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Abstract

A novel actinobacterium, designated strain JXJ CY 197, was isolated from a culture mat of
Microcystis aeruginosa FACHB-905 collected from Dianchi Lake, South-west China. 16S
rRNA gene sequences comparison of strain JXJ CY 197 and the available sequences in the
GenBank database showed that the strain was closely related to Modestobacter marinus
42H12-17 (99.1% similarity) and Modestobacter roseus KLBMP 1279" (99.0%). The isolate
had meso-diaminopimelic in the cell wall with whole-cell sugars of mannose, rhamnose,
ribose, glucose, galactose, and arabinose. The menaquinone detected was MK-9(Hy,),
while the major cellular fatty acids include C47.; w8c, C1s.¢is0, C15.1 is0 G and C¢. iSO.
The polar lipids were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinosi-
tol, phosphatidylinositol mannoside and an unidentified phospholipid. The DNA-DNA
hybridization values between strains JXJ CY 19" and the closely related type strains Mod-
estobacter marinus CGMCC 4.5581" and Modestobacter roseus NBRC 108673" were
determined to be 50.8 + 0.8% and 44.1 + 1.7%, respectively. The DNA G+C content was
71.9 mol%. On the basis of the above taxonomic data and differences in physiological char-
acters from the closely related type strains, strain JXJ CY 19" was recognized as a novel
species of the genus Modestobacter, for which the name Modestobacter lacusdianchii sp.
nov. (JXJ CY 19" = KCTC 39600" = CPCC 204352") is proposed. The type strain JXJ CY
19" can solubilize calcium phosphate tribasic (Cas(PO.,),), phytin and | -a-phosphatidylcho-
line. The phosphate-solubilizing property of the novel actinobacterium could be a possible
factor for the increase in growth of Microcystis aeruginosa FACHB-905 in ecosystem where
the amount of available soluble phosphate is limited such as Dianchi Lake.
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Introduction

Dianchi Lake, the largest freshwater lake in Yunnan Province and the sixth largest in China,
has been heavily polluted owing to unchecked inflow of industrial, agricultural, and domestic
wastes. The untreated disposal of waste is the leading cause for high biochemical oxygen
demand, nitrate and phosphate, thereby providing a source for increase of cyanobacterial
blooms [1]. The algal blooms which predominantly occur in warm season are dominated by
the genus Microcystis [1], of which the most common one is that of Microcystis aeruginosa (2,
3]. The Microcystis mat is found to be associated with a host of other bacteria including those
belonging to the phyla Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Actino-
bacteria and Bacteroidetes [4-7]. Co-existence between the two types of microorganisms is
apparently maintained by the supply of growth factors, microelement [4], phosphate [8] and
probably available carbon source (CO,) [9] by the bacteria to Microcystis, which in turn, pro-
vide organic nutrients [4, 10-12] and safer growing environment [4, 13] to the bacteria.

During analysis of culture mat of Microcystis aeruginosa FACHB-905 isolated from Dianchi
Lake (http://algae.ihb.ac.cn/), a phosphate-solubilizing novel actinobacterium designated strain
JXJ CY 19" belonging to the genus Modestobacter was isolated. This manuscript described the
polyphasic characterization of this actinobacterial strain. The manuscript also reports the effect
on the growth of M. aeruginosa under in vitro conditions by co-culturing with the novel actino-
bacterial strain JXJ CY 19".

Materials and Methods
Isolation and maintenance of strain

About 0.2 ml of M. aeruginosa FACHB-905 culture obtained from Freshwater Algae Culture
Collection at the Institute of Hydrobiology (FACHB collection), Chinese Academy of Sciences
(CAS), Wuhan, China was spread on International Streptomyces Project medium 2 (ISP 2)

[14] and incubated at 28°C for 5 days. Bacterial colonies arising on the isolation media were
selected and repeatedly streaked on ISP 2 agar plates to obtain pure cultures. Purified strain JXJ
CY 19" was maintained on ISP 2 slants at 28°C and stored as glycerol suspensions (30%, v/v) at
-80°C.

Phenotypic characteristics

Morphology was observed using light microscope (BX43; Olympus) and electron microscope
(QUANTA200; FEI). Gram staining was carried out by using the standard Gram’s stain proce-
dure. Growth at various temperatures (4-50°C), pH (4.0-11.0) and NaCl concentrations (0-
10%, w/v) were examined according to method described by Xu et al. [15] using ISP 2 as the
basal medium. Catalase activity was determined using H,0, (3%). Oxidase activity was tested
according to Kovacs [16]. Other phenotypic characteristics were determined according to
Goodfellow [17] and Williams et al. [18]. Enzyme activities were tested by using the commer-
cial API ZYM system (bioMérieux). Assimilation of various substrates was tested using Biolog
GN IIT Micro Plate assays following manufacturer’s instructions.

