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Abstract

Two strains isolated from a sample of activated sludge that was obtained from a seawater- based wastewater treatment plant 
on the southeastern Mediterranean coast of Spain have been characterized to achieve their taxonomic classification, since 
preliminary data suggested they could represent novel taxa. Given the uniqueness of this habitat, as this sort of plants are rare 
in the world and this one used seawater to process an influent containing intermediate products from amoxicillin synthesis, 
we also explored their ecology and the annotations of their genomic sequences. Analysis of their 16S rRNA gene sequences 
revealed that one of them, which was orange- pigmented, was distantly related to Vicingus serpentipes (family Vicingaceae) and 
to other representatives of neighbouring families in the order Flavobacteriales (class Flavobacteriia) by 88–89 % similarities; 
while the other strain, which was yellow- pigmented, was a putative new species of Lysobacter (family Xanthomonadaceae, order 
Xanthomonadales, class Gammaproteobacteria) with Lysobacter arseniciresistens as closest relative (97.3 % 16S rRNA sequence 
similarity to its type strain). Following a polyphasic taxonomic approach, including a genome- based phylogenetic analysis and 
a thorough phenotypic characterization, we propose the following novel taxa: Parvicella tangerina gen. nov., sp. nov. (whose type 
strain is AS29M- 1T=CECT 30217T=LMG 32344T), Parvicellaceae fam. nov. (whose type genus is Parvicella), and Lysobacter luteus 
sp. nov. (whose type strain is AS29MT=CECT 30171T=LMG 32343T).

The order Flavobacteriales (class Flavobacteriia, phylum Bacteroidota), comprises seven families: Blattabacteriaceae, Crocini-
tomicaceae, Cryomorphaceae, Flavobacteriaceae, Ichthyobacteriaceae, Schleiferiaceae and Weeksellaceae (https://lpsn.dsmz.de/ 
order/flavobacteriales) [1]. This list has been recently expanded with the recognition of three additional new families out of 
previous representatives of Cryomorphaceae: Luteibaculaceae, Salibacteraceae and Vicingaceae [2, 3]. Internal diversity of this 
order displayed on phylogenomic trees that include metagenome- assembled genomes (MAGs) suggest that several additional 
family- level new taxa may be pending of recognition because they lack cultivated representatives [2, 4].

An orange- pigmented bacterial isolate was obtained from a rare environment, a seawater- processing wastewater treatment plant, 
on the Mediterranean coast of Spain [5, 6]. It was revealed as distantly related to Vicingus serpentipes and to other representatives 
of neighbouring families by 88–89 % similarities in their 16S rRNA gene sequences, within the order Flavobacteriales. The low level 
of taxonomic relatedness suggested by these figures prompted us to proceed to characterize the isolate. During the preliminary 
steps taken to deposit the isolate in the Spanish Type Culture Collection (CECT), a second isolate was recovered from the same 
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glycerol- supplemented cryotubes containing the Flavobacteriales bacterium, a yellow- pigmented isolate, later revealed as a puta-
tive new species of Lysobacter after analysis of its 16S rRNA gene sequence. Lysobacter belongs to the family Xanthomonadaceae 
(order Xanthomonadales, class Gammaproteobacteria) and is prominent due to the ability of some of its species to lyse a variety 
of microorganisms [7]. Currently, the genus contains 66 validly named species (https://lpsn.dsmz.de/genus/lysobacter) [1].

Both isolates, deposited as CECT 30217T (as Vicingus sp.) and CECT 30171T (as Lysobacter sp.), have been submitted to a pheno-
typic (including chemotaxonomic), genomic and phylogenetic characterization in order to resolve their taxonomic position and 
further explore their genomes and ecological relationships.

ISOlATION AND MAINTENANCE
A sample of activated sludge was obtained from a seawater- based wastewater treatment plant, located in Almeria, on the south-
eastern Mediterranean coast of Spain (latitude 37.256, longitude −1.763) on November, 2008. Very few plants of this type are 
running in the world, and this one in particular used seawater to process an influent containing intermediate products from 
amoxicillin synthesis. The average salinity of water in the Mediterranean Sea in that area is 36 mg l−1 and ionic concentrations 
in the influent are given in [5]. The usage of seawater is justified due to the severe scarcity of fresh water sources. The sludge 
residence time was 10–14 days. The mean influent flow of the plant was 300 m3 h−1 and had a treatment volume of 32 000 m3. 
Nitrogen and chemical oxygen demand sludge loads were about 150–170 kg h−1 and 900–1000 kg h−1 respectively, with total 
removal rates above 80 and 90%, respectively [5, 6]. The activated sludge sample was cultivated on marine agar (MA; Difco), at 
room temperature and a culture, supposedly axenic, designated AS29M, was obtained and maintained in 25 % glycerol at −80 °C. 
A partial 16S rRNA gene sequence revealed that strain AS29M was located among the Flavobacteriales (phylum Bacteroidota) 
distantly related to Vicingus serpentipes.

A subculture was sent to the CECT for deposition: as the recovered strain was being routinely processed, a partial 16S rRNA 
sequence, obtained as an authenticity check point, did not correspond to the alleged Flavobacteriales but to a Lysobacter species. 
Subsequent work allowed the separation of two different bacteria from the subculture, one corresponding to the original Flavo-
bacteriales, and another identified as a Lysobacter species. Both strains were quite difficult to resolve through subculture and the 
Flavobacteriales was especially difficult to obtain as isolated colonies due to the aggregative character of the cells, its preference 
for mass growth, instead of individual colonies, and the clumping of the biomass in liquid medium. Finally, the two strains were 
separated and deposited as pure cultures with numbers CECT 30171T (Lysobacter sp.) and CECT 30217T (Flavobacteriales). They 
have been also deposited in LMG as LMG 32343T and LMG 32344T, respectively.

16S rRNA gENE SEquENCINg AND PhylOgENy
A partial 16S rRNA sequence of each strain was obtained by using already described methods [8] and compared through blast 
and EzBioCloud searches with available sequences in databases, for tentative taxonomic adscription. For the phylogenetic tree 
building, the complete 16S rRNA sequences, extracted from genomes (see below) were used, after confirming the partial ones 
matched them perfectly, thus serving as authentication control check [9].

