

SPO_RS21430 megL methionine gamma-lyase 

SPO_RS08355  selenium-binding protein 

SPO_RS07295 metY O-acetylhomoserine aminocarboxypropyltransferase/cysteine synthase 

SPO_RS09575 bmt 5-methyltetrahydrofolate--homocysteine methyltransferase 
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Figure S2-1. Chemostat design for H2O2 additions. One of the reservoirs contained 160 mM 

HEPES (pH 6.8), 0.01 mM Fe(III)EDTA, 0.2 % (v/v) trace mineral solution, and 0.2 % (v/v) 

vitamin solution in general salts solution with carbon sources. The other reservoir contained 1.16 

mM KH2PO4 solution with the desired H2O2 concentration. The stir bars in reservoirs and the 

culture are not shown. 
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Figure S2-2. Identification of oxidative stress responsive genes. Heatmap of genes likely to 

play a role in the oxidative stress response in R. pomeroyi based upon their annotation and 

homology to oxidative stress responsive genes in other proteobacteria. Abbreviations are defined 

in Figure 2-2. 
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Table S3-1. Purification of the recombinant R. pomeroyi DSS-3 DmdC dehydrogenase from 

E. coli BL21(DE3) cells. 

Step 
Protein 

(mg) 

Activitya 

(µmol min-1) 

Specific activity 

(µmol min-1 mg-1) 

Purification 

fold 

Yield 

(%) 

Cell extract 40.6 3.95 0.0973 1 100 

Q-Sepharoseb 1.82 1.39 0.765 7.86 35.2 

Phenyl Superose 1.01 0.593 0.587 6.03 15.0 

Centrifuge filter 0.896 0.703 0.785 8.69 17.8 
 

aEnzyme activity was determined in the standard assay at pH 7.5. 

bResults after the second Q-Sepharose column. 

  



 

173 

Table S3-2. Electron acceptors of recombinant RPO_DmdC1 dehydrogenasea. 

Electron acceptors Specific activity (µmol min-1 mg-1) 

PMS+DCPIP 1.15±0.11 

PMS+INT 0.84±0.04 

DCPIP <0.05b 

FAD <0.05 

FMN <0.05 

NADP <0.05 
 

aCofactor specificity was determined in the standard assay at pH 7.0 by replacing PMS plus 2,6-

dichlorophenol indophenol (DCPIP) with 50 µM PMS plus 200 µM iodonitrotetrazolium violet 

(INT), 200 µM DCPIP alone, and 200 µM each of FAD, FMN or NADP. Values are the standard 

deviation calculated from two replicates. 

bLimits of detection. 
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Figure S3-1. Purification of the recombinant RPO_DmdC1 expressed in E. coli BL21(DE3). 

SDS-PAGE of the cell extract and after each purification step.  Lane 1: broad-range protein 

marker (New England Biolabs, Cat. No. P7702). Lane 2: cell lysate of E. coli BL21(DE3) 

harboring pET101 without RPO_dmdC1.  Lane 3: cell lysate of recombinant strain with 

RPO_DmdC1 induced. Lane 4: RPO_DmdC1 following the first Q-Sepharose column. Lane 5: 

RPO_DmdC1 following the second Q-Sepharose column. Lane 6: RPO_DmdC1 following the 

Phenyl Superose column. 
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Figure S3-2. Inhibition of recombinant RPO_DmdC1 dehydrogenase activity by 0.4 M 

salts. The salt effect was tested in the standard assay with 100 mM HEPES-NaOH buffer (pH 

6.5) plus addition of the designated salt. The control was without the addition of salt. Standard 

error bars are the ranges from two replicates.  
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Figure S3-3. Role of potential effectors on RPO_DmdC dehydrogenase activity. Activity 

was tested in the standard assay at pH 7.0 with 150 µM MMPA-CoA. Standard error bars are the 

ranges from two replicates. The concentrations of FMN and FAD were 50 µM. The 

concentration of DMSP was 50 mM. The concentrations of the other compounds were 2 mM. 

 
 