Chemotaxonomy

Analysis of isomer of diaminopimelic acid and whole-cell sugars were performed according to
the procedures developed by Hasegawa et al. [19] and Tang et al. [20] respectively. Polar lipids
were extracted according to the method described by Minnikin et al. [21] and analyzed as
described by Collins & Jones [22]. Menaquinones were extracted according to the method
described by Collins et al. [23] and analyzed using HPLC [24]. Analysis of fatty acids was

PLOS ONE | DOI:10.1371/journal.pone.0161069 August 18,2016 2/13


http://algae.ihb.ac.cn/

@’PLOS ‘ ONE

Modestobacter lacusdianchii sp. nov.

performed by GC using the microbial identification system (Sherlock Version 6.1; MIDI data-
base: TSBAG6) [25]. Biomass for fatty acid analysis was obtained from cells grown on tryptone
soy agar (TSA; Difco) at 28°C for 4 days. The G+C content of genomic DNA of strain JXJ CY
01" was determined by using HPLC [26].

Molecular analysis

16S rRNA gene sequence of strain JXJ CY 19" was aligned with sequences of the most closely
related taxa by using CLUSTAL_X program version 1.83 [27]. Phylogenetic trees were con-
structed by using the neighbour-joining [28], maximum-likelihood [29] and maximum-parsi-
mony [30] tree-making algorithms using MEGA version 5.0 software [31]. Topologies of the
phylogenetic trees were evaluated by bootstrap analysis of Felsenstein [32] with 1000 replicates.
The genomic relatedness between strain JXJ CY 19" and closely related strains were performed
as described by Ezaki et al. [33].

Phosphate solubilization

The ability of strain JXJ CY 19" and other members of the genus Modestobacter to solubilize
insoluble phosphate were determined on plates using phosphate-solubilizing media [glu-
cose, 10 g; (NH,),SO4, 0.5 g; MgSO,4-7H,0, 0.3 g; NaCl, 0.3 g; KCl, 0.3 g; FeSO,4-4H,0,
0.036 g; MnSO,4-4H,0, 0.03 g; Ca3(PO,),, 10 g or ;-a-phosphatidylcholine, 2.0 g or phytin,
2.0 g; distilled water, 1000 ml; pH 7.0] [34]. Since some microorganisms can solubilize
insoluble phosphates in liquid medium despite showing no clear phosphate-solubilizing
zone on agar plates [35], the phosphate-solubilizing ability is further confirmed using liquid
cultures. Cultures of the tested strains grown in ISP 2 broth (28°C, 2-5 days) were centri-
fuged (4,860xg, 20 min, 4°C), and the biomass resuspended in small aliquots of sterilized
distilled water. Cell suspension was inoculated into the phosphate-solubilizing media with
a final cell density of 1x10° CFU/ml. For the control, the bacterial cell inoculum was
replaced with sterile water. Culture broth was centrifuged (4,860xg, 20 min) on the 7" day
of incubation, and the amount of available phosphorus in the supernatant (measured as
phosphate equivalent) determined colorimetrically using standard protocol as described
below [34].

Reaction mixtures containing 5 ml supernatant, 0.1 ml 2,4-dinitrophenol solution (0.011
M) and 5 ml Mo-Sb reagent solution were adjusted to a final volume of 50 ml with distilled
water, briefly mixed and kept incubated at 20°C for 30 min. Absorbance of the reaction mixture
was monitored at 700 nm, and the available phosphorus in each reaction mixture determined
against a standard curve of potassium phosphate. The Mo-Sb reagent solution contained (per
liter) sulfuric acid, 2.87 mol; ammonium molybdate, 8.1 mmol; antimonyl potassium tartrate,
1.5 mmol; ascorbic acid, 85.2 mmol (added into the solution just before use).

Concentration of the available phosphorus in the culture media was calculated based on the
following equation:

(P x V1 x K)
V2

where X represent available phosphorus in the culture media,

P, available phosphorus in the reaction mixture,

V1, total volume of reaction mixture,

V2, volume of culture supernatant added in the reaction mixture, and
K, the dilution ratio used for measuring the absorbance.
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Effect on the growth of M. aeruginosa by co-culturing with strain JXJ CY
19" under in vitro condition

As M. aeruginosa FACHB-905 culture mat has many associated bacteria, the culture FACHB-
905 is purified prior to co-culture for understanding the effects of strain JXJ CY 19" on its
growth. 0.1 ml M. aeruginosa FACHB-905 culture mat was spread on HGZ agar medium [36]
and kept incubated under illumination of 30-50 umol photon/m®/s on a 12-h light/dark cycle
at 25°C. The cultures were incubated until green colonies were observed. These colonies were
checked for bacterial contamination by spreading on ISP 2 agar, with parallel observation
under light microscope. Absence of bacterial growth on ISP 2 indicated a pure M. aeruginosa
culture preparation. Pure colonies were further inoculated into fresh HGZ media, and incu-
bated for another 30 days.

Biomass of purified M. aeruginosa FACHB-905 were collected by centrifugation (4,860xg,
20 min, 4°C) and inoculated into HGZ and modified HGZ media (KH,PO, replaced with
Ca3(POy), or 1 -a-phosphatidylcholine) with an initial density of approximately 2x 10° CFU/
ml. The media were then co-inoculated with strain JXJ CY 197 corresponding to inoculum
densities of 0.2x10” CFU/ml, 1x10” CFU/ml and 5x10” CFU/ml. For the control, bacterial cell
suspension was replaced by sterilized water. The co-cultures were kept incubated under illumi-
nation of 30-50 umol photon/m®/s in a 12-h light/dark cycle. Cells of M. aeruginosa were
counted under light microscope (Olympus BX43, Japan) on the 7™ and 60™ days of incubation
and while for strain JXJ CY 197, plate colony counting method was adopted to determine the
CFU. The available phosphorus in the modified HGZ media was also concurrently measured.