In the case of strain CECT 30217T, top similarities obtained using EzBioCloud tool [10] were relatively low (less than 90 % to other 
Bacteroidota), being the type of Vicingus serpentipes the most similar, with 89.2 % identity, followed by Lishizhenia tianjinensis 
(88.5 %) Wandonia haliotis (88.4 %) Fluviicola hefeinensis (88.4 %) and Salibacter halophilus (88.2 %). Moreover, none of the 16S 
rRNA gene sequences (including non- type material, uncultured, phylotypes, etc.) in blast or EzBioCloud databases gave more 
than a 95 % sequence similarity to CECT 30217T, a clear indication of the rareness of this organism.

In turn, strain CECT 30171T was most similar to several Lysobacter species, with the type of L. arseniciresistens as the closest one 
(97.3 % 16S rRNA sequence similarity), followed by L. helvus (96.2 %) and L. capsici (96.1 %). Similarity to non- type strains and 
sequences from uncultured bacteria was also explored and results are given under the ecology heading.

Maximum- likelihood and maximum- parsimony trees were inferred for each set of 16S rRNA gene sequences under the 
GTR+GAMMA model by the Genome to- Genome- Distance Calculator (GGDC) web server [11] available at http://ggdc.dsmz. 
de/ using the DSMZ phylogenomics pipeline [12] adapted to single genes.

Strain CECT 30217T was located amid the different Flavobacteriales families (Fig. 1), marginally related to Schleiferiaceae, Cryo-
morphaceae, Salibacteraceae and Luteibaculaceae representatives, in a position that suggested that the strain does not belong to 
any of these families. The low level of bootstrap also suggests that the relationships shown at this node are not heavily supported. 
In fact, the phylogenomic trees shown later reveals a closer link to Crocinitomicaceae than to the above- mentioned families.

With regard to the other isolate, Fig. 2 shows the phylogenetic position of strain CECT 30171T within the genus Lysobacter, with 
L. arseniciresistans as closest neighbour (with high bootstrap support) in a larger clade also containing L. concretionis and L. 
spongicola among others.
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gENOME fEATuRES AND PhylOgENOMICS
Genomic DNA was isolated using a Jena Bioscience kit (Diffractia) following the standard protocol recommended by the manu-
facturer. The integrity of the extracted DNA was checked by visualization in a 2.0% (w/v) agarose gel electrophoresis. Its purity 
and quantity were checked by measuring the absorbance at 260 and 280 nm with a spectrophotometer (Nanodrop 2000c, Thermo 
Scientific) and calculating the ratio A260:A280. Genome sequencing of the two strains was carried out at the Central Support 
Service for Experimental Research (SCSIE) of the University of Valencia (Valencia, Spain). Genome sequencing was achieved 
using Sequel PacBio RS II technology (SMRT Link version 7.0) and assembled with the Hierarchical Genome Assembly Process 
(HGAP4) de novo assembly analysis application.

The bioinformatic tool CheckM version 1.1.3 [13] was used to assess the genome quality prior to annotation using Prokka version 
1.14.6 [14] and Rapid Annotation using Subsystem Technology (RAST) version 2.0 [15]. The process of quality assessment of 
reads, read- processing, assembly and annotation with Prokka was carried out in Linux OS, other tools were accessed online. 
The minimal standards for the quality of genome sequences and how they can be applied for taxonomic purposes [9] have been 
observed in this study.

Similarity between genomes was established using in silico DNA–DNA hybridization (isDDH) with the GGDC 2.1 [11], average 
nucleotide identity (ANI) [16] with JSpecies software (http://jspecies.ribohost.com/jspeciesws/) and average amino acid identity 
(AAI) [17] with AAI matrix tools (http://enve-omics.ce.gatech.edu/g-matrix/). Phylogenomic analyses were performed with the 

Fig. 1. Maximum- likelihood tree inferred from 16S rRNA gene sequences under the GTR+GAMMA model and rooted by midpoint- rooting including 
Parvicella tangerina gen. nov., sp. nov. CECT 30217T and representatives of the order Flavobacteriales. The branches are scaled in terms of the 
expected number of substitutions per site. Phylogenies were inferred by the GGDC web server [11] available at http://ggdc.dsmz.de/ using the DSMZ 
phylogenomics pipeline [12] adapted to single genes. The numbers above the branches are support values when larger than 60 % from maximum- 
likelihood (left) and maximum- parsimony (right) bootstrapping.
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UBCG (up- to- date bacterial core gene) [18]. This software tool is available for download at EzBioCloud [10] and employs a set 
of 92 bacterial core genes that are single- copy and commonly present in all bacterial genomes.

General characteristics of the two genomic sequences here determined plus those corresponding to type strains of those taxa 
used for comparative purposes (obtained from public repositories) are shown in Tables 1 and 2. Further details are discussed in 
the next subsections.

Strain CECT 30217T (Flavobacteriales)
The genome of strain CECT 30217T is 3.98 Mb in size (in one chromosome) and includes 3604 coding sequences and 37 RNA 
genes (with a single rRNA operon). About 63 % of the proteins coded are hypothetical, according to RAST annotation. The G+C 
content is 38.8 mol%.

As could be anticipated by the low 16S rRNA similarities, the ANIb values obtained when comparing the genome of strain CECT 
30217T to other Flavobacteriales are also very low as none of them reached 67 % (data not shown). Likewise, isDDH determinations 
were below 32 % in all comparisons. Thus, the overall genomic indices were well below the commonly accepted threshold for 
species classification (95~96 and 70 %, respectively) [9] confirming that strain CECT 30217T has sufficient taxonomic novelty at 
least to the species level.

