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Originality significance statement 

Members of the flavobacteria group in Bacteroidetes are prevalent in marine 

environments, representing up to 10-20% of the bacterial cells in some ocean regions. 

Flavobacteria are generally considered as the specialists for polysaccharide 

degradation because of the excess of genes encoding carbohydrate active enzymes, 

and thus play an important role in marine carbon cycle. The present study employs a 

combination of genomic analyses, physiological assays, ancestral reconstruction and 

experimental evolution, and addresses the evolutionary processes and mechanisms 

underlying niche differentiation of two related flavobacteria lineages. 
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Summary  

Marine flavobacteria are specialists for polysaccharide degradation. They 

dominate in habitats enriched with polysaccharides, but are also prevalent in pelagic 

environments where polysaccharides are less available. These niches are likely 

occupied by distinct lineages, but evolutionary processes underlying their niche 

differentiation remain elusive. Here, genomic analyses and physiological assays 

indicate that the sister flavobacteria lineages Leeuwenhoekiella and Nonlabens likely 

explore polysaccharide-rich macroalgae and polysaccharide-poor pelagic niches, 

respectively. Phylogenomic analyses inferred that the niche separation likely occurred 

anciently and coincided with increased sequence evolutionary rate in Nonlabens 

compared to Leeuwenhoekiella. Further analyses ruled out the known mechanisms 

likely driving evolutionary rate acceleration, including reduced selection efficiency, 

decreased generation time and increased mutation rate. In particular, the mutation 

rates were determined using an unbiased experimental method, which measures the 

present-day populations and may not reflect ancestral populations. These data 

collectively lead to a new hypothesis that an ancestral and transient mutation rate 

increase resulted in evolutionary rate increase in Nonlabens. This hypothesis was 

supported by inferring that gains and losses of genes involved in SOS response, a 

mechanism known to drive transiently increased mutation rate, coincided with 

evolutionary rate acceleration. Our analyses highlight the evolutionary mechanisms 

underlying niche differentiation of flavobacteria lineages. 
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Introduction 

Approximately one-half of the oceanic primary production is consumed by 

heterotrophic marine bacteria (Fuhrman and Azam, 1982; Fenchel, 1988). Among 

these, flavobacteria is one of the most effective groups because of its high abundance 

in global oceans and its specialized capability for polymeric organic matter utilization 

(Kirchman, 2002). Marine flavobacteria thrive in diverse ecological niches and are 

enriched in coastal waters and during phytoplankton blooms, in which they account 

for up to ~40% and ~70% of bacterial cells, respectively (Cottrell and Kirchman, 

2000; Kirchman, 2002; Teeling et al., 2016). The unique role of flavobacteria in high 

molecular weight organic matter utilization largely results from an excess of genes 

encoding carbohydrate active enzymes (CAZymes) and peptidases carried in their 

genomes (Bauer et al., 2006; Fernández-Gomez et al., 2013). CAZymes often cluster 

with susCD-like transporter genes, and form polysaccharide utilization locus (PUL) 

for binding, degradation and uptake of different classes of polysaccharides 

(Kappelmann et al., 2019).  

Despite their generally recognized role in polysaccharide and peptide 

degradation, a few studies have revealed niche specialization and adaptation among 

flavobacteria lineages. For example, although members of the genus Formosa have 

been largely isolated from the nutrient-enriched niches such as brown algae, a few 

were proposed to inhabit the pelagic ocean (Mann et al., 2013). We recently 

demonstrated three unidirectional transitions from marine to non-marine habitats 

during the evolutionary history of flavobacteria, which was likely facilitated by 
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repeated gains and losses of niche-specifying genes (Zhang et al., 2019). The present 

study investigates the potential niche separation between two well-established sister 

lineages, Nonlabens and Leeuwenhoekiella. While the two genera are distributed in 

overlapping marine niches such as seawater and invertebrates (Nedashkovskaya et al., 

2005; Lau et al., 2006; Pinhassi et al., 2006; Park et al., 2012), they show distinct 

genomic features, suggestive of niche specialization. Members of Leeuwenhoekiella 

consistently have larger genome size (over 4 Mbp), versatile metabolic capabilities 

and gliding motility, whereas Nonlabens have reduced genomes (around 3 Mbp), 

decreased gliding motility, and use rhodopsins to acquire energy from sunlight in 

some members (Fernández-Gomez et al., 2013; Kwon et al., 2013). 

A major benefit of using Nonlabens and Leeuwenhoekiella is that they allow for 

an in-depth analysis of evolutionary forces associated with their niche separation. As 

repeatedly shown in published phylogenomic trees in which these two lineages were 

included (Kumagai et al., 2018; Zhang et al., 2019), the genome-reduced Nonlabens 

evolved at an accelerated rate compared to Leeuwenhoekiella, manifested as 

extraordinarily long branches connected to the former members since the last 

common ancestor (LCA) shared by the two lineages. In fact, free-living marine 

bacterial lineages with reduced genome sizes commonly show accelerated rate of 

sequence evolution at genome-wide scale (Batut et al., 2014), with prominent 

examples being the genome-reduced Prochlorococcus lineages in Cyanobacteria, the 

SAR11 clade in Alphaproteobacteria, and the SAR86 clade in Gammaproteobacteria. 

A few evolutionary mechanisms have been invoked to explain the genome reduction 
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in free-living marine bacteria, which highlighted the role of positive selection 

(Giovannoni et al., 2005), increased mutation rate (Marais et al., 2008), and genetic 

drift (Luo et al., 2017). In theory, these evolutionary forces may potentially also drive 

the genome-wide accelerated evolutionary rate. 

Among these mechanisms, genetic drift has been subject to rigorous tests. The 

underlying principle is that, because nonsynonymous substitutions leading to 

physicochemically dissimilar amino acid replacements (radical changes) are more 

likely to be deleterious than those leading to similar amino acid replacements 

(conservative changes) (Zuckerkandl and Pauling, 1965; Dayhoff et al., 1972), an 

excess of the former type across genomic regions is evidence for genetic drift as a 

result of effective population size (Ne) reduction (Zhang, 2000; Eyre-Walker et al., 

2002; Hughes and Friedman, 2009; Wernegreen, 2011). Both sides of the causal 

relationship underlying this drift theory were shown to exist in several important free-

living marine bacteria (Luo et al., 2017). For example, the radical nonsynonymous 

mutations were demonstrated to be under greater functional constraints than the 

conservative nonsynonymous mutations in all examined marine bacterial populations, 

indicating the former type of mutations are indeed more deleterious than the latter 

type (Luo et al., 2017). Further, genome reduction and genomic sequence 

evolutionary rate acceleration were shown to coincide with an accelerated 

accumulation of the more deleterious type of mutations (i.e., radical changes) in 

Prochlorococcus and in SAR86, suggesting that genetic drift, rather than natural 

selection, acted at the time that genome reduction and increased evolutionary rate 

This article is protected by copyright. All rights reserved.



occurred in these lineages (Luo et al., 2017).  

The hypothesis that increased mutation rate as a result of repair gene losses may 

play a role in accelerated sequence evolution in free-living marine bacteria is 

straightforward and was used to explain the accelerated sequence evolution in 

Prochlorococcus (Dufresne et al., 2005). The hypothesis that increased mutation rate 

may drive genome reduction of marine bacterioplankton lineages was supported by a 

mathematical model (Marais et al., 2008). However, direct experimental measures of 

unbiased mutation rates in free-living marine bacterial lineages showing accelerated 

evolutionary rate and possessing reduced genomes have not been available. With 

increased mutation rate, not all auxiliary genes can be maintained by purifying 

selection (Marais et al., 2008); some of these are pseudogenized through disabling 

mutations and subsequently lost by mutations that are commonly biased towards 

deletion over insertion (Kuo and Ochman, 2009). Because genome reduction in 

marine bacterioplankton lineages are often associated with loss of important repair 

genes (Partensky and Garczarek, 2010; Viklund et al., 2011), elevation of mutation 

rate is potentially an important mechanism driving genome reduction in marine 

bacterioplankton lineages (Marais et al., 2008). In addition to repair gene loss, 

increased mutation rates could also be triggered by error-prone DNA replication under 

SOS conditions (Maor-Shoshani et al., 2000). However, the relationship between 

genome reduction and the bacterial SOS response is yet to be explored. 

The mutation accumulation (MA) experiment followed by whole-genome 

sequencing (WGS) of the mutant lines is becoming a standard approach for 
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spontaneous mutation rate determination, and the MA/WGS data of over 20 model 

bacteria have become available (Long et al., 2018). In the MA procedure, the 

laboratory populations arising from the same ancestor cell independently go through 

repeated single-cell bottlenecks over hundreds to several thousand cell divisions. This 

procedure minimizes the ability of natural selection to eliminate deleterious mutations 

except the lethal ones and thus is considered an approximately unbiased method for 

mutation rate determination (Lynch et al., 2016). Currently the common practice of 

creating single-cell bottlenecks is by propagating the population on solid medium. 

Unfortunately, most marine bacterioplankton lineages with reduced genomes either 

remain uncultivated (e.g., SAR86), do not grow on solid media (e.g., SAR11), or are 

practically infeasible for long-term propagation on solid medium (e.g., 

Prochlorococcus), and thus are not suitable for the MA/WGS procedure. Members of 

Nonlabens and Leeuwenhoekiella grow readily on solid medium and thus are 

amenable to the MA/WGS procedure, providing an unprecedented opportunity to 

examine the various drivers including mutation rate effect on elevated evolutionary 

rate and genome reduction in free-living marine bacteria. 

 

Results and Discussion 

Niche specialization of present-day populations in Nonlabens and Leeuwenhoekiella 

We performed detailed experimental and bioinformatics analyses on a present-

day representative member SY33080 in the Nonlabens lineage and compared it to 

strain ZYFB001 in the sister lineage Leeuwenhoekiella. Both of them grow on starch, 
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Tween 20, Tween 40, and Tween 80, but neither use gelatin, casein, cellulose, 

alginate, and chitin. The API 20NE experiment result shows only L. ZYFB001 has β-

glucosidase and β-galactosidase activities. Furthermore, the GN2 Biolog analysis 

showed that L. ZYFB001 utilizes 34 more carbon compounds than N. SY33080 

(Table 1), among which 24 are carbohydrates or organic acids and only the remaining 

three are amino acids, consistent with the more abundant glycoside hydrolase (GH) 

genes (103 vs. 26) and more diverse glycoside hydrolase gene families (35 vs. 17) in 

L. ZYFB001 than in N. SY33080 (Fig. 1A).  

By normalizing the genome size, we found a greater CAZyme gene density 

(38.27 Mbp-1 vs. 25.96 Mbp-1) but a similar peptidase gene density (30.37 Mbp-1 vs. 

30.88 Mbp-1) in L. ZYFB001 compared to N. SY33080 (Fig. 1B), giving rise to a 

starkly elevated peptidase:CAZyme ratio in N. SY33080 (1.19) compared to that in L. 