Statistical analysis

All the experiments for phosphate solubilization and determination of CFU were done in tripli-
cates, and the values were expressed as their mean. These data were subjected to one-way
ANOVA at P < 0.05 and P < 0.01 using SPSS 17 software (SPSS Inc).

Results
Phenotypic characteristics

Strain JXJ CY 197 was Gram-stain positive and non-endospore-forming. Cells of strain JXJ CY
197 were short rods (straight or lightly curved) with size of 0.5-1 x 1.0-2.5 um when cultivated
in ISP 2 broth for less than 24 hours. The cells gradually turned coccoid in the later stages.
Strain JXJ CY 19" could grow at 4-40°C, pH 6.0-9.0 and 0-6% (w/v) NaCl, with optimal
growth at 25-28°C, pH 7.0-8.0 and 0-3% (w/v) NaCl. The isolate was found positive for cata-
lase and oxidase tests.

Detailed phenotypic characteristics of the strain are given in Table 1 and species
description.

Chemotaxonomy

Strain JXJ CY 19" contained meso-DAP, along with mannose, rhamnose, ribose, glucose, galac-
tose, and arabinose in the whole-cell hydrolysates. Polar lipids consisted of diphosphatidylgly-
cerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol mannosides and
an unidentified phospholipid (S1 Fig). The menaquinone detected was MK-9 (H,). The fatty
acids profile was Cys., 150 (25.4%), Ci6.0 150 (25.3%), Cy5.1 is0 G (10.2%), C;7.1 w9¢ (9.9%),
summed feature 3 comprising Cy4.; w6¢ and/or Cyg.1 w7¢ (4.4%), Cy7. is0 (3.7%), summed fea-
ture 9 comprising Cy4.9 10-methyl (3.1%), C6.0 (3.0%), Ci6.1 iso H (2.6%), C17,0 (1.4%) and
Cis.1 w6c (1.2%). The G+C content of the genomic DNA was determined to be 71.9 mol%.
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Table 1. Comparative characteristics between strain JXJ CY 19" and other members of the genus Modestobacter.

1 2 3 4B7% 5381« pl38l+ 7390%
Colony colour on ISP Pink Pink-deep orange Pink Skin-colour to Light-dark Light orange- Pink-deep
2 medium to dark pale pink orange pink orange to dark
G+C content (mol %) 71.9 72.3*% 71.7% 69.9 72 715 73
Major fatty acids C15.01i50, Cyg:0 iSO, Ci6:0150, Cy6:0%, C16:0150,C17.1 | Ci5.0i50, C1e:0 | Cis:0i50, Cis:0 C47.4 w9c, Cie:0150, Cis5:0
(>10%) Cys5.1i80 G, Cy7.1 C17.4 w9c*, Cy7.0* | w9c, Cys.0is0* iso is0, C16.1 w9c | Cy7.0, Cyg:0iSO iso
w9c
Polar lipids DPG, PE, PI, PIM, | DPG, PE, PG, PI, DPG, PE, PI, DPG, PE, PI DPG, PE, PG, | DPG, PE, PG, | DPG, PG, PE,
PL APL* PIM, APL, PL* PI, PIM PI, PIM PI
Whole-cell sugars Ara, Gal, Glu, Man, ND Gal, Glu, Rib* | Gal, Glu, Rib Ara, Gal, Glu, Gal, Glu, Rib Gal, Glu, Rib
Rha, Rib Rib
H.S - + - - ND ND -
NaCl range (w/v, %) 0-6 0-6 0-9 0-8 0-8 0-8 0-3
Growth temperature 4-40 4-40 10-40 0-28 20-37 20-37 4-30
range (°C)
pH range for growth 6-9 7-9 6-9 3-12 6-9 5-9 5-9
Nitrate reduction - + - + +
Urease activity - - - ND +
Utilization of
p-Arabinose - + + ND ND ND -
p-(+)-Cellobiose + - + - + - +
p-Glycerol + - w + - - +
Maltose + + + w + - +
Lactose - - + + - - +
Myo-inositol - - - - - - +
p-Galactose + + + - - -
Mannitol + + + + ND ND +
Salicin - - + + - - +
p-Mannose + + - w - - +
L-Rhamnose + + w w - - +
p-Sorbitol + + w - - -
p-Melibiose + - + - - +
Sodium acetate + - - + ND ND -
Citric acid + - - - - -
Malate - + + +
L-Alanine + - - - -
L-Glycine + - - ND ND ND -
L-Phenylalanine + + - ND ND ND -
Dextrin + - w - + + -
p-Fucose - + w - -
Inosine + - w + -

1, JXJ CY 19; 2, M. marinus CGMCC 4.55817; 3, M. roseus NBRC 108673; 4, M. multiseptatus AA-826"; 5, M. lapidis MON 3.17; 6, M. muralis MDVD1™; 7,
M. versicolor DSM 16678".
+: positive; -: negative; w: weakly; ND: no determined.