Fig. 2. Maximum- likelihood tree inferred from 16S rRNA gene sequences under the GTR+GAMMA model and rooted by midpoint- rooting including 
Lysobacter luteus sp. nov. CECT 30171T and representatives of the genus Lysobacter. The branches are scaled in terms of the expected number of 
substitutions per site. Phylogenies were inferred by the GGDC web server [11] available at http://ggdc.dsmz.de/ using the DSMZ phylogenomics 
pipeline [12] adapted to single genes. The numbers above the branches are support values when larger than 60 % from maximum- likelihood (left) and 
maximum- parsimony (right) bootstrapping.
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In order to ascertain a possible separate genus status, suggested by the low 16S rRNA gene similarities, AAI values were also 
investigated. A definite threshold value of AAI for genus delimitation has not been universally stablished, but values higher than, 
at least, 60 % are often encountered. After determination of AAI values of strain CECT 30217T to a group of representatives of all 
the families included in the Flavobacteriales (except for Blattabacteriaceae), Vicingus serpentipes yielded 51 % AAI and all other 
comparisons resulted in less than 50 % (Table 3), including Acidiluteibacter ferrifornacis, which is the second representative of 
the family Vicingaceae. These low values point to a separate status at the genus level for strain CECT 30217T and suggested that 
it might even constitute a new family within the order Flavobacteriales. In fact, a close examination of data in Table 3 revealed 
that species in the same family display AAI figures of 50 % or higher (see coloured triangles) with only one exception (the pair 
Crocinitomix catalassitica–Fluviicola taffensis). On the other hand, AAI inter- family values above 50 % are not observed except 
for two instances were 51 % is reached (in both cases involving Vicingus serpentipes). These data point to a boundary of circa 50 % 
AAI as a tentative level for definition of families in this context.

To further explore the family- level position of strain CECT 30217T, we also determined AAI indexes of its genome to five MAGs, 
selected as representatives of family- level clades entirely composed of MAGs, flanking the family Crocinitomicaceae in the recent 
work of Bowman [2]: these comprise the clades UBA10066 (represented by SP19 and SP82, assemblies GCA_002723085.1 
and GCA_002716065.1, respectively), UBA2798 (GCA_002351955.1), PHOS- HE28 (UBA3364, GCA_002360495.1) and UA16 
(UBA1531, GCA_002323795.1). The assemblies were selected among those with at least a 90 % completeness. The AAI values 
obtained were lower than 50 % for UBA2798, UBA3364 and UBA1531, but attained 52 and 54 % for SP19 and SP82, the two MAGs 
representative of clade UBA10066, suggesting a family- level relationship to strain CECT 30217T. Thus, it might be considered the 
first cultivated strain of this clade and, consequently, type genus of a newly defined family in Flavobacteriales.

Two phylogenomic trees based on UBCGs were obtained by using amino acid and nucleotide sequences, and they are displayed 
as Fig. 3 and Fig. S1 (available in the online version of this article), respectively. In both, families are clearly defined, including 
the most recently described ones, and both trees show strain CECT 30217T as a distant relative to Crocinotomicaceae, without a 
closer link to Vicingaceae, whose representatives form a clade not directly related to Crocinitomicaceae either. A moderate gene 
support index (GSI) value is obtained for the node relating strain CECT 30217T to Crocinitomicaceae (73 for the amino acids tree 
and 57 for nucleotide tree, where the maximum possible value is 92).

Addition of MAGs from clades UBA10066, UBA2798, PHOS- HE28 and UA16 to the UBGC analysis resulted in the trees seen in 
Fig. 4 (amino acid- based) and Fig. S2 (nucleotide- based), that show a robust branching between strain CECT 30217T and both 
representatives of UBA10066 clade. All three lineages merge as a well- defined clade with a high GSI (87), comparable to the ones 
on the nodes defining family Crocinitomicaceae (83) and Vicingaceae (92).

Combining the information of the phylogenomic trees with that of AAI indices, it is clear that strain CECT 30217T bears enough 
distance from all other families in the order Flavobacteriales as to be considered as the type genus of a new family. This new family 
would encompass the Flavobacteriales clade UBA10066, until now represented only by uncultivated bacteria whose MAGs have 
been recovered from seawater oceanic samples.

The genome of strain CECT 30217T was annotated with Prokka, RAST and also with the recently published Bakta [19]: all three 
annotations resulted in a high percentage of hypothetical protein genes, a common observation when examining genomes of 
‘uncommon’ lineages. Thus, RAST annotation found a 63 % of hypothetical protein- coding genes while Bakta annotation resulted 
in 56 %. Several interesting features could be predicted from genome and others are confirmed by using the annotations. Firstly, we 
tried to detect the Bacteroidota hallmark genes postulated by Munoz et al. [20], a task hampered by the various synonymous labels 
used for some of the genes and also by the differences in annotations obtained from different tools. Gliding motility associated 
genes were found as follows in RAST annotated genome: gldJ (five copies), gldB and the components of the ABC- type transporter, 
gldA, gldF and gldG; genes for the type IX secretion system outer membrane protein channel, porV, and the cell surface protein, 
sprA, were detected in Bakta annotation. However, other components of T9SS seem to be absent. The gene for the flagellar motor 
protein A (MotA) was also detected.

SusC/D, involved in TonB- dependent uptake of polysaccharide/oligosaccharide, was not found under this label but 12 copies of 
a tonB- dependent receptor, plus three copies of a tonB- dependent receptor plug are present.

The Na+ pumping NADH:quinone oxidorreductase cluster ABCDEF, which is present in Bacteroidota bacteria isolated from 
seawater and other sodium- rich habitats, was consistently annotated by all tools.

A cluster of several genes involved in carotene synthesis was also detected, containing genes for a β-carotene hydroxylase, a 
phytoene desaturase (neurosporene/lycopene- producing, EC 1.3.99.27, crtD), a phytoene synthase (15 cis phytoene synthase EC 
2.5.1.32, crtB) and a phytoene dehydrogenase (zeta- carotene forming phytoene desaturase, EC 1.3.99.29, carA2). The genes were 
grouped in a gene cluster also containing genes apparently non related to carotenoid synthesis and the cluster was preceded by 
an MerR family transcriptional regulator (annotated as HTH- type transcriptional repressor CarH /YcgE in Prokka and Bakta 
annotations). No gene involved on flexirubin synthesis was identified and no proteorhodopsin- encoding gene was annotated in 
the genome of strain CECT 30217T.
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Aerotolerance proteins Bat (Bacteroides aerotolerance) A, B and C are encoded in the genome, but catalase/peroxidase genes are 
not detected, in agreement with the findings of the phenotypic characterization (see below).

Regarding extracellular hydrolytic capabilities, a chitinase gene was present, and also many different genes encoding peptidases.

The HigA and HigB toxin- antitoxin system was present as well. Also, a restriction modification (R- M) system type I and a CRISPR 
region containing Cas1, Cas 2 and Cas 9 genes plus CRISPR repeats with 17 spacers, were annotated.