ZYFB001 (0.79). The trend remains consistent when taking into account the 

remaining genomes of each lineage: the CAZyme gene density in Leeuwenhoekiella 

lineage is significantly higher than that in the Nonlabens lineage (Wilcoxon-Mann-

Whitney test, p<0.001), whereas the peptidase gene density is not significantly 

different (Wilcoxon-Mann-Whitney test, p>0.05). This leads to a significantly 

elevated peptidase:CAZyme ratio in the Nonlabens lineage compared to the 

Leeuwenhoekiella lineage (Wilcoxon-Mann-Whitney test, p<0.001). Since marine 

Bacteroidetes taking a primarily planktonic lifestyle tend to have higher 

peptidase:CAZyme ratios compared to those adopting a primarily algae-associated 

lifestyle (Xing et al., 2015; Bennke et al., 2016), our results strongly suggest that the 
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extant members of the Nonlabens lineage and the Leeuwenhoekiella lineage 

diversified ecologically towards taking planktonic and algae-associated lifestyles, 

respectively.  

Bacteroidetes utilize complex polysaccharides often through PUL, which consists 

of susC-like TonB-dependent receptors (TBDRs), paired susD-like genes, CAZymes, 

and auxiliary genes such as sulfatase and regulatory genes (Bennke et al., 2016). 

Among these functional units, SusD binds to the degraded polysaccharides and bring 

them to TBDR for transportation into the cell (Sonnenburg et al., 2010). L. ZYFB001 

possesses 59 TBDR genes, 34 of which are co-located with susD-like genes. By 

contrast, N. SY33080 only has 22 TBDR genes, two of which form partnership with 

susD-like genes. We identified 15 functional PULs potentially involved in the 

utilization of a diverse array of polysaccharides in L. ZYFB001 but only one PUL in 

N. SY33080 (Table S1).  

In summary, N. SY33080 possesses a reduced genome, features low catabolic 

potential for polysaccharides, paralleling the planktonic lifestyle of several model 

marine flavobacteria strains such as Polaribacter sp. MED152, Polaribacter sp. Hel1 

33 49, and Dokdonia donghaensis MED134 (González et al., 2008; González et al., 

2011; Xing et al., 2015). In contrast, L. ZYFB001 possesses a larger genome and 

features highly diverse and abundant genes involved in polysaccharide utilization, 

likened to the algae-associated paradigm of other model marine flavobacteria strains 

such as Zobellia galactanivorans DsijT, Gramella forsetii KT0803, Formosa 

agariphila KMM 3901, and Polaribacter sp. Hel1 85 (Mann et al., 2013; Kabisch et 
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al., 2014; Xing et al., 2015; Barbeyron et al., 2016).  

Niche separation of Leeuwenhoekiella and Nonlabens occurred anciently and 

accompanied by genome expansion and reduction, respectively 

Among the three sister lineages, Nonlabens branched off prior to the 

diversification of Leeuwenhoekiella from Dokdonia (Fig. 2, Fig. S1). Ancestral 

genome reconstruction inferred that the LCA (N33) of Nonlabens, Dokdonia and 

Leeuwenhoekiella carried a genome with 2,216 gene families. It underwent distinct 

evolutionary processes toward the LCA of Nonlabens (N19) and toward the LCA of 

Leeuwenhoekiella (N31). The former reduced the genome size by 3.5%, whereas the 

latter experienced a stepwise genome expansion via the ancestral node of N32 (LCA 

of Dokdonia and Leeuwenhoekiella) by a net increase of 12.5% (Fig. 2, Table S2). 

Further diversification within Nonlabens was not associated with a clear trend of 

genome reduction, though an overall trend of expansion was reconstructed along the 

evolution of Leeuwenhoekiella (Table S2). Therefore, the dichotomy of lifestyle 

between extant members of Nonlabens and Leeuwenhoekiella is a result of two 

independent processes including early genome reduction in the former lineage and 

persistent genome expansion in the latter lineage. 

Among the 223 gene families lost at the LCA (N19) of Nonlabens (Table S3), 173 

were consistently annotated by at least two databases. Many of them are involved in 

the degradation of carbohydrates derived from marine macroalgae (Fig. 2). For 

example, GH3 family was lost, which consists of β-glucosidase and 1,4-β-xylosidase 

for degrading β-glucan in brown algae (Kabisch et al., 2014) and β-xylan in green 
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macroalgae (Domozych et al., 2012), respectively. A second example is the loss of 

GH32 family with endo‐ and exo‐type of levanase and invertase activities targeting 

fructan and sucrose, respectively (Versluys et al., 2018). While these carbohydrates 

are largely found in terrestrial plants including vegetables, fruits and crops (Huber, 

1989; Muir et al., 2007; van Arkel et al., 2013), fructan and sucrose were also found 

in certain species of green macroalgae (e.g. Cladophorales) and brown algae (e.g. 

Laminaria), respectively (Nwachukwu and Chukwu, 2012; Versluys et al., 2018). A 

third example is the loss of trehalase, which enables the utilization of trehalose, the 

common algal disaccharide accumulated in red algae (Stewart, 1974). A fourth 

example is the loss of multiple genes responsible for the utilization of xylose, the 

major component of xylan found in the cell wall of green macroalgae and red algae 

(Turvey and Williams, 1970; Huizing and Rietema, 1975). This includes the loss of 

xylose transporter, xylose isomerases catalyzing the interconversion between D-

xylose and D-xylulose, and D-xylulose kinase phosphorylating D-xylulose for further 

degradation. A fifth example is the loss of genes encoding α-amylase and extracellular 

starch binding protein for the utilization of starch, which is accumulated as granule in 

red algae (Viola et al., 2001). Furthermore, utilization of polysaccharides is often 

facilitated by the coordinated activities of genes clustered in PUL, which consists of 

CAZymes and two types of PUL signature genes, the susC-like TonB-dependent 

receptors and the susD-like outer membrane proteins (Bennke et al., 2016). The losses 

of several copies of both susC and susD genes further reduce the potential of 

Nonlabens LCA to utilize macroalgae derived polysaccharides. 
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On the other hand, 145 gene families were predicted to be gained at the LCA of 

Nonlabens (Table S4), of which only 61 were annotated by two or more databases. 

Among these, a few are involved in the interaction with microalgae. The genes gained 

at N19 include GH17 and GH30, which may have β-1,3-glucosidase and β-1,6-

glucanase activities, respectively (Fig. S2A & B). They are often adjacently located 

within PUL for the degradation of laminarin or chrysolaminarin, with GH30 firstly 

cleaving β-1,6-glucose side chains followed by cleaving the remaining 1,3 bonds via 

GH17 for further utilization (Kappelmann et al., 2019). Laminarin and 

chrysolaminarin are used as the storage polysaccharides in brown algae and diatoms, 

respectively (Kappelmann et al., 2019). Although the backbones of laminarin and 

chrysolaminarin have the same chemical composition, the former is capped at the 

reducing end by a D-mannitol (Read et al., 1996), which needs to be removed through 

the activity of mannitol dehydrogenase as one step of laminarin degradation 

(Kappelmann et al., 2019). The absence of the mannitol dehydrogenase genes in the 

LCA of Nonlabens suggests that these two glycoside hydrolase genes (GH17 and 

GH30) were likely involved in the utilization of chrysolaminarin, which makes up to 

80% of dry weight in diatom (Gügi et al., 2015). Another example of gain at N19 is 

the two β-mannosidase gene families in GH2 (Fig. S2C), which produces β-D-

mannose residues from hydrolyzing β-D-mannosides. Oligomannosides are the 

dominant unit linked to membrane-bound proteins through N-glycosidic bond in 

microalgae (Mathieu-Rivet et al., 2013). The gained genes also include GH25, which 

exclusively encodes a lysozyme for peptidoglycan degradation. There is evidence that 

This article is protected by copyright. All rights reserved.



GH25 breaks down the cell wall of blue-green algae, allowing the bacteria such as 

Cytophaga (another major lineage of Bacteroidetes) to utilize the algal protoplasmic 

nutrients (Cole, 1982).  

Other important gains at N19 include the gene encoding a carotenoid biosynthesis 

protein (PF04240 in Pfam) (Fig. 2). Carotenoids are likely among the earliest light-

absorbing compounds and are well known for their photoprotective function against 

UV radiation (Pinhassi et al., 2016). Consequently, the gain of carotenoid synthesis 

gene may facilitate niche transition to the pelagic water where cells are more exposed 

to UV light. Another interesting prediction was that crtI for β-carotene synthesis 

experienced an expansion of copy number at N19 via horizontal gene transfer (Fig. 

S3). β-carotene is one type of carotenoid, which is used for retinal synthesis, an 

essential component of rhodopsin (Pinhassi et al., 2016). In oligotrophic pelagic 

environments where labile organic matter is commonly depleted, rhodopsin-

containing flavobacteria utilize light as one source of energy to power cellular 

activities (Yoshizawa et al., 2014). While three types of rhodopsins, including proton-

pumping proteorhodopsin (PR), sodium-pumping rhodopsin (NaR) and chloride-

pumping rhodopsin (ClR) (Béja et al., 2000; Inoue et al., 2013; Yoshizawa et al., 

2014), have been identified in Nonlabens, none was predicted to be gained at the LCA 

(N19) of the Nonlabens lineage (Fig. S4). Therefore, acquisition of an additional copy 

of crtI could be a case of pre-adaptation in early Nonlabens and facilitate the 

transition to rhodopsin-based photoheterotrophy in the later stage of their evolution.  

Selection efficiency was not reduced despite the genome-wide accelerated sequence 
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evolutionary rate in Nonlabens compared to that in Leeuwenhoekiella 

An important observation is that genome reduction in the Nonlabens lineage is 

associated with acceleration of amino acid sequence evolution across genomic 

regions. This is supported by the severely violated molecular clock between these two 

lineages (likelihood ratio test, p<0.001), and is shown by the extraordinarily longer 

branches connecting the LCA (N33) of the Nonlabens, Dokdonia and 

Leeuwenhoekiella lineages to the extant Nonlabens compared the branches connecting 

this LCA to the extant Leeuwenhoekiella (Fig. 2). A higher rate of sequence evolution 

at genome-wide scale often results from genetic drift, or increased mutation rate, or a 

combination of these factors (Graur et al., 2016). As genome reduction of Nonlabens 

largely occurred on the long ancestral branch leading to the LCA (N19) of the 

Nonlabens lineage, the power of genetic drift was tested on this branch.  