Data for strains JXJ CY 19, M. marinus CGMCC 4.55817, M. roseus NBRC 108673, except those marked by asterisks, are from this study.

DPG: diphosphatidylglycerol; PG: phosphatidylglycerol; PE: phosphatidylethanolamine; Pl: phosphatidylinositol; PIM: phosphatidylinositol mannosides;
APL, unidentified aminophospholipid(s); PL, unidentified phospholipid(s); L, unidentified lipid(s).
Ara: arabinose; Gal: galactose; Glu: glucose; Man: mannose; Rha: rhamnose; Rib: ribose.

doi:10.1371/journal.pone.0161069.t001
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Molecular analysis

Strain JXJ CY 19" showed highest 16S rRNA gene sequence similarities with members of the
genus Modestobacter: Modestobacter marinus 42H12-1", 99.12%; M. roseus KLBMP 1279,
99.03%; M. versicolor CP 153-2", 98.41%; M. muralis MDVD1", 98.21%; M. lapidis MON 3.17,
97.99% and M. multiseptatus AA-826", 97.64%. The strain formed a stable clade with strains
M. marinus 42H12-1" and M. roseus KLBMP 1279" in the phylogenetic dendrograms based on
16S rRNA gene sequences (Fig 1; S2 and S3 Figs), indicating that the strain belongs to the
genus Modestobacter. Based on the analysis of the 165 rRNA gene sequences, the phylogenetic
trees and the recommendation of Stackebrandt and Ebers [40], the two strains M. marinus
CGMCC 4.5581" and M. roseus NBRC 108673 " were considered for DNA-DNA relatedness
study. The DNA-DNA hybridization values between strain JXJ CY 19" and type strains M.
marinus CGMCC 4.5581" and M. roseus NBRC 108673" were determined to be 50.81 + 0.84%
and 44.07 + 1.66% respectively (S1 Table).

In addition to the differences in the genomic DNA relatedness, strain JXJ CY 197 could be
differentiated from the type strains of the genus Modestobacter by the characteristics listed in
Table 1. Based on the data in this study, we propose that strain JXJ CY 19" represents a novel
species of the genus Modestobacter, for which the name Modestobacter lacusdianchii sp. nov. is
proposed.

Description of Modestobacter lacusdianchii sp. nov.

Modestobacter lacusdianchii sp. nov. (la.cus.di.a'n.chii L. gen. n. lacus, of a lake; N.L. gen. n.
dianchii, of Dianchi; N.L. gen. n. lacusdianchii, of Dianchi lake).

Cells are aerobic, Gram-staining positive, non-spore-forming, short rods (0.5-1.0 x 1.0-
2.5 um, straight or lightly curved), or cocci with a tendency to aggregate. Colonies are pink
throughout growth. Growth is observed at 4-40°C, pH 6.0-9.0 and 0-6% (w/v) NaCl, with

73-—— Modestobacter marinus 42H12-1" (EU181225)
97" L——— Modestobacter roseus KLBMP 1279 (JQ819258)

59 ———————— Modestobacter lacusdianchii JXJ CY 19" (KP986567)

Modestobacter versicolor CP153-2" (AJ871304)
Modestobacter muralis MDVD1" (LN810545)
Modestobacter lapidis MON 3.17 (LN810544)

Modestobacter multiseptatus AA826" (Y18646)

99*

Geodermatophilus obscurus DSM 43160 (CP001867)
Geodermatophilus ruber CPCC 201 356" (EU438905)

Blastococcus saxobsidens BC448" (AJ316571)
Blastococcus endophyticus YIM 68236" (GQ494034)

85*

56*

Blastococcus aggregatus ATCC 25902" (L40614)

0.005

Fig 1. Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences of strain JXJ CY 19" and representative type strains of the
family Geodermatophilaceae. Bootstrap values (expressed as percentages of 1,000 replications) of above 50% are shown at the nodes. Asterisks
indicate clades that were conserved using the maximum-parsimony and maximum-likelihood methods. Bar, 0.005 sequence divergence.

doi:10.1371/journal.pone.0161069.g001
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optimal growth at 25-28°C, pH 7.0-8.0 and 0-3% (w/v) NaCl. Utilizes p-(+)-cellobiose, p-
fructose, p-galactose, p-glucose, p-glycerol, myo-inositol, p-mannitose, p-mannose, p-raffi-
nose, p-sorbitol, ; -rhamnose, sucrose, p-trehalose, p-xylose, p-melibiose, sodium acetate, 1 -lac-
tose and dulcitol as sole carbon sources, but not p-arabinose, p-ribose, p-xylitol or sodium
propionate. Utilizes | -alanine, | -arginine, | -aspartic acid, | -cysteine, | -glutamic acid, | -gluta-
mine, glycine, | -leucine, | -isoleucine, | -methionine, | -lysine, ; -phenylalanine, ; -valine, ; -thre-
onine, | -tyrosine, | -proline, | -tryptophan, ; -serine and hypoxanthine as sole nitrogen sources,
but not 1 -histidine. Positive for catalase, oxidase and phosphatase assays, but negative for milk
coagulation, milk peptonization, nitrate reduction, methyl red test, Voges-Prokauer test, H,S
production, and hydrolysis of casein, gelatin, cellulose and Tweens 20, 40, 60 and 80. Acid is
produced from starch, aesculin and p-tagatose (API 50 CH). Cell-wall peptidoglycan contains
meso-DAP, with mannose, rhamnose, ribose, glucose, galactose, and arabinose as whole-cell
sugars. Polar lipids consist of phosphatidylglycerol, phosphatidylethanolamine, phosphatidyli-
nositol and phosphatidylinositol mannosides. The menaquinone is MK-9(H,). Major fatty
acids are Cy7.; w8¢, Cys, is0, Cys.; iso G and Cy ¢, iso. The G+C content of the genomic DNA
of the type strain is determined to be 71.9 mol%.