Because of the origin of the wastewater processed in the plant, we examined the genome of strain CECT 30217T using CARD to 
search for antibiotic resistance [21]. A total of 121 resistance related genes were tagged, including diverse β-lactamases (most of 
them, class C) as well as several RND efflux systems were located along the genome, plus an arsenate reductase and a mercuric 
reductase operon (merR, merT and mercuric ion reductase). Mobile genetic elements were not found in the RAST annotated 
genome, except for one transposase close to a tetracycline resistance element mobilization regulatory protein, RteC. In contrast, 
Prokka annotated genome showed 12 transposases distributed along the genome sequence, but only one beta- lactamase related 
gene. Plasmids were apparently absent, as the whole genome was resolved in a single contig.

Strain CECT 30171T (Lysobacter)
The genome of strain CECT 30171T is 2.77 Mb in size (in one chromosome) and contains 2 549 coding sequences (40 % hypo-
thetical, according to RAST annotation) and 53 RNAs (this includes two rRNA operons). The G+C content is 69.1 mol%, a value 
within the range described for the genus.

Fig. 3. Phylogenetic tree generated with the UBCG [18] by using amino acid sequences including Parvicella tangerina gen. nov., sp. nov. CECT 30217T 
and representatives of the order Flavobacteriales. The numbers at the nodes indicate the gene support index (maximal value is 92). Genome accession 
numbers are indicated in parentheses. Bar, 0.05 substitutions per position. Genomes of strain Dyadobacter luticola T7T (GCF_005860805) and 
Dyadobacter fermentans DSM 18053T (GCF_000023125) were used as outgroup.
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ANIb and isDDH values were obtained for strain CECT 30171T and the close species in the genus (Table 4) using the same tools 
as before. The highest ANI and isDDH values (85.3 and 28.3 %), were obtained with L. arseniciresistans, in agreement with the 
findings with 16S rRNA gene comparisons and tree. These values are well below the boundary for species definition and confirm 
that this strain is different at genomic level from all other species of Lysobacter.

Phylogenomic trees were also obtained with nucleotide and amino acid sequences from the genome of strain CECT 30171T and 
relatives by using UBCG [18]. Fig. 5 shows the amino acid- based tree: as it can be observed, strain CECT 30171T merges with L. 
arseniciresistans as closest species, with a moderate GSI value (75). The nucleotide- based tree is shown as Fig. S3.

The annotated genome of strain CECT 30171T contains several genes involved in secretion systems: T2SS (six genes), T4SS, 
encoding type IV pilus (21 genes) and T7SS (two genes), as well as three proteins involved in twitching motility (PilH, PilG and 
PilT). These features are interesting in relation to the polar filaments observed in scanning microphotographs (see Fig. 6). It also 
contains a large amount of flagellar motility and chemotactic- related genes, in accordance with the swimming motility shown by 
the strain; flagellar motility is a trait excluded from the genus definition, but present in a few Lysobacter species (L. arseniciresistans, 
L. spongicola) and in strain CECT 30171T.

Other remarkable features of the annotation are a large number of protein- degradation genes, the presence of alkane synthesis 
genes (oleABCD), a phospholipase/hemolisin, two restriction–modification systems, type I and type III (but no CRISPR region), 
and a large number of DNA repair genes (52). A Cu- nitrite reductase and a quinol- dependent nitric oxide reductase genes 
are present. Polyphosphate kinase and exopolyphosphatase genes are also present, suggesting the strain may be able to store 
polyphosphate. Several β-lactamases, RND efflux systems, ABC type antimicrobial peptide transport systems and genes related 
with arsenic resistance were also detected in the RAST annotated genome.

Fig. 4. Phylogenetic tree generated with the UBCG [18] by using amino acid sequences including Parvicella tangerina gen. nov., sp. nov. CECT 30217T 
and representatives of the order Flavobacteriales and clades UBA10066, UBA2798, UA16 and PHOS- HE28. The numbers at the nodes indicate the gene 
support index (maximal value is 92). Genome accession numbers are indicated in parentheses. Bar, 0.05 substitutions per position. Genomes of strain 
Dyadobacter luticola T7T (GCF_005860805) and Dyadobacter fermentans DSM 18053T (GCF_000023125) were used as outgroups.

http://doi.org/10.1601/nm.2240
http://doi.org/10.1601/nm.2240
http://doi.org/10.1601/nm.8069
http://doi.org/10.1601/nm.33436
http://doi.org/10.1601/nm.8295
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PhENOTyPIC ChARACTERIzATION
Strains were routinely cultivated at 26 °C aerobically, on MA prepared with marine broth (MB; Difco) plus an added, autoclaved 
double strength 1.2 % w/v solution of agar. This was done to avoid the deleterious effect described by Tanaka et al. [22]. Marine 
Reasoner's 2A (R2A) medium (R2A with 2 % sea salts, Oxoid), also prepared with a double- strength agar solution autoclaved 
separately, was also assayed but resulted in lower biomass recovery for both strains. Pigment production, colony morphology 
and gliding on solid medium were determined on strains grown on MA plates at 26 °C for 2–5 days. Flexirubin- type pigments 
were determined according to Bernardet et al. [23].

Cell morphology and motility were observed on wet mounts by phase- contrast microscopy. Cell size was determined by using 
scanning electron microscopy (SEM) at the SCSIE (University of Valencia). For these observations, cells were filtered with a 47 mm 
polycarbonate membrane filter of 0.2 µm pore size (Millipore) with a peristaltic pump. Filters were fixed in glutaraldehyde with 
final concentration 3% at room temperature and washed three times with 0.1 M phosphate buffer. A series of sequential ethanol 
dehydrations were performed for 10min each (50, 70, 95 and 100 %) and post- fixed with 2% osmium before drying samples under 
CO2 using a critical point drier apparatus (CPD030, Baltec). Samples were examined in a Hitachi S4800 field emission scanning 
microscope with field emission gun and a resolution of 1.4 nm to 1 kV. Pictures were stored digitally and processed using the 
software Quantax 400.