Given this genome reduction event having occurred very anciently, the relative 

rate of radical versus conservative nonsynonymous substitutions (the dR/dC ratio) 

across the genomic regions can be a proxy for Ne (Zhang, 2000; Eyre-Walker et al., 

2002; Hughes and Friedman, 2009; Wernegreen, 2011; Luo et al., 2017). The potential 

change of Ne associated with this genome reduction event can be approximated by 

comparing the dR/dC on the branch leading to the LCA of the Nonlabens lineage to 

that of its sister branch giving rise to the LCA (N32) of the Dokdonia and 

Leeuwenhoekiella lineages. Using the outgroup genomes (Fig. S1) as the reference, 

pairwise comparisons across 492 single-copy orthologous genes were performed 

between the target clade (Nonlabens) and the reference genomes, as well as between 
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the control clade (Leeuwenhoekiella and Dokdonia) and the reference genomes, 

respectively. These dR/dC analyses led to opposite interpretations when different 

classification schemes of the 20 amino acids were used (Fig. S5A, Table S5). While 

the genome-wide dR/dC ratio was consistently greater on the ancestral branch leading 

to the N19 than that on the branch leading to N32 based on volume and polarity, the 

dR/dC ratio was instead consistently inflated on the ancestral branch leading to N32 

when amino acids were classified according to charge. As genomes of Dokdonia are 

smaller and more biased toward low GC content compared to Leeuwenhoekiella, 

which might affect the result, the above analysis was also done after the Dokdonia 

lineage was excluded and the results remained qualitatively the same (Fig. S5B). The 

opposite results of dR/dC depending on the amino acid classification scheme suggest 

that genetic drift was likely not a primary mechanism driving genome reduction of the 

Nonlabens lineage. 

Spontaneous mutation rate of the extant Nonlabens is not significantly greater than 

that of the extant Leeuwenhoekiella 

As discussed above, increased mutation rate is likely another major mechanism 

leading to acceleration of sequence evolution and genome reduction, so we employed 

the MA/WGS approach to determine the unbiased spontaneous mutation rate of 

ZYFB001 in Leeuwenhoekiella and of SY33080 in Nonlabens. Base-substitution 

mutations of both organisms are biased toward intergenic regions compared to coding 

regions (χ2 test; p<0.05 for N. SY33080 and p<0.001 for L. ZYFB001; Table S6). 

This bias is commonly found in other bacteria including the model marine bacterium 

This article is protected by copyright. All rights reserved.



Ruegeria pomeroyi DSS-3 in Alphaproteobacteria, which likely results from more 

active mismatch repair on coding regions or the mutation-prone nature of repetitive 

DNA in intergenic regions (Lee et al., 2012; Long et al., 2014; Dillon and Cooper, 

2016; Sun et al., 2017). Both strains show a significantly greater rate of base-

substitution mutations from G/C to A/T than from A/T to G/C (prop.test function of R, 

p<0.001, df=1) (Fig. S6), and this mutational bias is found in most bacterial species 

that were subject to mutation accumulation experiments (Long et al., 2018). In both 

organisms, the nonsynonymous to synonymous base-substitution rate ratio is not 

significantly different from the random expectation (χ2 test; p>0.05; Table S6). Thus, 

selection does not appear to have a significant impact on the accumulation of 

mutations in both organisms. This conclusion is further strengthened by the randomly 

distributed mutations across the genomic regions in all lines (Fig. 3 & Fig. S6) and the 

comparable number of mutations accumulated among all protein-coding genes in each 

organism (Fig. 3), the latter supported by a statistical test showing that no genes 

accumulated an excess of mutations (bootstrapping test, p>0.05 for each organism). 

We determined 366 base-substitution mutations over 2,549 cell divisions in N. 

SY33080 and 604 base-substitution mutations over 3,006 cell divisions in L. 

ZYFB001, leading to a mutation rate of 5.49×10−10 and 5.21×10−10 per base per cell 

division for N. SY33080 and L. ZYFB001, respectively (Table S7 & S8). These 

mutation rates fall in the middle of the variation determined for other bacteria using 

MA/WGS (Long et al., 2018). Despite a slight increase, the mutation rate of N. 

SY33080 is not significantly different from that of L. ZYFB001 (Kolmogorov-
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Smirnov test and Wilcoxon-Mann-Whitney test; p>0.05).  

Given the same mutation rate per cell division, a more rapidly growing bacterial 

lineage may give rise to increased evolutionary rate, presumably because their cells 

underwent more cell divisions and thus collected more mutations (Weller and Wu, 

2015; Gibson and Eyre-Walker, 2019). However, the generation time estimation for 

heterotrophic marine bacteria in the wild has been highly controversial depending on 

the experimental methods that marine microbial ecologists use, and it is even more 

problematic to accurately quantify the generation time of a particular heterotrophic 

taxon and differentiate it among closely related heterotrophic lineages in the wild 

(Kirchman, 2016). The available lineage-specific growth rate data all compare the 

generation time of deeply-branching groups, such as the oligotrophic and often free-

living groups including the SAR11 clade and the SAR86 clade, as well as the 

copiotrophic and often algae-associated groups including Bacteroidetes, 

Rhodobacteraceae, and Alteromonadaceae, and they consistently support that the 

oligotrophic groups have significantly longer generation time than the copiotrophic 

groups (Teira et al., 2009; Bakenhus et al., 2017; Sánchez et al., 2017). Because the 

Nonlabens and Leeuwenhoekiella lineages are aligned to the oligotrophic and 

copiotrophic models, respectively, it is reasonable to postulate that members of the 

Nonlabens lineage have longer generation time than members of the 

Leeuwenhoekiella lineage in the ocean. Further, a significantly longer generation of 

the N. SY33080 than that of L. ZYFB001 was also observed under optimal laboratory 

conditions throughout the MA experiment (Wilcoxon-Mann-Whitney test, p<0.001) 

This article is protected by copyright. All rights reserved.



(Fig. S7). Taken together, Nonlabens may have longer generation time than 

Leeuwenhoekiella under both wild and laboratory conditions, and thus the generation 

time effect is unlikely responsible for the accelerated rate of sequence evolution in the 

Nonlabens lineage. 

Losses of DNA repair genes correlated with the increased evolutionary rate of 

Nonlabens 

We noted the above mutation rate measurements were derived from the present-

day organisms and are not necessarily applicable to their ancient ancestors, such as 

the LCA of the Nonlabens lineage and the LCA of the Leeuwenhoekiella lineage. 

Because mutator phenotypes (i.e., strains with increased mutation rate) often result 

from loss of important DNA repair genes that ensure accuracy of DNA replication 

(Denamur et al., 2000; Batut et al., 2014) or gains of error-prone repair systems 

(Ysern et al., 1990; Woodgate et al., 1994), gains and losses of these genes can be 

used as proxies for mutation rate increase in ancestral lineages.  

We inferred that three repair genes (dnaQ, umuC and umuD) were lost on the 

ancestral branch leading to the LCA (N19) of the Nonlabens lineage (Fig. 2 & S8). In 

contrast, only one DNA repair gene recO was inferred to be lost on the branch leading 

to the LCA (N32) of the Dokdonia and Leeuwenhoekiella lineages, which is part of 

the RecF pathway for single-stranded DNA repair (Bork et al., 2001) (Fig. S8). 

Among the three genes lost on the ancestral node N19, umuC and umuD encode 

subunits of the error-prone DNA polymerase V which is highly mutagenic and 

produces point mutations at a frequency of 2.1×10-4 per nucleotide, ~40 times greater 
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than DNA polymerase III holoenzyme (Maor-Shoshani et al., 2000). They were firstly 

identified to be involved in SOS response in E. coli (Sutton et al., 2000). The proteins 

encoded by umuC and umuD constitute the UmuD’2C complex to perform DNA 

translesion synthesis (TLS), which allows DNA replication to bypass the lethal DNA 

damage (Sutton and Walker, 2001). It was proposed that two major types of DNA 

lesions, TT (6-4) photoproducts and TT cis-syn photodimers, may be caused by UV 

radiation (Tang et al., 2000).  

According to theory, high mutation rate is favored by selection in a harsh 

environment because this increases the chance of acquiring adaptive mutations. 

Following adaptive events, high mutation rate is disfavored because of the cost of 

increased accumulation of deleterious mutations (Taddei et al., 1997; Tenaillon et al., 

1999; Denamur et al., 2000). This may explain the loss of umuC and umuD at the 

LCA (N19) of the Nonlabens lineage. Another evidence that SOS response may have 

been involved during the ecological transition on the branch leading to the LCA of 

Nonlabens is the gain of SOS response associated peptidase (SRAP) gene family on 

the same branch (Fig. 2), which is involved in the induction of bacterial SOS response 

(Aravind et al., 2013).  

The third repair gene predicted to be lost in the LCA of the Nonlabens lineage is 

dnaQ (also called mutD; Fig. 2), which encodes the epsilon subunit of DNA 

polymerase III. It functions as a 3’→5’ DNA directed proofreading exonuclease and 

removes incorrectly incorporated bases during replication (Scheuermann and Echols, 

1984), and thus is different from other DNA repair genes acting on replicated DNA 
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strand(s). Interestingly, it was shown that the proofreading activity of dnaQ is 

inhibited by SOS-induced UV mutagenesis (Woodgate et al., 1987), and that 

overexpression of dnaQ inhibits the SOS mutator activities (Jonczyk et al., 1988). We 

therefore hypothesized that the loss of dnaQ occurred early during the ecological 

transition, which facilitated the SOS response.  

Concluding remarks 

Our comprehensive genomic analyses and physiological assays suggest that 

members of the Nonlabens lineage and those of the Leeuwenhoekiella lineage take 

distinct ecological strategies, with the former likely occupying pelagic water niches 

and the latter favoring to be associated with macroalgae. Ancestral genome 

reconstruction suggests that this ecological differentiation was initiated early when 

these two lineages started to diverge from each other. The genome-wide elevated 

evolutionary rate of Nonlabens compared to Leeuwenhoekiella provides us an 

opportunity to investigate the evolutionary forces underlying the niche differentiation 

between the two lineages. Although genetic drift and/or increased mutation rate are 

often taken to account for an elevated evolutionary rate at genomic scale in microbial 

lineages (Itoh et al., 2002; McCutcheon and Moran, 2012; Batut et al., 2014; 

Wernegreen, 2015), these mechanisms were not supported here based on our rigorous 

experimental and bioinformatic tests and thus may not explain the accelerated 

evolutionary rates in Nonlabens. However, using evolutionary gains and losses of 

DNA repair genes as a proxy to represent potential mutation rate changes during the 

ancestral processes, we proposed that the evolutionary changes of genes involved in 
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SOS response during the ecological transition from the protected macroalgal habitat 

to the UV-exposed pelagic niches likely gave rise to the transiently increased mutation 

rate in the early evolutionary history of Nonlabens, which may explain the accelerated 

evolutionary rate of this lineage.  

According to the inferred evolutionary mechanisms, we propose an ecological 

scenario during the ancient niche transition. The primitive Nonlabens cells prior to the 

LCA of this lineage may have colonized macroalgae which provided a stable source 

of nutrients to the bacteria, but environmental fluctuations may have made the 

nutrient sources less predictable. To cope with this stress, some cells began to explore 

pelagic environments including the nutrient-poor bulk seawater and occasionally 

phytoplankton niches, where cells with reduced replication burden were favored. 