The type strain, JXJ CY 197 (= KCTC 39600" = CPCC 2043527), was isolated from the cul-
ture mat of Microcystis aeruginosa FACHB-905 collected from Dianchi Lake, China. The 16S
rRNA gene sequence of strain JXJ CY 19T has been deposited in GenBank under the accession
number KP986567.

Phosphate solubilization

All the seven tested strains formed no visible halo zones for solubilization of either Caz(PQOy,),
or | -a-phosphatidylcholine in plates, while strains M. marinus CGMCC 4.5581", M. roseus
NBRC 108673, M. versicolor CP 153-2" and M. muralis MDVD1" formed weak zone for solu-
bilization of phytin. Under liquid culture assay, all the strains could solubilize ; -a-phosphati-
dylcholine and phytin with a detection of additional available phosphorus of 0.5-0.9 mg/l and
0.5-4.5 mg/l respectively than the control. Only strain JXJ CY 19" and M. muralis MDVD1"
were able to solubilize Ca;(PO,), with an available phosphorus content of 0.2-0.3 mg/I higher
than that of the control

Effect on the growth of M. aeruginosa FACHB-905 by co-culturing with
strain JXJ CY 19" under in vitro condition

Cell density of M. aeruginosa FACHB-905 in the control media increased from initial 2x10°
CFU/ml at day 0 to 9.03x10° CFU/ml and 9.87x10” CFU/ml on day 7 and 60 respectively in
the absence of bacterial co-inoculant. Co-culturing with 0.2x 107 CFU/ml of JXJ CY 19"
enhanced the cell density of M. aeruginosa from the control by 10.29% and 12.06% (P < 0.05)
on day 7 and day 60 respectively (Tables 2 and 3). However, with increased bacterial inoculum
density (5x10” CFU/ml), cyanobacterial cell growth were initially observed to decrease on day
7 but recovered significantly on day 60, as compared to control at P < 0.01 (Tables 2 and 3).
When KH,PO, in the medium is replaced either by Cas(PO,), or 1 -a-phosphatidylcholine,
the increase in cyanobacterial cell density is quite significant (P < 0.05, P < 0.01), and become
more prominent with increase in inoculum density of strain JXJ CY 197 (Tables 2 and 3). This
increase may be accounted for by the solubilization of the insoluble phosphate (Fig 2; P < 0.01).

Discussion

Many studies have been conducted to understand the phytoplankton communities of eutro-
phic lakes [1, 4]. It was usually reported that algae especially Microcystis dominate this
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Table 2. Cell numbers (meantstandard deviation; n = 3) of Microcystis aeruginosa FACHB-905 after co-culturing with strain JXJ CY 19" for 7 days.
Cell density of strain JXJ CY 19" (x10” CFU/ml) | Cell density of FACHB-905 (x10° CFU/ml)

Initial Final HGZ media a b

0 0 9.03+0.33 6.85+0.31 6.72+0.42
0.2 ~0.1 9.96+0.45* 7.45+0.36 8.90+0.38**
1.0 ~0.3 8.70+0.39 8.13+0.51* 9.15+0.49**
5.0 ~1.0 7.75+0.24*%* 9.15+0.41%* 9.60+0.44**

Statistical comparisons with the controls were made using ANOVA (* P <0.05, ** P <0.01).
a and b represented KH,PO, in HGZ media was replaced with Caz(PO,4), and | -a-phosphatidylcholine, respectively.

doi:10.1371/journal.pone.0161069.t002

communities [1-4]. In a similar study by Parveen et al. [7], Microcystis colonies appeared to be
depleted of Actinobacteria, while enriched in Gammaproteobacteria. In our earlier studies [36,
41], we have found the presence of antialgal compounds from a novel Streptomyces jiujiangen-
esis strain JXJ 0074 [42]. This might be another reason for a non-cohesive existence of free liv-
ing Actinobacteria in the phytoplankton communities of eutrophic lakes as reported by
Parveen et al. [7]. In contrast to the above studies, the present study indicates the presence of a
growth-promoting actinobacteria of the genus Modestobacer within these lake bacterial
communities.

The genus Modestobacter belongs to the family Geodermatophilaceae [43, 44] of the order
Geodermatophilales [45]. Like other strains of the order Geodermatophiles, the genus Modesto-
bacter tend to be associated with extreme biomes, including deteriorated sandstone [38], desert
plateau [39], deep-sea sediment [46] and coastal halophytes [47]. The present study reports the
isolation of a Modestobacter strain from a eutrophic lake located in Yunnan, China. Interest-
ingly all the Modestobacter strains were found to solubilize insoluble phosphorus despite differ-
ences in their origins.