The temperature range for growth was determined on MA incubated at 5 and 15 °C for weeks, and at 26, 30, 37, 40 and 45 °C for 
48 h. The pH range was determined in MB adjusted to pH 5.0–9.5, at 0.5 pH unit intervals, incubated at 26 °C for 1 week. Salinity 
range and NaCl requirement were determined for strain CECT 30171T in liquid medium containing tryptone (5 g l−1) and yeast 
extract (1 g l−1) and supplemented with various amounts of sea salts (Oxoid): 0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 

Fig. 5. Phylogenetic tree generated with the UBCG [18] by using amino acid sequences including Lysobacter luteus sp. nov. CECT 30171T and 
representatives of the genus Lysobacter. The numbers at the nodes indicate the gene support index (maximal value is 92). Genome accession numbers 
are indicated in parentheses. Bar, 0.05 substitutions per position.

http://doi.org/10.1601/nm.2240
http://doi.org/10.1601/nm.2240
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12.0 and 15.0% and with only 1 % NaCl in a separate test (to determine if NaCl alone was able to sustain growth). Strain CECT 
30217T was tested on MA plates with the following salinities: 0.5, 1.0, 2.0 % salinity (obtained by diluting MB, and supplementing 
with tryptone and yeast extract up to 5 and 1 g l−1, respectively) and MB plus NaCl up to 4, 5, 6, 7, 8, 9, 10, 12 and 15% total 
salts. Catalase and oxidase, plus casein, starch, DNA and Tween 80 hydrolysis were determined according to Lucena et al. [24]. 
Anaerobic growth in denitrification medium [25] was also assayed. Other tests were recorded from API galleries (API 20NE, API 
ZYM and API 50CH, bioMérieux). Marine cations supplement was added (1/10) to diluents and AUX medium used to obtain cell 
suspensions and inoculate these galleries, which were incubated for 6 h (API ZYM) and 48 h (API 20NE and API 50CH) at 26 °C.

Fatty acid methyl esters were extracted from biomass grown for 48 h on MA at 26 °C and prepared according to standard protocols 
as described for the midi Microbial Identification System [26]. Cellular fatty acid content was analysed by gas chromatography 
with an Agilent 6850 chromatographic unit, with the midi Microbial Identification System using the TSBA6 method [27] and 

Fig. 6. Cells of strain CECT 30171T observed under SEM. Cell morphology: binary fission is observed. Polar straight filaments (white arrows), flagellum 
(yellow arrow).
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identified using the Microbial Identification Sherlock software package. Analysis of respiratory quinones and polar lipids were 
carried out by the Identification Service, Leibniz- Institut DSMZ – Deutsche Sammlung von Mikroorganismen und Zellkulturen 
GmbH, Braunschweig, Germany.

Strain CECT 30217T (Flavobacteriales)
Strain CECT 30217T was able to grow on MA but it was difficult to obtain individual colonies by regular streaking and viability of 
the cultures dropped quite rapidly. Growth was easier if the inoculum was administrated as drops of grown liquid media or cell 
suspensions on the agar surface without any streaking or spreading. This resulted in more biomass yield and extended viability. 
When resolved, colonies were round, elevated, shiny, with a regular margin and a mucous appearance. Pigment was orange to 
deep orange, more pronounced in old cultures (Fig. S4). The pigment did not react to the KOH test for flexirubin- type pigments. 
No gliding motility was observed. Following growth in liquid medium (MB) formed surface masses that converged to form a 
pellicle and adhered to the tube wall. Theses sticky masses were very difficult to disperse. Thus, uniformly turbid suspension of 
cells was not achieved. Photographs of the growth behaviour of the strain are displayed in Fig. S4. R2A medium supplemented 
with 2 % sea salts did not support good growth of this strain, even when drop- inoculated. Since the amount of salts is within the 
physiological range of this organism (see below), it means that R2A, a meagre medium, does not meet its nutritional requirements 
showing a preference for richer ones such as MA.

Cells were observed as wet mounts under phase- contrast microscopy, appearing as small, non- motile coccobacilli. SEM observa-
tions revealed small cocci, coccobacilli and short bacilli (0.3–0.5×0.5–1.2 µm) aggregates, joined together by a network of abundant 
fibrous extracellular material, closely resembling Vicingus serpentipes SEM micrographs [28]. Selected images are shown in Fig. 7.

Cells of strain CECT 30217T were Gram- staining and Gram- reaction negative, although clumping of cells hinder an easy observa-
tion of the KOH test.

Temperature, pH and salinity ranges were determined with the following results: the strain grew from 15–40°C but not at 5 °C 
(optimum 26–30 °C), at pH 6.0–8.5, but not at pH 5.5 or less or pH 9.0 or more. Salinities sustaining growth spanned from 1 to 
7 % (optimum, 3–4 %), no growth was obtained at 0.5 % or less or 8 % or more. The strain did not grow with only NaCl, indicating 
a requirement for combined sea salts. Thus, the strain is classified as mesophilic, neutrophilic and slightly halophilic with complex 
ionic requirements.

The strain behaved as a strict aerobe: anaerobic, microaerophilic and capnophilic growth were tested on MA incubated in a 
Genbag Anaer (EZ Anaerobe), a Campylobacter Gaspak EZ campylopouch system and in a CO2 incubator (5 % CO2 at 37 °C), 
respectively. No growth was obtained in any of these conditions after 4 days of incubation. Growth in agar- sealed denitrifica-
tion medium was also negative. The oxidase test was positive, but catalase was negative. Nitrate was not reduced to nitrite 
or N2 and glucose was not fermented. Hydrolysis of gelatin, casein and DNA were positive, Tween 80 was also hydrolysed 
but starch hydrolysis was negative. Prominent activities in the API ZYM galleries were alkaline and acidic phosphatases and 
leucine and valine arylamidases. All other activities, including carbohydrate- related enzymes, were negative. None of the 
carbohydrates included in the API 50CH gallery were acidified aerobic or anaerobically. Enzymatic tests on API 20NE were 
also negative except for gelatine hydrolysis, while assimilation tests were slightly positive except for the citrate and caprate 
microtubes.

The fatty acid composition of the cells was investigated as previously described, on MA cultures (26 °C, 48 h). Major fatty acids 
accounting for more than 10 % of the total were iso- C15 : 0 (56 %) and iso- C15 : 1 G (15 %). Complete results are reported in Table S1.

The only respiratory quinone detected was menaquinone 7 (MQ- 7). Polar lipids present in strain CECT 30217T comprised 
one identified component, phosphatidylethanolamine (PE), along with three unidentified lipids, two phospholipids and one 
aminolipid (Fig. S5).