During this transition, the cells were subject to greater UV radiation, which caused 

severe DNA damage such as lesions and subsequently triggered bacterial SOS 

response. An important consequence was that these ancestral bacteria became 

mutator; they had an increased chance to evolve adaptive mutations, an increased 

frequency of accepting genes from external sources, and an increased rate of losing 

DNA. These genomic changes led to acquisitions of novel functions and reduction of 

replication costs, which enabled the cells to adapt in pelagic environments. After the 

lifestyle was switched, the previously important genes like those related to 

polysaccharide catabolism became dispensable and eventually lost. The proposed 

evolutionary mechanisms and the related ecological scenario still hold when an 

updated genome set that contains a few uncultivated members represented by 
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metagenome-assembled genomes (MAGs) was used, as the genes that likely 

facilitated the niche separation and SOS response show similar phyletic pattern (Fig. 

S9 and Fig. 2). A more accurate delineation requires a more thorough sampling of the 

phylogenetically and ecologically diverse members within these lineages. 

 

Materials and Methods 

Leeuwenhoekiella sp. ZYFB001 and Nonlabens sp. SY33080 were isolated from 

the surface marine snow particles in Yellow Sea (121.50 °E, 32.59 °N) and surface 

seawater in East China Sea (126.51 °E, 28.43 °N), respectively. The potential of the 

two isolates to utilize various substrates were tested using specialized media, API 

20NE strips (BioMérieux), and GN2 MicroPlates Biolog (BIOLOG, Catalog #1011) 

(See Supplementary Methods Section 2).  

Whole genome shotgun sequencing of L. ZYFB001 and N. SY33080 were 

carried out using both PacBio RS II and Illumina HiSeq 2500 sequencing platforms. 

The correction, trimming, and assembly of long reads derived from PacBio with Canu 

1.4 (Koren et al., 2017) yielded a single contig of 4,053,756 bp for L. ZYFB001 and 

2,852,234 bp for N. SY33080, respectively. These assemblies were further polished 

by the Illumina reads using BWA (Li and Durbin, 2009) and Pilon (Walker et al., 

2014).  

A total of 106 publically available Flavobacteriaceae genomes were downloaded 

from Genbank in December 2018, and they were chosen according to their 

phylogenetic positions in a comprehensive phylogenomic tree of Flavobacteriaceae 

This article is protected by copyright. All rights reserved.



(Zhang et al., 2019). Among these, Leeuwenhoekiella sp. Hel I 48 was recently 

reclassified into genus Flavimarina due to its greater divergence of the 16S rRNA 

gene sequence (8.4-9.6%) to other Leeuwenhoekiella strains (Nedashkovskaya et al., 

2014). Genome annotation was performed with in house resources including the Pfam 

v30.0 (El-Gebali et al., 2018) and CDD v3.15 (Marchler-Bauer et al., 2016) databases 

using HMMER v3.1 (Eddy, 2009) and RPS-BLAST v2.6.0 (Camacho et al., 2009), 

respectively, as well as with online resources including the subsystem and KEGG 

databases via RAST (Overbeek et al., 2013) and BlastKOALA (Kanehisa et al., 2016) 

online tools, respectively. Genes encoding CAZymes and peptidase were further 

annotated with dbCAN2 (Zhang et al., 2018) and the specialized MEROPS v12.0 

database (Rawlings et al., 2017), respectively. Putative DNA repair genes were 

identified based on our in-house repair gene database via reciprocal best BLAST hits. 

The functional polysaccharide utilization locus (PUL) was predicted based on the 

presence of some essential features: tandem susCD-like pairs and adjacent CAZyme 

genes using in-house scripts (Terrapon et al., 2015) (See Supplementary Methods 

Section 3). 

Homologous gene families of the 108 genomes were identified using 

OrthoFinder v2.2.1 (Emms and Kelly, 2015). The concatenated amino acid sequence 

of 163 shared single-copy gene families was used to construct a maximum likelihood 

phylogenomic tree using IQ-TREE v1.6.2 (Nguyen et al., 2014). The ancestral states 

and the evolutionary history of each identified orthologous gene family were 

estimated using the modified Sankoff parsimony algorithm implemented in the 
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software BadiRate, which takes into account both the branch length of the 

phylogenomic tree and the uncertainty in the number of family members (Librado et 

al., 2011) (See Supplementary Methods Section 4 and Section 5).  

The molecular clock hypothesis between the Nonlabens and Leeuwenhoekiella 

lineages was tested using the codeml program implemented in the PAML package 

(Yang, 2007). To test whether genetic drift was associated with the ancestral genome 

reduction of the Nonlabens lineage, we determined the rates of conservative (dC) and 

radical (dR) changes using methods controlling for the disparity in GC content 

implemented in RCCalculator (Luo et al., 2017) for each of the 492 single-copy gene 

families shared by at least 105 (out of 108) genomes. As Dokdonia is embedded 

within the phylogenetic group consisting of Nonlabens and Leeuwenhoekiella, there is 

a possibility that it interferes with the dR/dC analysis in comparing Nonlabens and 

Leeuwenhoekiella. We thus performed the dR/dC analysis by either including or 

excluding Dokdonia. To determine the spontaneous mutation rate of L. ZYFB001 and 

N. SY33080, we applied the MA/WGS procedure to each of them under optimal 

condition. In summary, 96 independent MA lines were initiated from a single founder 

colony of L. ZYFB001 and N. SY33080, respectively. Every 48 h, cells from a single 

colony were transferred to a fresh plate. This transfer continued for 232 days, 

equivalent to 3,006 and 2,549 cell divisions for L. ZYFB001 and N. SY33080, 

respectively. Generation time between each transfer was estimated by colony forming 

units (CFU) every 45 days. Mutation rate µbs (per base per generation) was calculated 

by the following equation: 
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µbs= 
m

∑ 𝑁𝑁 × 𝑇𝑇𝑛𝑛
1

 

where m is the total number of observed base-substitution mutations across all the MA 

lines, n is the total number of lines, N is the analyzed sites for each MA line, and T is 

the number of cell divisions that occurred in the MA study (Sung et al., 2012; Long et 

al., 2016) (See Supplementary Methods Section 7, Section 8 and Section 9).  

 

Data availability 

Genomic sequences of Nonlabens sp. SY33080 and Leeuwenhoekiella sp. ZYFB001 

are available at the NCBI GenBank database under the accession number CP050461 

and CP050460, respectively. The manually compiled DNA repair gene database as 

well as the scripts used for ancestral genome reconstruction and mutation rate 

calculation have been deposited in the online repository 

(https://github.com/zoopera/flavoevo/).  
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Figure Legends 

Fig. 1 Diversity and abundance of the GH gene families (A) and genome size 

normalized densities of CAZyme and peptidase genes (B) in the genomes of 

Nonlabens sp. SY33080 and Leeuwenhoekiella sp. ZYFB001. In panel B, CAZyme 

genes are classified into auxiliary activity (AA), carbohydrate-binding module 

(CBM), carbohydrate esterase (CE), glycoside hydrolase (GH), glycosyltransferase 

(GT), and polysaccharide lyase (PL) categories. Peptidase genes are classified into 

aspartic, cysteine, metallo, serine, threonine, and unknown families based on the 

MEROPS annotation.  

 

Fig. 2 Ancestral genome reconstruction using a modified Sankoff algorithm 

implemented in BadiRate based on a maximum likelihood phylogeny of the marine 

Nonlabens, Leeuwenhokeiella, Dokdonia, and outgroup lineages (collapsed). The 

phylogeny was constructed using IQ-TREE based on a concatenation of 163 single-

copy orthologous protein sequences. The scale bar at the bottom indicates the number 

of substitutions per site. Number in parenthesis next to each ancestral node is the 

number of gene families predicted for that node. Accelerated rate of sequence 

evolution (defined as increased number of substitutions per site) was observed in the 

Nonlabens lineage compared to the Leeuwenhokeiella and the Dokdonia lineages 
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since the Last Common Ancestor (node N33) of these three lineages. Solid and open 

circles at the nodes indicate the frequency of the clade defined by that node is greater 

and lower than 90%, respectively, in the 1,000 ultrafast bootstrapped replicates. The 

genome size, GC content, predicted genome completeness, and presence (solid circle) 

or absence (open circle) of signature gene families of each taxon are shown next to 

each taxon. Evolutionary gains and losses of SOS response associated genes are 

marked with red and blue, respectively, and placed next to the ancestral nodes in 

Nonlabens, Dokdonia and Leeuwenhokeiella lineages. The full version of the figure 

with a complete set of outgroup lineages is shown in Fig. S1. 

 

Fig. 3 Base-substitution mutation and insertion/deletion mutation that occurred in 

each protein-coding gene are marked with blue and red vertical bars, respectively. The 

height of each bar represents the number of mutations across all mutation 

accumulation lines. The bars are plotted against the genomic position of that gene in 

Nonlabens sp. SY33080 (upper) and Leeuwenhoekiella sp. ZYFB001 (lower). The 

width of the bar represents the length of the gene. The two types of mutation that 

occurred on the remaining genomic regions (intergenic regions and non-protein 

coding genes) are marked with blue and red triangles, respectively, which are plotted 

against the genomic positions of each occurrence. Note that the genomic position of 
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insertion/deletion mutation refers to the position of the first mutated site.  

 

Table Legends 

Table 1 Substrate utilization of Leeuwenhoekiella sp. ZYFB001 and Nonlabens sp. 

SY33080 identified using Biolog GN2 Microplates and specialized culture media. 

Enzyme activities were identified by API 20NE Strips. Substrates marked with bold 

are exclusively metabolized by Leeuwenhoekiella sp. ZYFB001. 
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Originality significance statement 

Members of the flavobacteria group in Bacteroidetes are prevalent in marine 

environments, representing up to 10-20% of the bacterial cells in some ocean regions. 