Phosphorus is a key chemical element essential for biological activities. Only 5-8% of the
total phosphorus in the water was available to biology [48] and is, therefore, considered as the
principal limiting nutrient for algal growth in most freshwater habitats [49, 50]. Microcystis
mat are often found associated with many bacteria in a complex relationship. Among these
bacteria isolated from different freshwater cyanobacterial mat, the strains Pseudomonas sp. X,
Erythrobacter sp. Y6, Gordonia sp. txj1302RI and Burkholderia sp. txj1302Y4 have been found
to decompose the insoluble phosphate and thereby making it available for the growth of Micro-
cystis [8, 51-53]. Similar result is found during the present study The novel strain JXJ CY 19"
was found to solubilize inorganic and organic phosphate from insoluble source (Fig 2) under
in vitro condition, and this soluble phosphorus are made available for growth of M. aeruginosa
FACHB-905 (Tables 2 and 3).

Table 3. Cell numbers (meanzstandard deviation; n = 3) of Microcystis aeruginosa FACHB-905 after co-culturing with strain JXJ CY 19" for 60
days.

Cell density of strain JXJ CY 197 (x10” CFU/ml) | Cell density of FACHB-905 (x10° CFU/ml)

Initial Final HGZ media a b

0 0 9.87+0.32 5.58+0.22 6.38+0.37**
0.2 ~0.03 11.06+0.44* 11.36+0.58** 10.21+£0.46**
1.0 ~0.06 12.26+0.62** 17.56+0.90% * 11.95+0.54**
5.0 ~0.30 18.53+0.88** 18.03+0.92%* 12.41+0.40%*

Statistical comparisons with the controls were made using ANOVA (* P < 0.05, ** P < 0.01).
a and b represented KH,PO, in HGZ media was replaced with Caz(PO,). and | -a-phosphatidylcholine, respectively.

doi:10.1371/journal.pone.0161069.t003
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In addition to the availability of phosphorus source, additional factors might also be respon-
sible for the increase in growth of cyanobacteria. This is indicated by the fact that despite ade-
quate phosphorus in the normal HGZ media (Fig 2), co-culturing with lower cell density of

Different co-cultures of M. aeruginosa and bacteria
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Fig 2. Available phosphorus concentrations of different co-cultures of M. aeruginosa with strain JXJ
CY 19" in modified HGZ media on day 7 (A) and 60 (B). a, b, ¢, and d represented the treatments of initial
bacterial cell densities of 0x107 CFU/mI, 0.2x10” CFU/ml, 1x10” CFU/ml and 5x10” CFU/mI respectively.
Statistical comparisons with the control were made using ANOVA (* P <0.05, ** P <0.01).

doi:10.1371/journal.pone.0161069.g002
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strain JXJ CY 19" result in significant increase in growth of M. aeruginosa (Tables 2 and 3).
Similar findings have been reported by several studies of cyanobacterial mat-associated bacte-
ria. Zhao et al. [8] found that Actinobacteria strain Gordonia sp. txj1302RI produce unknown
substances that promote the growth of Microcystis. de-Bashan et al. [54] reported that Azospir-
illum spp. produce indole-3-acetic acid that helps in promoting the growth of Chiorella vulga-
ris. The symbiotic relationship of M. aeruginosa is also influenced by the cellular density of the
associated bacteria. Under condition of abundant phosphorus, lower cell density (< 0.2x10
CFU/ml) of strain JXJ CY 19" stimulate the growth of M. aeruginosa FACHB-905 while and
higher cell density (~1-5x107 CFU/ml) inhibit its growth (Table 2). With time, the cell densi-
ties of M. aeruginosa recuperate, but with a concomitant decrease in the cell density of strain
JXJ CY 19"

Supporting Information

S1 Fig. Two-dimensional thin-layer chromatogram of polar lipids of strain JXJ CY 19"
stained with 5% ethanolic molybdophosphoric acid. The chromatographic conditions were
as follows: Silica Gel 60 thin-layer plates (10 by 10 cm) were spotted with 10 ul of a whole-cell
lipid extract. Chloroform-methanol-water (65:25:4, v/v/v) was used to develop the chromato-
gram in the first direction, and chloroform-acetic acid-methanol-water (80:18:12:5, v/v/v/v)
was used in the second direction. DPG, diphosphatidylglycerol; PE, phosphatidylethanolamine;
PI, phosphatidylinositol; PIM, phosphatidylinositol mannosides; PL, unidentified phospho-
lipid.

(PDF)

$2 Fig. Maximum-Parsimony phylogenetic tree based on 16S rRNA gene sequences of
strain JXJ CY 19" and representative type strains of the family Geodermatophilaceae. Boot-
strap values (expressed as percentages of 1000 replications) of above 50% are shown at the
branch points.

(PDF)

$3 Fig. Maximum-Likelihood phylogenetic tree based on 16S rRNA gene sequences of
strain XJ CY 19" and representative type strains of the family Geodermatophilaceae. Boot-
strap values (expressed as percentages of 1000 replications) of above 50% are shown at the
branch points. Bar, 0.005 sequence divergence.