Strain CECT 30171T (Lysobacter)
Strain CECT 30171T grew on MA and on Luria–Bertani agar (LBA) supplemented with 1 % NaCl forming bright yellow 
colonies after 72 h incubation. Colonies were round, smooth, translucent, elevated, with regular borders (Fig. S6). In liquid 
media, MB, it produced uniform turbidity and was readily suspended. It also grew on R2A+2 % (w/v) sea salts (the pigment 
displayed in this medium was less intense and more ochre). The pigment did not react to the KOH test for flexirubin- type 
pigments [23]. Phase contrast observations of living cells showed swimming- type, very active motility, suggesting the presence 
of flagella. Gram staining and Gram reaction on 3 % KOH were consistently negative.

Cells grown for 5 days on MA at 26 °C were examined by SEM at the SCSIE (University of Valencia). Microscopy images 
illustrating cell size and morphology of strain CECT 30171T are shown in Fig. 6. The strain presented rod- shaped cells, 
0.2–0.3×1.4–2.0 µm, that divided by binary fission. Some cells had a polar- anchored, straight filament of variable length 
adherent to substratum/filter. A polar flagellum could also be seen in some cells.

http://doi.org/10.1601/nm.8069
http://doi.org/10.1601/nm.31209
http://doi.org/10.1601/nm.3786
http://doi.org/10.1601/nm.2240
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Strain CECT 30171T grew from 4 (after 15 days) to 40 °C, but not at 45 °C. Optimal temperature was 30–37 °C. The strain 
did not grow at pH 5.0 or lower and pH 9.0 or higher. Growth was obtained at pH 5.5–8.5 and was optimal at pH 7.5–8.0. 
Salinity range allowing growth, determined with sea salts was 0.5–8.0 % (w/v), no growth occurred at 0 % salinity or more 
than 9.0 %. Optimal salinity was 1–3 %. The strain was able to growth with only NaCl added to the medium (1 %). Thus, the 
strain is considered mesophilic, neutrophilic and slightly halophilic.

Strain CECT 30171T did not grow in Baumann’s denitrification medium and did not ferment glucose. It behaved as a strict 
aerobe and was oxidase- and catalase- positive. Nitrate reduction to nitrite or molecular nitrogen was negative. The strain 
was strongly proteolytic, according to its ability to degrade gelatin quickly and the positive response to leucine arylamidase, 
trypsin and α-chemotrypsin in the API ZYM galleries. Alkaline and acid phosphatases were also strongly positive. Naphthol- 
AS- BI- phosphohydrolase was positive. A weak response was observed for estearase and estearase lipase, valine arylamidase 
and α-glucosidase. Other activities, mainly carbohydrate activity enzymes, were negative. Assimilation tests in API 20NE 
galleries were weakly positive after 48 h, except for caprate and citrate assimilation, which were negative. All other tests, 
except for gelatine hydrolysis, were also negative. None of the carbohydrates included in API 50CH galleries was acidified, 
aerobic or anaerobically, by strain CECT 30171T.

Fig. 7. SEM images of strain CECT 30217 T cells. Coccus, cocobacilli and bacilli are seen within a network of extracellular, fibrous material. Unequal 
division of cells is suggested in the fourth photomicrograph, where a dividing cell is seen resulting in a bacillus and a coccoid cell (upper right cluster).
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The cellular fatty acid profile was determined for cultures obtained after 48 h incubation at 26 °C on MA and LBA. Main fatty 
acids, accounting for more than 10 % of the total, were iso- C15 : 0 (32–36 %), sumemd feature 9 (iso- C17 : 1 ω9c, 25–30 %) and iso- C16 : 0 
(14–15 %) (Table S2).

The main respiratory quinone was Q8 (99.4 %) and Q7 represented a minor component (0.6 %) of the system. The polar lipids 
present were DPG, PG and PE, plus two unidentified glycolipids, three unidentified phospholipids and one lipid (Fig. S7).

ECOlOgy
To explore occurrence of bacteria similar to our isolates and determine the potential distribution of the species, blast searches 
with 16S rRNA gene sequences (default parameters) were examined for hits yielding the highest similarities.

Strain CECT 30217T appears to be very uncommon. The blast search explained above resulted on similarities below 95.4 %, which 
is quite low for such a conserved gene. The top results corresponded to uncultured clones obtained from deep- sea hydrothermal 
vents on Logatchev field, Atlantic Ocean (95.3 %) [29] and a deep sea vent on the East Pacific Rise (95.0%) [30, 31], showing 
91–94% similarity. All corresponded to uncultured clones of different marine origins and geographical locations, suggesting that 
the only known relatives of strain CECT 30217T in the range of putative genera of the same family are marine bacteria that have 
never been cultivated.

In addition, the affiliation of the new genus and species to the UBA10066 clade, until now found only by MAGs, suggests again a 
seawater- related distribution: the two MAGs showing family- level AAI indices and phylogenomic relationships to strain CECT 
30217T were obtained as a part of the Tara Oceans expedition dataset [32] and were obtained from seawater from the South Pacific 
Ocean. It is interesting to note that clade UBA10066 includes clade Agg58, detected in seawater in one of the first molecular 
surveys of uncultivated marine bacteria in the early 1990s by De Long and coworkers [33], as pointed by Bowman [2].

For strain CECT 30171T, searches resulted in several hits above 98.7 % similarity including two uncultured bacterial clones from 
a soil sample in the Yellow River delta (99.87 %) and from seawater near dolphins in San Diego, USA (99.85 %). These findings 
point to a marine/coastal environment as putative natural habitat of the species. However, some of the sequences from cultivated 
strains challenge this conclusion. Strains NC344 and NC471 (both 99.93 % similarity to strain CECT 30171T) lack a full record 
about the source and only the country (China) is mentioned. There is no associated publication, being the depositor’s institution 
the Chinese Academy of Agricultural Sciences. Then, strains ZGLJ7- 2 and ZGLJ7- 1 (99.71 and 99.57% similarity, respectively) 
were isolated from a pit mud involved in the production of white wine in Henan, an inner province in China. Strain ZGLJ7- 1 
was proposed as type strain of ‘Lysobacter zhanggongensis’ [34] but the name has not been validated. Interestingly, the submitter’s 
institution of these sequences is the Institute of Oceanology, Chinese Academy of Sciences. Thus, despite having found much 
closer relatives to strain CECT 30171T, compared to strain CECT 30217T, we end up with a less defined ecological niche preference.