Flavobacteria are generally considered as the specialists for polysaccharide 

degradation because of the excess of genes encoding carbohydrate active enzymes, 

and thus play an important role in marine carbon cycle. The present study employs a 

combination of genomic analyses, physiological assays, ancestral reconstruction and 

experimental evolution, and addresses the evolutionary processes and mechanisms 

underlying niche differentiation of two related flavobacteria lineages. 
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Summary  

Marine flavobacteria are specialists for polysaccharide degradation. They 

dominate in habitats enriched with polysaccharides, but are also prevalent in pelagic 

environments where polysaccharides are less available. These niches are likely 

occupied by distinct lineages, but evolutionary processes underlying their niche 

differentiation remain elusive. Here, genomic analyses and physiological assays 

indicate that the sister flavobacteria lineages Leeuwenhoekiella and Nonlabens likely 

explore polysaccharide-rich macroalgae and polysaccharide-poor pelagic niches, 

respectively. Phylogenomic analyses inferred that the niche separation likely occurred 

anciently and coincided with increased sequence evolutionary rate in Nonlabens 

compared to Leeuwenhoekiella. Further analyses ruled out the known mechanisms 

likely driving evolutionary rate acceleration, including reduced selection efficiency, 

decreased generation time and increased mutation rate. In particular, the mutation 

rates were determined using an unbiased experimental method, which measures the 

present-day populations and may not reflect ancestral populations. These data 

collectively lead to a new hypothesis that an ancestral and transient mutation rate 

increase resulted in evolutionary rate increase in Nonlabens. This hypothesis was 

supported by inferring that gains and losses of genes involved in SOS response, a 

mechanism known to drive transiently increased mutation rate, coincided with 

evolutionary rate acceleration. Our analyses highlight the evolutionary mechanisms 

underlying niche differentiation of flavobacteria lineages. 
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Introduction 

Approximately one-half of the oceanic primary production is consumed by 

heterotrophic marine bacteria (Fuhrman and Azam, 1982; Fenchel, 1988). Among 

these, flavobacteria is one of the most effective groups because of its high abundance 

in global oceans and its specialized capability for polymeric organic matter utilization 

(Kirchman, 2002). Marine flavobacteria thrive in diverse ecological niches and are 

enriched in coastal waters and during phytoplankton blooms, in which they account 

for up to ~40% and ~70% of bacterial cells, respectively (Cottrell and Kirchman, 

2000; Kirchman, 2002; Teeling et al., 2016). The unique role of flavobacteria in high 

molecular weight organic matter utilization largely results from an excess of genes 

encoding carbohydrate active enzymes (CAZymes) and peptidases carried in their 

genomes (Bauer et al., 2006; Fernández-Gomez et al., 2013). CAZymes often cluster 

with susCD-like transporter genes, and form polysaccharide utilization locus (PUL) 

for binding, degradation and uptake of different classes of polysaccharides 

(Kappelmann et al., 2019).  

Despite their generally recognized role in polysaccharide and peptide 

degradation, a few studies have revealed niche specialization and adaptation among 

flavobacteria lineages. For example, although members of the genus Formosa have 

been largely isolated from the nutrient-enriched niches such as brown algae, a few 

were proposed to inhabit the pelagic ocean (Mann et al., 2013). We recently 

demonstrated three unidirectional transitions from marine to non-marine habitats 

during the evolutionary history of flavobacteria, which was likely facilitated by 

repeated gains and losses of niche-specifying genes (Zhang et al., 2019). The present 

study investigates the potential niche separation between two well-established sister 

lineages, Nonlabens and Leeuwenhoekiella. While the two genera are distributed in 
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overlapping marine niches such as seawater and invertebrates (Nedashkovskaya et al., 

2005; Lau et al., 2006; Pinhassi et al., 2006; Park et al., 2012), they show distinct 

genomic features, suggestive of niche specialization. Members of Leeuwenhoekiella 

consistently have larger genome size (over 4 Mbp), versatile metabolic capabilities 

and gliding motility, whereas Nonlabens have reduced genomes (around 3 Mbp), 

decreased gliding motility, and use rhodopsins to acquire energy from sunlight in 

some members (Fernández-Gomez et al., 2013; Kwon et al., 2013). 

A major benefit of using Nonlabens and Leeuwenhoekiella is that they allow for 

an in-depth analysis of evolutionary forces associated with their niche separation. As 

repeatedly shown in published phylogenomic trees in which these two lineages were 

included (Kumagai et al., 2018; Zhang et al., 2019), the genome-reduced Nonlabens 

evolved at an accelerated rate compared to Leeuwenhoekiella, manifested as 

extraordinarily long branches connected to the former members since the last 

common ancestor (LCA) shared by the two lineages. In fact, free-living marine 

bacterial lineages with reduced genome sizes commonly show accelerated rate of 

sequence evolution at genome-wide scale (Batut et al., 2014), with prominent 

examples being the genome-reduced Prochlorococcus lineages in Cyanobacteria, the 

SAR11 clade in Alphaproteobacteria, and the SAR86 clade in Gammaproteobacteria. 

A few evolutionary mechanisms have been invoked to explain the genome reduction 

in free-living marine bacteria, which highlighted the role of positive selection 

(Giovannoni et al., 2005), increased mutation rate (Marais et al., 2008), and genetic 

drift (Luo et al., 2017). In theory, these evolutionary forces may potentially also drive 

the genome-wide accelerated evolutionary rate. 

Among these mechanisms, genetic drift has been subject to rigorous tests. The 

underlying principle is that, because nonsynonymous substitutions leading to 
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physicochemically dissimilar amino acid replacements (radical changes) are more 

likely to be deleterious than those leading to similar amino acid replacements 

(conservative changes) (Zuckerkandl and Pauling, 1965; Dayhoff et al., 1972), an 

excess of the former type across genomic regions is evidence for genetic drift as a 

result of effective population size (Ne) reduction (Zhang, 2000; Eyre-Walker et al., 

2002; Hughes and Friedman, 2009; Wernegreen, 2011). Both sides of the causal 

relationship underlying this drift theory were shown to exist in several important free-

living marine bacteria (Luo et al., 2017). For example, the radical nonsynonymous 

mutations were demonstrated to be under greater functional constraints than the 

conservative nonsynonymous mutations in all examined marine bacterial populations, 

indicating the former type of mutations are indeed more deleterious than the latter 

type (Luo et al., 2017). Further, genome reduction and genomic sequence 

evolutionary rate acceleration were shown to coincide with an accelerated 

accumulation of the more deleterious type of mutations (i.e., radical changes) in 

Prochlorococcus and in SAR86, suggesting that genetic drift, rather than natural 

selection, acted at the time that genome reduction and increased evolutionary rate 

occurred in these lineages (Luo et al., 2017).  

The hypothesis that increased mutation rate as a result of repair gene losses may 

play a role in accelerated sequence evolution in free-living marine bacteria is 

straightforward and was used to explain the accelerated sequence evolution in 

Prochlorococcus (Dufresne et al., 2005). The hypothesis that increased mutation rate 

may drive genome reduction of marine bacterioplankton lineages was supported by a 

mathematical model (Marais et al., 2008). However, direct experimental measures of 

unbiased mutation rates in free-living marine bacterial lineages showing accelerated 

evolutionary rate and possessing reduced genomes have not been available. With 
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increased mutation rate, not all auxiliary genes can be maintained by purifying 

selection (Marais et al., 2008); some of these are pseudogenized through disabling 

mutations and subsequently lost by mutations that are commonly biased towards 

deletion over insertion (Kuo and Ochman, 2009). Because genome reduction in 

marine bacterioplankton lineages are often associated with loss of important repair 

genes (Partensky and Garczarek, 2010; Viklund et al., 2011), elevation of mutation 

rate is potentially an important mechanism driving genome reduction in marine 

bacterioplankton lineages (Marais et al., 2008). In addition to repair gene loss, 

increased mutation rates could also be triggered by error-prone DNA replication under 

SOS conditions (Maor-Shoshani et al., 2000). However, the relationship between 

genome reduction and the bacterial SOS response is yet to be explored. 

The mutation accumulation (MA) experiment followed by whole-genome 

sequencing (WGS) of the mutant lines is becoming a standard approach for 

spontaneous mutation rate determination, and the MA/WGS data of over 20 model 

bacteria have become available (Long et al., 2018). In the MA procedure, the 

laboratory populations arising from the same ancestor cell independently go through 

repeated single-cell bottlenecks over hundreds to several thousand cell divisions. This 

procedure minimizes the ability of natural selection to eliminate deleterious mutations 

except the lethal ones and thus is considered an approximately unbiased method for 

mutation rate determination (Lynch et al., 2016). Currently the common practice of 

creating single-cell bottlenecks is by propagating the population on solid medium. 

Unfortunately, most marine bacterioplankton lineages with reduced genomes either 

remain uncultivated (e.g., SAR86), do not grow on solid media (e.g., SAR11), or are 

practically infeasible for long-term propagation on solid medium (e.g., 

Prochlorococcus), and thus are not suitable for the MA/WGS procedure. Members of 
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Nonlabens and Leeuwenhoekiella grow readily on solid medium and thus are 

amenable to the MA/WGS procedure, providing an unprecedented opportunity to 

examine the various drivers including mutation rate effect on elevated evolutionary 

rate and genome reduction in free-living marine bacteria. 

 

Results and Discussion 

Niche specialization of present-day populations in Nonlabens and Leeuwenhoekiella 

We performed detailed experimental and bioinformatics analyses on a present-

day representative member SY33080 in the Nonlabens lineage and compared it to 

strain ZYFB001 in the sister lineage Leeuwenhoekiella. Both of them grow on starch, 

Tween 20, Tween 40, and Tween 80, but neither use gelatin, casein, cellulose, 

alginate, and chitin. The API 20NE experiment result shows only L. ZYFB001 has β-

glucosidase and β-galactosidase activities. Furthermore, the GN2 Biolog analysis 

showed that L. ZYFB001 utilizes 34 more carbon compounds than N. SY33080 

(Table 1), among which 24 are carbohydrates or organic acids and only the remaining 

three are amino acids, consistent with the more abundant glycoside hydrolase (GH) 

genes (103 vs. 26) and more diverse glycoside hydrolase gene families (35 vs. 17) in 

L. ZYFB001 than in N. SY33080 (Fig. 1A).  

By normalizing the genome size, we found a greater CAZyme gene density 

(38.27 Mbp-1 vs. 25.96 Mbp-1) but a similar peptidase gene density (30.37 Mbp-1 vs. 

30.88 Mbp-1) in L. ZYFB001 compared to N. SY33080 (Fig. 1B), giving rise to a 

starkly elevated peptidase:CAZyme ratio in N. SY33080 (1.19) compared to that in L. 

ZYFB001 (0.79). The trend remains consistent when taking into account the 

remaining genomes of each lineage: the CAZyme gene density in Leeuwenhoekiella 

lineage is significantly higher than that in the Nonlabens lineage (Wilcoxon-Mann-
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Whitney test, p<0.001), whereas the peptidase gene density is not significantly 

different (Wilcoxon-Mann-Whitney test, p>0.05). This leads to a significantly 

elevated peptidase:CAZyme ratio in the Nonlabens lineage compared to the 

Leeuwenhoekiella lineage (Wilcoxon-Mann-Whitney test, p<0.001). Since marine 

Bacteroidetes taking a primarily planktonic lifestyle tend to have higher 

peptidase:CAZyme ratios compared to those adopting a primarily algae-associated 

lifestyle (Xing et al., 2015; Bennke et al., 2016), our results strongly suggest that the 

extant members of the Nonlabens lineage and the Leeuwenhoekiella lineage 

diversified ecologically towards taking planktonic and algae-associated lifestyles, 

respectively.  

Bacteroidetes utilize complex polysaccharides often through PUL, which consists 

of susC-like TonB-dependent receptors (TBDRs), paired susD-like genes, CAZymes, 

and auxiliary genes such as sulfatase and regulatory genes (Bennke et al., 2016). 