(PDF)

S1 Table. DNA-DNA relatedness between strain JXJ CY 19T and closely related members
of the genus Modestobacter. A, JXJ CY 19%; B, M. marinus CGMCC 4.5581"; C, M. roseus
NBRC 108673".

(PDF)

Acknowledgments

The authors are grateful to Prof. Yu-Guang Zhou (CGMCC, China) and Dr. Moriyuki Hamada
(NBRC, Japan) for providing the reference type strains and Dr. Bernhard Schink for suggesting
the Latin name of the species.

Author Contributions
Conceived and designed the experiments: BHZ W]L.
Performed the experiments: BHZ NS JC HQL JYY DMZ MJA.

PLOS ONE | DOI:10.1371/journal.pone.0161069 August 18,2016 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161069.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161069.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161069.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161069.s004

@’PLOS ‘ ONE

Modestobacter lacusdianchii sp. nov.

Analyzed the data: BHZ NS WNH W]JL.

Contributed reagents/materials/analysis tools: BHZ HQL YQZ WJL.

Wrote the paper: BHZ NS WNH YQZ W]JL.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Liu YM, Chen W, Li DH, Shen YW, Liu YD, Song LR. Analysis of paralytic shellfish toxins in Aphanizo-
menon DC-1 from Lake Dianchi, China. Environ Toxicol. 2006; 21: 289—-295. PMID: 16646002

Park MH, Chung IM, Ahmad A, Kim BH, Hwang SJ. Growth inhibition of unicellular and colonial Micro-
cystis strains (Cyanophyceae) by compounds isolated from rice (Oryza sativa) hulls. Aquat Bot. 2009;
90: 309-314.

Gumbo JR, Cloete TE, van Zyl GJ, Sommerville JE. The viability assessment of Microcystis aeruginosa
cells after co-culturing with Bacillus mycoides B16 using flow cytometry. Phys Chem Earth. 2014; 72—
75:24-33.

Yang LY, Xiao L. Outbrust, jeopardize and control of cyanobacterial bloom in lakes. Beijing: Science
Press; 2010. pp. 212.

Shi LM, Cai YF, Kong FX, Yu Y. Specific association between bacteria and buoyant Microcystis colo-
nies compared with other bulk bacterial communities in the eutrophic Lake Taihu, China. Env Microbiol
Rep. 2012; 4: 669-678.

Dziallas C, Grossart HP. Temperature and biotic factors influence bacterial communities associated
with the cyanobacterium Microcystis sp. Environ Microbiol. 2011; 13: 1632—-1641. doi: 10.1111/j.1462-
2920.2011.02479.x PMID: 21492362

Parveen B, Ravet V, Djediat C, Mary |, Quiblier C, Debroas D, et al. Bacterial communities associated
with Microcystis colonies differ from free-living communities living in the same ecosystem. Env Micro-
biol Rep. 2013; 5: 716-724.

Zhao GY, Du JJ, JiaY, Lv YN, Han GM, Tian XJ. The importance of bacteria in promoting algal growth
in eutrophic lakes with limited available phosphorus. Ecol Eng. 2012; 42: 107-111.

Deng J, LiJH, Guan ZL, Hu BY, Zhao L, Li PF. Effect of attached bacteria of carbonic anhydrase on the
growth of Microcystis aeruginosa. J Lake Sci. 2012; 24: 429-435.

Casamatta D, Wickstrom C. Sensitivity of two distinct bacterioplankton communities to exudates from
the cyanobacterium Microcystis aeruginosa. Microb Ecol. 2000; 41: 64—73.

NiuY, Shen H, Chen J, Xie P, Yang X, Tao M, et al. Phytoplankton community succession shaping bac-
terioplankton community composition in Lake Taihu, China. Water Res. 2011; 45: 4169—4182. doi: 10.
1016/j.watres.2011.05.022 PMID: 21684570

Shi LM, Cai YF, Yang HL, Xing P, Li PF, Kong LD, et al. Phylogenetic diversity and specificity of bacte-
ria associated with Microcystis aeruginosa and other cyanobacteria. J Environ Sci. 2009; 21: 1581—
1590.

Jurgens K, Gude H. The potential importance of grazing-resistant bacteria in planktonic systems. Mar
Ecol Prog Ser. 1994; 112: 169—-188.

Shirling EB, Gottlieb D. Methods for characterization of Streptomyces species. Int J Syst Bacteriol.
1966; 16: 313-340.

Xu P, LiWJ, Tang SK, Zhang YQ, Chen GZ, Chen HH, et al. Naxibacter alkalitolerans gen. nov., sp.
nov., a novel member of the family Oxalobacteraceae isolated from China. Int J Syst Evol Microbiol.
2005; 55:1149-1153. PMID: 15879247

Kovacs N. Identification of Pseudomonas pyocyanea by the oxidase reaction. Nature. 1956; 178: 703—
704. PMID: 13369512

Goodfellow M. Numerical taxonomy of some nocardioform bacteria. J Gen Microbiol. 1971; 69: 33-80.
PMID: 4948190

Williams ST, Goodfellow M, Alderson G, Wellington EMH, Sneath PHA, Sackin MJ. Numerical classifi-
cation of Streptomyces and related genera. J Gen Microbiol, 1983; 129: 1743-1813. PMID: 6631406

Hasegawa T, Takizaea M, Tanida S. A rapid analysis for chemical grouping aerobic actinomycetes. J
Gen Appl Microbiol. 1983; 29: 319-322.