Table 6. Characteristics differentiating Lysobacter luteus CECT 30171T from other Lysobacter species

Strains: 1, L. luteus sp. nov. CECT 30171T (this study); 2, L. arseniciresistens [51]; 3, L. concretionis [52]; 4, L. spongiae [53]; 5, L. defluvii [54]; 6, L. 
spongiicola [55]; 7, L. aestuarii [56]; 8, L. maris [57]; 9, L. penaei [58]; 10, L. alkalisoli [59]; 11, L. enzymogenes [7]. +, Positive; −, negative; v, variable; nd, 
not determined; Y, yellow; O, orange; PG, phosphatidylglycerol; PE, phosphatidylethanolamine.

Feature 1 2 3 4 5 6 7 8 9 10 11

Flagellar motility + + − − − + − − − − −

Pigment colour Y Y Y Y/O Y Y Y O Y Y -/Y

Salinity range 0.5–8.0 0–4 0–2 0–9 0–6 0–6 0–7 nd–5 0–6 0–6 0–1

Maximum growth temperature 40 37 nd 37 37 41 40 40 45 40 40

Nitrate reduction − − − + − − + − + + −

Oxidase + + + + + + + − + + +

Aesculin hydrolysis − − − nd − − + + + + +

β-Galactosidase − − − − − nd − + v − +

Polar lipids include PG + + + + + + + − + + +

Polar lipids include PE + + + + + + + + + − +

G+C content (mol%) 69.1 69.5 63.8 69.9 67.1 69.0 63.8 64.9 68.8 66.6 68.5
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Given the possible marine origin of the strains coming from a seawater- processing wastewater treatment plant, and in order to 
elucidate a little bit more about their ecology and biogeographic distribution, we have used the partial 16S rRNA sequence of 
strains CECT 30171T and CECT 30217T to look for related environmental sequences in the Ocean Barcode Atlas (https://oba. 
mio.osupytheas.fr/ocean-atlas/OBA_query), which include metagenomic and amplicon 16S rRNA sequences from global Tara 
Oceans and Malaspina circumnavigation expeditions [35, 36]. The results for both strains showed that no sequence in the database 
presented a percentage of similarity above 97 % [37]. Instead, we found some similarities at the genus level with 94.8 % in the case 
of strain CECT 30171T, specifically sequences taxonomically classified as Lysobacter sp. HJHJ- 0803 and detected in Malaspina 
Bathypelagic samples (Fig. S8), and 95.3 % for strain CECT 30217T, in this case sequences affiliated to Flavobacteriales and found 
in surface and Deep Chlorophyll Maximum (DCM) samples from the Arctic Ocean (Fig. S8).

We further explored other metagenomic databases available in the European Nucleotide Archive (ENA, https://www.ebi.ac.uk/ 
ena/browser/home) in order to better describe the ecology of these new strains. Specially, we explored the sequences available 
in the midas project [38] which aimed to study the micro- organisms present in activated sludge systems. Thanks to their online 
tool (www.midasfieldguide.org/guide) a blast search can be performed between the database and the 16S rRNA sequence of 
interest. All these analyses gave us also negative results at the species level, confirming that these strains are very rare and found 
in nature in extremely low abundances. In fact, a previous 454- pyrosequencing analysis [6] of the sample of activated sludge 
from which both micro- organisms were isolated showed that a sequence similar to strain CECT 30217(98.3 % similarity) was in 
a very low proportion in the sample (0.05%).

DISCuSSION AND TAXONOMIC CONCluSIONS
The uniqueness of the environment, a wastewater treatment plant that uses seawater instead of freshwater due to the shortage 
of the later and abundance of the first in its location [5], rendering strains CECT 30171T and CECT 30217T sustains the interest 
of their study, not only because of their taxonomic novelty but also for the biotechnological potentialities they might present. 
The plant has operated since 1998 and its main influent corresponds to intermediate products from amoxicillin synthesis [5].

Both strains are phenotypically distinct from their closest phylogenetic relatives, as can be seen in Tables 5 and 6, which display 
differences in the phenotypic profile of the new taxa.

Table 5 displays differential traits allowing discrimination of strain CECT 30217T from the families Crocinitomicaceae, Vicingaceae, 
Cryomorphaceae, Salibacteraceae and Luteibaculaceae. Strain CECT 30217T could be clearly differentiated by the oxidase and 
catalase tests and the menaquinone type from all other marine representatives of these families, but there are several additional 
phenotypic differences. Thus, its position as a new genus and species in the order Flavobacteriales is soundly established on the 
basis of distinctive phenotype and low levels of ANI and AAI indices, combined with its detachment from other family lineages 
in phylogenomic trees. The suitability of defining a new family to allocate the new genus is based on the distances and branching 
pattern respect to their neighbours in phylogenomic trees. Other options are less pragmatic. For example, if we would consider 
that CECT 30217T should be included in an existing family, this should be Crocinitomicaceae, but phenotypically it does not fit 
with the more common traits of the family (catalase, menaquinone, proteorhodopsin, gliding) and the overall genome similarity 
measured as AAI index would be lower than the usual intra- family values observed for the order (>50 %). After exploring the 
possibility of the new taxon being representative of any of the potentially new families defined by Bowman [2] and the Genome 
Taxonomy Database (GTDB) [4], clades UBA10066, UBA2798, UA16 and PHOS- HE28, we conclude that this strain is a member 
of the UBA10066 clade, according with phylogenomic analysis, and should be considered as the first cultivated representative 
of this lineage.

In addition, Table 6 differentiated strain CECT 30171T from neighbouring Lysobacter species by a minimum of three traits, giving 
support to its proposal as a new species. Lysobacter already contains 64 validly named species, only a few from marine origin (L. 
spongiae, L. spongicola, L maris, L. aestuarii, L. penaei). The new species is related to a group of species that show atypical features: 
ability to form functional flagella that allow swiming motility (along with L. arseniciresistens, L. mobilis and L. spongicola) and 
requirement of NaCl for growth, a trait rarely found among Lysobacter species (and only in L. maris, among those of marine 
origin).

Thus, we describe strain CECT 30217T as representing a new genus and species in a new family in the order Flavobacteriales [2, 4] 
and strain CECT 30171T as representing a new species of Lysobacter.

DESCRIPTION Of ParviceLLa gEN. NOv.
Parvicella ( Par. vi. cel'la. L. masc. adj. parvus, small; L. fem. n. cella, a storeroom and in biology a cell; N.L. fem. n. Parvicella, a 
small cell).