Among these functional units, SusD binds to the degraded polysaccharides and bring 

them to TBDR for transportation into the cell (Sonnenburg et al., 2010). L. ZYFB001 

possesses 59 TBDR genes, 34 of which are co-located with susD-like genes. By 

contrast, N. SY33080 only has 22 TBDR genes, two of which form partnership with 

susD-like genes. We identified 15 functional PULs potentially involved in the 

utilization of a diverse array of polysaccharides in L. ZYFB001 but only one PUL in 

N. SY33080 (Table S1).  

In summary, N. SY33080 possesses a reduced genome, features low catabolic 

potential for polysaccharides, paralleling the planktonic lifestyle of several model 

marine flavobacteria strains such as Polaribacter sp. MED152, Polaribacter sp. Hel1 

33 49, and Dokdonia donghaensis MED134 (González et al., 2008; González et al., 

2011; Xing et al., 2015). In contrast, L. ZYFB001 possesses a larger genome and 
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features highly diverse and abundant genes involved in polysaccharide utilization, 

likened to the algae-associated paradigm of other model marine flavobacteria strains 

such as Zobellia galactanivorans DsijT, Gramella forsetii KT0803, Formosa 

agariphila KMM 3901, and Polaribacter sp. Hel1 85 (Mann et al., 2013; Kabisch et 

al., 2014; Xing et al., 2015; Barbeyron et al., 2016).  

Niche separation of Leeuwenhoekiella and Nonlabens occurred anciently and 

accompanied by genome expansion and reduction, respectively 

Among the three sister lineages, Nonlabens branched off prior to the 

diversification of Leeuwenhoekiella from Dokdonia (Fig. 2, Fig. S1). Ancestral 

genome reconstruction inferred that the LCA (N33) of Nonlabens, Dokdonia and 

Leeuwenhoekiella carried a genome with 2,216 gene families. It underwent distinct 

evolutionary processes toward the LCA of Nonlabens (N19) and toward the LCA of 

Leeuwenhoekiella (N31). The former reduced the genome size by 3.5%, whereas the 

latter experienced a stepwise genome expansion via the ancestral node of N32 (LCA 

of Dokdonia and Leeuwenhoekiella) by a net increase of 12.5% (Fig. 2, Table S2). 

Further diversification within Nonlabens was not associated with a clear trend of 

genome reduction, though an overall trend of expansion was reconstructed along the 

evolution of Leeuwenhoekiella (Table S2). Therefore, the dichotomy of lifestyle 

between extant members of Nonlabens and Leeuwenhoekiella is a result of two 

independent processes including early genome reduction in the former lineage and 

persistent genome expansion in the latter lineage. 

Among the 223 gene families lost at the LCA (N19) of Nonlabens (Table S3), 173 

were consistently annotated by at least two databases. Many of them are involved in 

the degradation of carbohydrates derived from marine macroalgae (Fig. 2). For 

example, GH3 family was lost, which consists of β-glucosidase and 1,4-β-xylosidase 
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for degrading β-glucan in brown algae (Kabisch et al., 2014) and β-xylan in green 

macroalgae (Domozych et al., 2012), respectively. A second example is the loss of 

GH32 family with endo‐ and exo‐type of levanase and invertase activities targeting 

fructan and sucrose, respectively (Versluys et al., 2018). While these carbohydrates 

are largely found in terrestrial plants including vegetables, fruits and crops (Huber, 

1989; Muir et al., 2007; van Arkel et al., 2013), fructan and sucrose were also found 

in certain species of green macroalgae (e.g. Cladophorales) and brown algae (e.g. 

Laminaria), respectively (Nwachukwu and Chukwu, 2012; Versluys et al., 2018). A 

third example is the loss of trehalase, which enables the utilization of trehalose, the 

common algal disaccharide accumulated in red algae (Stewart, 1974). A fourth 

example is the loss of multiple genes responsible for the utilization of xylose, the 

major component of xylan found in the cell wall of green macroalgae and red algae 

(Turvey and Williams, 1970; Huizing and Rietema, 1975). This includes the loss of 

xylose transporter, xylose isomerases catalyzing the interconversion between D-

xylose and D-xylulose, and D-xylulose kinase phosphorylating D-xylulose for further 

degradation. A fifth example is the loss of genes encoding α-amylase and extracellular 

starch binding protein for the utilization of starch, which is accumulated as granule in 

red algae (Viola et al., 2001). Furthermore, utilization of polysaccharides is often 

facilitated by the coordinated activities of genes clustered in PUL, which consists of 

CAZymes and two types of PUL signature genes, the susC-like TonB-dependent 

receptors and the susD-like outer membrane proteins (Bennke et al., 2016). The losses 

of several copies of both susC and susD genes further reduce the potential of 

Nonlabens LCA to utilize macroalgae derived polysaccharides. 

On the other hand, 145 gene families were predicted to be gained at the LCA of 

Nonlabens (Table S4), of which only 61 were annotated by two or more databases. 
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Among these, a few are involved in the interaction with microalgae. The genes gained 

at N19 include GH17 and GH30, which may have β-1,3-glucosidase and β-1,6-

glucanase activities, respectively (Fig. S2A & B). They are often adjacently located 

within PUL for the degradation of laminarin or chrysolaminarin, with GH30 firstly 

cleaving β-1,6-glucose side chains followed by cleaving the remaining 1,3 bonds via 

GH17 for further utilization (Kappelmann et al., 2019). Laminarin and 

chrysolaminarin are used as the storage polysaccharides in brown algae and diatoms, 

respectively (Kappelmann et al., 2019). Although the backbones of laminarin and 

chrysolaminarin have the same chemical composition, the former is capped at the 

reducing end by a D-mannitol (Read et al., 1996), which needs to be removed through 

the activity of mannitol dehydrogenase as one step of laminarin degradation 

(Kappelmann et al., 2019). The absence of the mannitol dehydrogenase genes in the 

LCA of Nonlabens suggests that these two glycoside hydrolase genes (GH17 and 

GH30) were likely involved in the utilization of chrysolaminarin, which makes up to 

80% of dry weight in diatom (Gügi et al., 2015). Another example of gain at N19 is 

the two β-mannosidase gene families in GH2 (Fig. S2C), which produces β-D-

mannose residues from hydrolyzing β-D-mannosides. Oligomannosides are the 

dominant unit linked to membrane-bound proteins through N-glycosidic bond in 

microalgae (Mathieu-Rivet et al., 2013). The gained genes also include GH25, which 

exclusively encodes a lysozyme for peptidoglycan degradation. There is evidence that 

GH25 breaks down the cell wall of blue-green algae, allowing the bacteria such as 

Cytophaga (another major lineage of Bacteroidetes) to utilize the algal protoplasmic 

nutrients (Cole, 1982).  

Other important gains at N19 include the gene encoding a carotenoid biosynthesis 

protein (PF04240 in Pfam) (Fig. 2). Carotenoids are likely among the earliest light-
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absorbing compounds and are well known for their photoprotective function against 

UV radiation (Pinhassi et al., 2016). Consequently, the gain of carotenoid synthesis 

gene may facilitate niche transition to the pelagic water where cells are more exposed 

to UV light. Another interesting prediction was that crtI for β-carotene synthesis 

experienced an expansion of copy number at N19 via horizontal gene transfer (Fig. 

S3). β-carotene is one type of carotenoid, which is used for retinal synthesis, an 

essential component of rhodopsin (Pinhassi et al., 2016). In oligotrophic pelagic 

environments where labile organic matter is commonly depleted, rhodopsin-

containing flavobacteria utilize light as one source of energy to power cellular 

activities (Yoshizawa et al., 2014). While three types of rhodopsins, including proton-

pumping proteorhodopsin (PR), sodium-pumping rhodopsin (NaR) and chloride-

pumping rhodopsin (ClR) (Béja et al., 2000; Inoue et al., 2013; Yoshizawa et al., 

2014), have been identified in Nonlabens, none was predicted to be gained at the LCA 

(N19) of the Nonlabens lineage (Fig. S4). Therefore, acquisition of an additional copy 

of crtI could be a case of pre-adaptation in early Nonlabens and facilitate the 

transition to rhodopsin-based photoheterotrophy in the later stage of their evolution.  

Selection efficiency was not reduced despite the genome-wide accelerated sequence 

evolutionary rate in Nonlabens compared to that in Leeuwenhoekiella 

An important observation is that genome reduction in the Nonlabens lineage is 

associated with acceleration of amino acid sequence evolution across genomic 

regions. This is supported by the severely violated molecular clock between these two 

lineages (likelihood ratio test, p<0.001), and is shown by the extraordinarily longer 

branches connecting the LCA (N33) of the Nonlabens, Dokdonia and 

Leeuwenhoekiella lineages to the extant Nonlabens compared the branches connecting 

this LCA to the extant Leeuwenhoekiella (Fig. 2). A higher rate of sequence evolution 
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at genome-wide scale often results from genetic drift, or increased mutation rate, or a 

combination of these factors (Graur et al., 2016). As genome reduction of Nonlabens 

largely occurred on the long ancestral branch leading to the LCA (N19) of the 

Nonlabens lineage, the power of genetic drift was tested on this branch.  

Given this genome reduction event having occurred very anciently, the relative 

rate of radical versus conservative nonsynonymous substitutions (the dR/dC ratio) 

across the genomic regions can be a proxy for Ne (Zhang, 2000; Eyre-Walker et al., 

2002; Hughes and Friedman, 2009; Wernegreen, 2011; Luo et al., 2017). The potential 

change of Ne associated with this genome reduction event can be approximated by 

comparing the dR/dC on the branch leading to the LCA of the Nonlabens lineage to 

that of its sister branch giving rise to the LCA (N32) of the Dokdonia and 

Leeuwenhoekiella lineages. Using the outgroup genomes (Fig. S1) as the reference, 

pairwise comparisons across 492 single-copy orthologous genes were performed 

between the target clade (Nonlabens) and the reference genomes, as well as between 

the control clade (Leeuwenhoekiella and Dokdonia) and the reference genomes, 

respectively. These dR/dC analyses led to opposite interpretations when different 

classification schemes of the 20 amino acids were used (Fig. S5A, Table S5). While 

the genome-wide dR/dC ratio was consistently greater on the ancestral branch leading 

to the N19 than that on the branch leading to N32 based on volume and polarity, the 

dR/dC ratio was instead consistently inflated on the ancestral branch leading to N32 

when amino acids were classified according to charge. As genomes of Dokdonia are 

smaller and more biased toward low GC content compared to Leeuwenhoekiella, 

which might affect the result, the above analysis was also done after the Dokdonia 

lineage was excluded and the results remained qualitatively the same (Fig. S5B). The 

opposite results of dR/dC depending on the amino acid classification scheme suggest 
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that genetic drift was likely not a primary mechanism driving genome reduction of the 

Nonlabens lineage. 

Spontaneous mutation rate of the extant Nonlabens is not significantly greater than 

that of the extant Leeuwenhoekiella 

As discussed above, increased mutation rate is likely another major mechanism 

leading to acceleration of sequence evolution and genome reduction, so we employed 

the MA/WGS approach to determine the unbiased spontaneous mutation rate of 

ZYFB001 in Leeuwenhoekiella and of SY33080 in Nonlabens. Base-substitution 

mutations of both organisms are biased toward intergenic regions compared to coding 

regions (χ2 test; p<0.05 for N. SY33080 and p<0.001 for L. ZYFB001; Table S6). 

This bias is commonly found in other bacteria including the model marine bacterium 

Ruegeria pomeroyi DSS-3 in Alphaproteobacteria, which likely results from more 

active mismatch repair on coding regions or the mutation-prone nature of repetitive 

DNA in intergenic regions (Lee et al., 2012; Long et al., 2014; Dillon and Cooper, 

2016; Sun et al., 2017). Both strains show a significantly greater rate of base-

substitution mutations from G/C to A/T than from A/T to G/C (prop.test function of R, 

p<0.001, df=1) (Fig. S6), and this mutational bias is found in most bacterial species 

that were subject to mutation accumulation experiments (Long et al., 2018). In both 

organisms, the nonsynonymous to synonymous base-substitution rate ratio is not 

significantly different from the random expectation (χ2 test; p>0.05; Table S6). Thus, 

selection does not appear to have a significant impact on the accumulation of 

mutations in both organisms. This conclusion is further strengthened by the randomly 

distributed mutations across the genomic regions in all lines (Fig. 3 & Fig. S6) and the 

comparable number of mutations accumulated among all protein-coding genes in each 

organism (Fig. 3), the latter supported by a statistical test showing that no genes 
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accumulated an excess of mutations (bootstrapping test, p>0.05 for each organism). 

We determined 366 base-substitution mutations over 2,549 cell divisions in N. 

SY33080 and 604 base-substitution mutations over 3,006 cell divisions in L. 

ZYFB001, leading to a mutation rate of 5.49×10−10 and 5.21×10−10 per base per cell 

division for N. SY33080 and L. ZYFB001, respectively (Table S7 & S8). These 

mutation rates fall in the middle of the variation determined for other bacteria using 

MA/WGS (Long et al., 2018). Despite a slight increase, the mutation rate of N. 

SY33080 is not significantly different from that of L. ZYFB001 (Kolmogorov-

Smirnov test and Wilcoxon-Mann-Whitney test; p>0.05).  

Given the same mutation rate per cell division, a more rapidly growing bacterial 

lineage may give rise to increased evolutionary rate, presumably because their cells 

underwent more cell divisions and thus collected more mutations (Weller and Wu, 

2015; Gibson and Eyre-Walker, 2019). However, the generation time estimation for 

heterotrophic marine bacteria in the wild has been highly controversial depending on 

the experimental methods that marine microbial ecologists use, and it is even more 

problematic to accurately quantify the generation time of a particular heterotrophic 

taxon and differentiate it among closely related heterotrophic lineages in the wild 

(Kirchman, 2016). The available lineage-specific growth rate data all compare the 

generation time of deeply-branching groups, such as the oligotrophic and often free-

living groups including the SAR11 clade and the SAR86 clade, as well as the 

copiotrophic and often algae-associated groups including Bacteroidetes, 

Rhodobacteraceae, and Alteromonadaceae, and they consistently support that the 

oligotrophic groups have significantly longer generation time than the copiotrophic 

groups (Teira et al., 2009; Bakenhus et al., 2017; Sánchez et al., 2017). Because the 

Nonlabens and Leeuwenhoekiella lineages are aligned to the oligotrophic and 
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copiotrophic models, respectively, it is reasonable to postulate that members of the 

Nonlabens lineage have longer generation time than members of the 

Leeuwenhoekiella lineage in the ocean. Further, a significantly longer generation of 

the N. SY33080 than that of L. ZYFB001 was also observed under optimal laboratory 

conditions throughout the MA experiment (Wilcoxon-Mann-Whitney test, p<0.001) 

(Fig. S7). Taken together, Nonlabens may have longer generation time than 

Leeuwenhoekiella under both wild and laboratory conditions, and thus the generation 

time effect is unlikely responsible for the accelerated rate of sequence evolution in the 

Nonlabens lineage. 

Losses of DNA repair genes correlated with the increased evolutionary rate of 

Nonlabens 

We noted the above mutation rate measurements were derived from the present-

day organisms and are not necessarily applicable to their ancient ancestors, such as 

the LCA of the Nonlabens lineage and the LCA of the Leeuwenhoekiella lineage. 

Because mutator phenotypes (i.e., strains with increased mutation rate) often result 

from loss of important DNA repair genes that ensure accuracy of DNA replication 

(Denamur et al., 2000; Batut et al., 2014) or gains of error-prone repair systems 

(Ysern et al., 1990; Woodgate et al., 1994), gains and losses of these genes can be 

used as proxies for mutation rate increase in ancestral lineages.  

We inferred that three repair genes (dnaQ, umuC and umuD) were lost on the 

ancestral branch leading to the LCA (N19) of the Nonlabens lineage (Fig. 2 & S8). In 

contrast, only one DNA repair gene recO was inferred to be lost on the branch leading 

to the LCA (N32) of the Dokdonia and Leeuwenhoekiella lineages, which is part of 

the RecF pathway for single-stranded DNA repair (Bork et al., 2001) (Fig. S8). 

Among the three genes lost on the ancestral node N19, umuC and umuD encode 
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subunits of the error-prone DNA polymerase V which is highly mutagenic and 

produces point mutations at a frequency of 2.1×10-4 per nucleotide, ~40 times greater 

than DNA polymerase III holoenzyme (Maor-Shoshani et al., 2000). They were firstly 

identified to be involved in SOS response in E. coli (Sutton et al., 2000). The proteins 

encoded by umuC and umuD constitute the UmuD’2C complex to perform DNA 

translesion synthesis (TLS), which allows DNA replication to bypass the lethal DNA 

damage (Sutton and Walker, 2001). It was proposed that two major types of DNA 

lesions, TT (6-4) photoproducts and TT cis-syn photodimers, may be caused by UV 

radiation (Tang et al., 2000).  

According to theory, high mutation rate is favored by selection in a harsh 

environment because this increases the chance of acquiring adaptive mutations. 

Following adaptive events, high mutation rate is disfavored because of the cost of 

increased accumulation of deleterious mutations (Taddei et al., 1997; Tenaillon et al., 

1999; Denamur et al., 2000). This may explain the loss of umuC and umuD at the 

LCA (N19) of the Nonlabens lineage. Another evidence that SOS response may have 

been involved during the ecological transition on the branch leading to the LCA of 

Nonlabens is the gain of SOS response associated peptidase (SRAP) gene family on 

the same branch (Fig. 2), which is involved in the induction of bacterial SOS response 

(Aravind et al., 2013).  

The third repair gene predicted to be lost in the LCA of the Nonlabens lineage is 

dnaQ (also called mutD; Fig. 2), which encodes the epsilon subunit of DNA 

polymerase III. It functions as a 3’→5’ DNA directed proofreading exonuclease and 

removes incorrectly incorporated bases during replication (Scheuermann and Echols, 

1984), and thus is different from other DNA repair genes acting on replicated DNA 

strand(s). Interestingly, it was shown that the proofreading activity of dnaQ is 
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inhibited by SOS-induced UV mutagenesis (Woodgate et al., 1987), and that 

overexpression of dnaQ inhibits the SOS mutator activities (Jonczyk et al., 1988). We 

therefore hypothesized that the loss of dnaQ occurred early during the ecological 

transition, which facilitated the SOS response.  

Concluding remarks 

Our comprehensive genomic analyses and physiological assays suggest that 

members of the Nonlabens lineage and those of the Leeuwenhoekiella lineage take 

distinct ecological strategies, with the former likely occupying pelagic water niches 

and the latter favoring to be associated with macroalgae. Ancestral genome 

reconstruction suggests that this ecological differentiation was initiated early when 

these two lineages started to diverge from each other. The genome-wide elevated 

evolutionary rate of Nonlabens compared to Leeuwenhoekiella provides us an 

opportunity to investigate the evolutionary forces underlying the niche differentiation 

between the two lineages. Although genetic drift and/or increased mutation rate are 

often taken to account for an elevated evolutionary rate at genomic scale in microbial 

lineages (Itoh et al., 2002; McCutcheon and Moran, 2012; Batut et al., 2014; 

Wernegreen, 2015), these mechanisms were not supported here based on our rigorous 

experimental and bioinformatic tests and thus may not explain the accelerated 

evolutionary rates in Nonlabens. However, using evolutionary gains and losses of 

DNA repair genes as a proxy to represent potential mutation rate changes during the 

ancestral processes, we proposed that the evolutionary changes of genes involved in 

SOS response during the ecological transition from the protected macroalgal habitat 

to the UV-exposed pelagic niches likely gave rise to the transiently increased mutation 

rate in the early evolutionary history of Nonlabens, which may explain the accelerated 

evolutionary rate of this lineage.  
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According to the inferred evolutionary mechanisms, we propose an ecological 

scenario during the ancient niche transition. The primitive Nonlabens cells prior to the 

LCA of this lineage may have colonized macroalgae which provided a stable source 

of nutrients to the bacteria, but environmental fluctuations may have made the 

nutrient sources less predictable. To cope with this stress, some cells began to explore 

pelagic environments including the nutrient-poor bulk seawater and occasionally 

phytoplankton niches, where cells with reduced replication burden were favored. 

During this transition, the cells were subject to greater UV radiation, which caused 

severe DNA damage such as lesions and subsequently triggered bacterial SOS 

response. An important consequence was that these ancestral bacteria became 

mutator; they had an increased chance to evolve adaptive mutations, an increased 

frequency of accepting genes from external sources, and an increased rate of losing 

DNA. These genomic changes led to acquisitions of novel functions and reduction of 

replication costs, which enabled the cells to adapt in pelagic environments. After the 

lifestyle was switched, the previously important genes like those related to 

polysaccharide catabolism became dispensable and eventually lost. The proposed 

evolutionary mechanisms and the related ecological scenario still hold when an 

updated genome set that contains a few uncultivated members represented by 

metagenome-assembled genomes (MAGs) was used, as the genes that likely 

facilitated the niche separation and SOS response show similar phyletic pattern (Fig. 

S9 and Fig. 2). A more accurate delineation requires a more thorough sampling of the 

phylogenetically and ecologically diverse members within these lineages. 

 

Materials and Methods 

Leeuwenhoekiella sp. ZYFB001 and Nonlabens sp. SY33080 were isolated from 
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the surface marine snow particles in Yellow Sea (121.50 °E, 32.59 °N) and surface 

seawater in East China Sea (126.51 °E, 28.43 °N), respectively. The potential of the 

two isolates to utilize various substrates were tested using specialized media, API 

20NE strips (BioMérieux), and GN2 MicroPlates Biolog (BIOLOG, Catalog #1011) 

(See Supplementary Methods Section 2).  

Whole genome shotgun sequencing of L. ZYFB001 and N. SY33080 were 

carried out using both PacBio RS II and Illumina HiSeq 2500 sequencing platforms. 

The correction, trimming, and assembly of long reads derived from PacBio with Canu 

1.4 (Koren et al., 2017) yielded a single contig of 4,053,756 bp for L. ZYFB001 and 

2,852,234 bp for N. SY33080, respectively. These assemblies were further polished 

by the Illumina reads using BWA (Li and Durbin, 2009) and Pilon (Walker et al., 

2014).  