Gram- negative, non- motile cells, strictly aerobic and chemoorganotrophic. Orange- pigmented due to carotenoid production. 
Flexirubin or rhodopsin are not produced. Catalase- negative, oxidase- positive, proteolytic and non- fermentative. Does not reduce 
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nitrates. Main fatty acid is iso- C15 : 0. Menaquinone 7 is the only respiratory quinone. Phosphatidyl ethanolamine is present in the 
polar lipid profile. The G+C content of the type and only known species is 38.8 mol%.

The type species is Parvicella tangerina.

DESCRIPTION Of ParviceLLa tangerina SP. NOv.
Parvicella tangerina ( tan. ge. ri'na. N.L. fem. adj. tangerina, tangerine- coloured, referring to the colony colour).

In addition to the characteristics of the genus, the species present cells that produce abundant extracellular fibrous material, 
aggregating cells in masses. Cells are cocci, coccobacilli or short bacilli (0.3–0.5 µm wide and 0.5–1.2 µm long). Grows on MA 
forming round elevated, shiny colonies with regular borders, orange- pigmented, with the pigment becoming deeper with time. 
No gliding motility is observed. Growth on liquid media is limited to a superficial pellicle and aggregates adhered to recipient 
walls, no turbidity is seen in the liquid. Grows from 15–40 °C, but not at 5 or 45 °C. Optimum temperature is 26–30 °C. Salinity 
range is 1–7 % sea salts (optimum 3–4 %). No growth without salts or with only NaCl added. The pH range allowing growth is 
pH 6.0–8.5. No growth in anaerobic, microaerophilic or CO2- enriched atmosphere. Hydrolyses gelatin, casein, Tween 80 and 
DNA, but not starch. Negative for nitrate reduction to nitrite or gas, arginine dihydrolase, tryptophanase, urease and aesculin 
hydrolysis. Enzymatic activities include also alkaline and acidic phosphatases and leucine and valine aryl amidases. Negative 
for trypsin, naphthol- AS- BI- phosphohydrolase, α- and β-galactosidases, β-glucuronidase, α- and β-glucosidases, N- acetyl-β-
glucosaminidase, α-manosidase and α-fucosidase. Does not produce acid from carbohydrates, either aerobic or anaerobically. 
Slight growth is obtained with d- glucose, l- arabinose, d- mannose, d- mannitol, N- acetyl- d- glucosamine, maltose, gluconate, 
adipate, malate and phenylacetate but not on citrate or caprate. Main fatty acids are iso- C15 : 0, iso- C15 : 1 G and iso- C17 : 0 3OH. Polar 
lipids include PE and one unidentified major lipid plus two phospholipids, two lipids and one aminolipid. The only menaquinone 
is MK7. The G+C content is 38.8 mol%.

The type strain is CECT 30217T (=AS29M- 1T=LMG 32344T), which was isolated from activated sludge from a seawater- processing 
wastewater treatment plant in southeast coast of Spain.

DESCRIPTION Of ParviceLLaceae fAM. NOv.
Parvicellaceae ( Par. vi. cel. la. ce'ae. N.L. fem. n. Parvicella type genus of the family; - aceae ending to denote a family; N.L. fem. pl. 
n. Parvicellaceae the family of the genus Parvicella).

Gram- negative, non- spore- forming, non- flagellated, non- gliding bacteria. Metabolism is strictly aerobic and chemoorgano-
trophic. Sea salts are required for growth. Carotenoid pigments are formed. Fatty acids include iso- C15 : 0. The main respiratory 
quinone is MK7.

Includes six placeholder genera encompassed in the family- level clade UBA10066, based on GTDB. The G+C content ranges 
from 30 to 41 mol%, based on genome sequences within that clade. Affiliated to the order Flavobacteriales.

The type genus is Parvicella.

DESCRIPTION Of Lysobacter Luteus SP. NOv.
Lysobacter luteus (lu' te. us. L. masc. adj. luteus, yellow, reflecting the colony colour).

Gram reaction and staining negative, rod- shaped cells, 0.2–0.3 µm wide and 1.4–2.0 µm long that divide by binary fission and 
display swimming motility. One polar flagellum is present. Polar straight filament occurs in most cells that, according with genome 
content, corresponds to a type IV fimbria. No gliding motility is detected on solid media. Grows on MA as yellow, round, smooth, 
translucent, elevated colonies with regular borders. The pigment does not react to KOH test for flexirubin. LBA and R2A+2 % NaCl 
also support growth, but in the latter, pigment produced is yellowish ochre. Growth is optimal at 30–37 °C and is positive at 4 
and 40 °C (but not at 45 °C). No grow at pH 5.0 or lower and pH 9.0 or higher and is optimal at pH 7.5–8.0. NaCl is required for 
growth, which occurs from 0.5–8.0% sea salts (but not at 9 % or more or without added salts). Optimal salinity is 1–3 % sea salts.

Strictly aerobic chemoorganotroph, unable to ferment sugars. Oxidase- and catalase- positive. Does not reduce nitrates and does 
not produce acid from carbohydrates aerobically. Positive for gelatine hydrolysis, alkaline and acid phosphatases, naphthol- AS- 
BI- phosphohydrolase, leucine aryl amidase, trypsin and α-chemotrypsin. Weakly positive for valine arylamidase, estearase, 
estearase lipase and α-glucosidase. Negative for arginine dihydrolase, urease, tryptophanase, lipase, cystine arylamidase, α- and 
β-galactosidases, β-glucuronidase, β-glucosidase, N- acetyl-β glucosaminidase, α-manosidase and α-fucosidase. Grows weakly on 
d- glucose, l- arabinose, d- mannose, d- mannitol, N- acetyl- d- glucosamine, maltose, gluconate, adipate, malate and phenylacetate 
but not on citrate or caprate. Main cellular fatty acids are iso- C15 : 0, iso- C17 : 1 ω9c and iso- C16 : 0. The main respiratory quinone is Q8. 
DPG, PG and PE are the main identified polar lipids present. The G+C content of the genome is 69.1 mol%.
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The type strain is CECT 30171T (=AS29MT=LMG 32343T), which was isolated from activated sludge from a seawater- processing 
wastewater treatment plant in southeast coast of Spain.
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