A total of 106 publically available Flavobacteriaceae genomes were downloaded 

from Genbank in December 2018, and they were chosen according to their 

phylogenetic positions in a comprehensive phylogenomic tree of Flavobacteriaceae 

(Zhang et al., 2019). Among these, Leeuwenhoekiella sp. Hel I 48 was recently 

reclassified into genus Flavimarina due to its greater divergence of the 16S rRNA 

gene sequence (8.4-9.6%) to other Leeuwenhoekiella strains (Nedashkovskaya et al., 

2014). Genome annotation was performed with in house resources including the Pfam 

v30.0 (El-Gebali et al., 2018) and CDD v3.15 (Marchler-Bauer et al., 2016) databases 

using HMMER v3.1 (Eddy, 2009) and RPS-BLAST v2.6.0 (Camacho et al., 2009), 

respectively, as well as with online resources including the subsystem and KEGG 

databases via RAST (Overbeek et al., 2013) and BlastKOALA (Kanehisa et al., 2016) 

online tools, respectively. Genes encoding CAZymes and peptidase were further 

annotated with dbCAN2 (Zhang et al., 2018) and the specialized MEROPS v12.0 
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database (Rawlings et al., 2017), respectively. Putative DNA repair genes were 

identified based on our in-house repair gene database via reciprocal best BLAST hits. 

The functional polysaccharide utilization locus (PUL) was predicted based on the 

presence of some essential features: tandem susCD-like pairs and adjacent CAZyme 

genes using in-house scripts (Terrapon et al., 2015) (See Supplementary Methods 

Section 3). 

Homologous gene families of the 108 genomes were identified using 

OrthoFinder v2.2.1 (Emms and Kelly, 2015). The concatenated amino acid sequence 

of 163 shared single-copy gene families was used to construct a maximum likelihood 

phylogenomic tree using IQ-TREE v1.6.2 (Nguyen et al., 2014). The ancestral states 

and the evolutionary history of each identified orthologous gene family were 

estimated using the modified Sankoff parsimony algorithm implemented in the 

software BadiRate, which takes into account both the branch length of the 

phylogenomic tree and the uncertainty in the number of family members (Librado et 

al., 2011) (See Supplementary Methods Section 4 and Section 5).  

The molecular clock hypothesis between the Nonlabens and Leeuwenhoekiella 

lineages was tested using the codeml program implemented in the PAML package 

(Yang, 2007). To test whether genetic drift was associated with the ancestral genome 

reduction of the Nonlabens lineage, we determined the rates of conservative (dC) and 

radical (dR) changes using methods controlling for the disparity in GC content 

implemented in RCCalculator (Luo et al., 2017) for each of the 492 single-copy gene 

families shared by at least 105 (out of 108) genomes. As Dokdonia is embedded 

within the phylogenetic group consisting of Nonlabens and Leeuwenhoekiella, there is 

a possibility that it interferes with the dR/dC analysis in comparing Nonlabens and 

Leeuwenhoekiella. We thus performed the dR/dC analysis by either including or 
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excluding Dokdonia. To determine the spontaneous mutation rate of L. ZYFB001 and 

N. SY33080, we applied the MA/WGS procedure to each of them under optimal 

condition. In summary, 96 independent MA lines were initiated from a single founder 

colony of L. ZYFB001 and N. SY33080, respectively. Every 48 h, cells from a single 

colony were transferred to a fresh plate. This transfer continued for 232 days, 

equivalent to 3,006 and 2,549 cell divisions for L. ZYFB001 and N. SY33080, 

respectively. Generation time between each transfer was estimated by colony forming 

units (CFU) every 45 days. Mutation rate µbs (per base per generation) was calculated 

by the following equation: 

µbs= 
m

∑ 𝑁𝑁 × 𝑇𝑇𝑛𝑛
1

 

where m is the total number of observed base-substitution mutations across all the MA 

lines, n is the total number of lines, N is the analyzed sites for each MA line, and T is 

the number of cell divisions that occurred in the MA study (Sung et al., 2012; Long et 

al., 2016) (See Supplementary Methods Section 7, Section 8 and Section 9).  

 

Data availability 

Genomic sequences of Nonlabens sp. SY33080 and Leeuwenhoekiella sp. ZYFB001 

are available at the NCBI GenBank database under the accession number CP050461 

and CP050460, respectively. The manually compiled DNA repair gene database as 

well as the scripts used for ancestral genome reconstruction and mutation rate 

calculation have been deposited in the online repository 

(https://github.com/zoopera/flavoevo/).  
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Figure Legends 

Fig. 1 Diversity and abundance of the GH gene families (A) and genome size 

normalized densities of CAZyme and peptidase genes (B) in the genomes of 

Nonlabens sp. SY33080 and Leeuwenhoekiella sp. ZYFB001. In panel B, CAZyme 

genes are classified into auxiliary activity (AA), carbohydrate-binding module 

(CBM), carbohydrate esterase (CE), glycoside hydrolase (GH), glycosyltransferase 

(GT), and polysaccharide lyase (PL) categories. Peptidase genes are classified into 

aspartic, cysteine, metallo, serine, threonine, and unknown families based on the 

MEROPS annotation.  

 

Fig. 2 Ancestral genome reconstruction using a modified Sankoff algorithm 

implemented in BadiRate based on a maximum likelihood phylogeny of the marine 

Nonlabens, Leeuwenhokeiella, Dokdonia, and outgroup lineages (collapsed). The 

phylogeny was constructed using IQ-TREE based on a concatenation of 163 single-

copy orthologous protein sequences. The scale bar at the bottom indicates the number 

of substitutions per site. Number in parenthesis next to each ancestral node is the 

number of gene families predicted for that node. Accelerated rate of sequence 

evolution (defined as increased number of substitutions per site) was observed in the 

Nonlabens lineage compared to the Leeuwenhokeiella and the Dokdonia lineages 

since the Last Common Ancestor (node N33) of these three lineages. Solid and open 

circles at the nodes indicate the frequency of the clade defined by that node is greater 

and lower than 90%, respectively, in the 1,000 ultrafast bootstrapped replicates. The 
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genome size, GC content, predicted genome completeness, and presence (solid circle) 

or absence (open circle) of signature gene families of each taxon are shown next to 

each taxon. Evolutionary gains and losses of SOS response associated genes are 

marked with red and blue, respectively, and placed next to the ancestral nodes in 

Nonlabens, Dokdonia and Leeuwenhokeiella lineages. The full version of the figure 

with a complete set of outgroup lineages is shown in Fig. S1. 

 

Fig. 3 Base-substitution mutation and insertion/deletion mutation that occurred in 

each protein-coding gene are marked with blue and red vertical bars, respectively. The 

height of each bar represents the number of mutations across all mutation 

accumulation lines. The bars are plotted against the genomic position of that gene in 

Nonlabens sp. SY33080 (upper) and Leeuwenhoekiella sp. ZYFB001 (lower). The 

width of the bar represents the length of the gene. The two types of mutation that 

occurred on the remaining genomic regions (intergenic regions and non-protein 

coding genes) are marked with blue and red triangles, respectively, which are plotted 

against the genomic positions of each occurrence. Note that the genomic position of 

insertion/deletion mutation refers to the position of the first mutated site.  

 

Table Legends 

Table 1 Substrate utilization of Leeuwenhoekiella sp. ZYFB001 and Nonlabens sp. 

SY33080 identified using Biolog GN2 Microplates and specialized culture media. 

Enzyme activities were identified by API 20NE Strips. Substrates marked with bold 
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are exclusively metabolized by Leeuwenhoekiella sp. ZYFB001. 
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Table 1 Substrate utilization of Leeuwenhoekiella sp. ZYFB001 and Nonlabens sp. SY33080 identified using Biolog GN2 Microplates and 

specialized culture media. Enzyme activities were identified by API 20NE Strips. Substrates marked with bold are exclusively metabolized by 

Leeuwenhoekiella sp. ZYFB001. 

 

Biolog GN2 Microplate 

Carbohydrates L. N. Organic acid L. N. Amino acid L. N. 

Glycogen + + D-Galactonic Acid Lactone - - Succinamic Acid (Organic acid) - - 

α-Cyclodextrin + + D-Galacturonic Acid + - L-Alaninamide + - 

Dextrin + + D-Gluconic Acid + - D-Alanine - - 

D-Raffinose + - D- Glucosaminic Acid - - L-Alanine + - 

D-Cellobiose + - D-Glucuronic Acid + - L-Alanyl Glycine + + 

Gentiobiose + - D-Saccharic Acid - - L-Asparagine + + 

α-D-Lactose + - L-Aspartic Acid + + L-Histidine - - 

Lactulose + - L-Glutamic Acid + + L-Proline + - 

Maltose + - Glycyl-L-Aspartic Acid + + L-Leucine + + 

Sucrose + - Glycyl-L-Glutamic Acid + + L-Ornithine + + 

D-Trehalose + - L-Pyroglutamic Acid - - L-Phenylalanine - - 

Turanose + - γ-Aminobutyric Acid - - L-Proline + + 

D-Melibiose + - Urocanic Acid - - D-Serine + + 

N-Acetyl-D- Glucosamine - - Succinic Acid + - L-Serine - - 

Adonitol - - Acetic Acid + + L-Threonine + + 

L-Arabinose - - Cis-Aconitic Acid - - Other substrates + - 

D-Arabitol - - Citric Acid - - Pyruvic Acid Methyl Ester + - 

Erythritol - - Formic Acid - - Succinic Acid Mono-Methyl Ester + - 

D-Fructose + - α- Hydroxybutyric Acid - - D-, L-, α-Glycerol Phosphate + - 

L-Fucose - - β- Hydroxybutyric Acid - - Glycerol - - 

D-Galactose + - γ- Hydroxybutyric Acid - - 2,3-Butanediol - - 

α-D-Glucose + - p-Hydroxyphenlyacetic Acid - - D-, L-Carnitine - - 

m-Inositol - - Itaconic Acid - - Phenylethylamine - - 

D-Mannitol - - α-Ketobutyric Acid + + Putrescine - - 

D-Mannose + - α-Ketoglutaric Acid - - 2-Aminoethanol + - 

β-Methyl-D-Glucoside + - α-Ketovaleric Acid + + Uridine - - 

α-D-Glucose-1-Phosphate + - D-, L-Lactic Acid + - Inosine - - 

D-Glucose- 6-Phosphate + - Malonic Acid - - Thymidine - - 

D-Psicose + - Propionic Acid - - Glucuronamide 
  

L-Rhamnose + - Quinic Acid - - 
   

D-Sorbitol + - Sebacic Acid - - 
   

Xylitol - - Bromosuccinic Acid + - 
   

API 20NE Strips 

β-glucosidase + - β-galactosidase + - 
   

Specialized Culture Media 

Starch + + Chitin - - Tween 20 + + 

Cellulose - - Gelatin - - Tween 40 + + 

Alginate - - Casein - - Tween 80 + + 
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