Tang SK, Wang Y, Chen Y, Lou K, Cao LL, Xu LH, et al. Zhihengliuella alba sp. nov., and emended
description of the genus Zhihengliuella. Int J Syst Evol Microbiol. 2009; 59: 2025-2032. doi: 10.1099/
ij5.0.007344-0 PMID: 19567565

PLOS ONE | DOI:10.1371/journal.pone.0161069 August 18,2016 11/183


http://www.ncbi.nlm.nih.gov/pubmed/16646002
http://dx.doi.org/10.1111/j.1462-2920.2011.02479.x
http://dx.doi.org/10.1111/j.1462-2920.2011.02479.x
http://www.ncbi.nlm.nih.gov/pubmed/21492362
http://dx.doi.org/10.1016/j.watres.2011.05.022
http://dx.doi.org/10.1016/j.watres.2011.05.022
http://www.ncbi.nlm.nih.gov/pubmed/21684570
http://www.ncbi.nlm.nih.gov/pubmed/15879247
http://www.ncbi.nlm.nih.gov/pubmed/13369512
http://www.ncbi.nlm.nih.gov/pubmed/4948190
http://www.ncbi.nlm.nih.gov/pubmed/6631406
http://dx.doi.org/10.1099/ijs.0.007344-0
http://dx.doi.org/10.1099/ijs.0.007344-0
http://www.ncbi.nlm.nih.gov/pubmed/19567565

@’PLOS ‘ ONE

Modestobacter lacusdianchii sp. nov.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

Minnikin DE, Collins MD, Goodfellow M. Fatty acid and polar lipid composition in the classification of
Cellulomonas, Oerskovia and related taxa. J Appl Bacteriol. 1979; 47: 87-95.

Collins MD, Jones D. Lipids in the classification and identification of coryneform bacteria containing
peptidoglycan based on 2, 4-diaminobutyric acid. Appl Bacteriol. 1980; 48: 459-470.

Collins MD, Pirouz T, Goodfellow M, Minnikin DE. Distribution of menaqguinones in actinomycetes and
corynebacteria. J Gen Microbiol. 1977; 100: 221-230. PMID: 894261

Kroppenstedt RM. Separation of bacterial menaquinones by HPLC using reverse phase (RP18) and a
silver loaded ion exchanger as stationary phases. J Liq Chromatogr. 1982; 5: 2359-2387.

Sasser M. |dentification of bacteria by gas chromatography of cellular fatty acids. USFCC Newsl. 1990;
20: 16.

Mesbah M, Premachandran U, Whitman WB. Precise measurement of the G+C content of deoxyribo-
nucleic acid by high-performance liquid chromatography. Int J Syst Bacteriol. 1989; 39: 159-167.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The CLUSTAL X windows inter-
face: flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids
Res. 1997; 25: 4876-4882. PMID: 9396791

Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol
Biol Evol. 1987; 4: 406—-425. PMID: 3447015

Felsenstein J. Evolutionary trees from DNA sequences: a maximum likelihood approach. J Mol Evol.
1981; 17:368-376. PMID: 7288891

Fitch WM. Toward defining the course of evolution: minimum change for a specific tree topology. Syst
Zool. 1971; 20: 406—416.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: molecular evolutionary genet-
ics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol
Biol Evol. 2011; 28: 2731-2739. doi: 10.1093/molbev/msr121 PMID: 21546353

Felsenstein J. Confidence limits on phylogenies: an approach using the bootstrap. Evolution. 1985; 39:
783-791.

Ezaki T, Hashimoto Y, Yabuuchi E. Fluorometric deoxyribonucleic acid-deoxyribonucleic acid hybrid-
ization in microdilution wells as an alternative to membrane filter hybridization in which radioisotopes
are used to determine genetic relatedness among bacterial strains. Int J Syst Bacteriol. 1989; 39: 224—
229.

General technical requirements for production strain quality of microbial fertilizer (NY/T 1847—-2010).
Ministry of Agriculture of the People's Republic of China, 2010; 4-5.

Nautiyal CS. An efficient microbiological growth medium for screening phosphate solubilizing microor-
ganisms. FEMS Microbiol Lett. 1999; 170: 265-270. PMID: 9919677

Zhang BH, Chen W, Li HQ, Hozzein WN, Yang Y, Hu WY, et al. An antialgal compound produced by
Streptomyces jiujiangensis JXJ 0074". Appl Microbiol Biotechnol. 2015; 99: 7673-7683. doi: 10.1007/
s00253-015-6584-3 PMID: 25971195

Mevs U, Stackebrandt E, Schumann P, Gallikowski CA, Hirsch P. Modestobacter multiseptatus gen.
nov., sp. nov., a budding actinomycete from soils of the Asgard Range (Transantarctic Mountains). Int J
Syst Evol Microbiol. 2000; 50: 337-346. PMID: 10826821

Trujillo ME, Goodfellow M, Busarakam K, Riesco R. Modestobacter lapidis sp. nov. and Modestobac-
ter murais sp. nov., isolated from a deteriorated sandstone historic building in Salamanca, Spain. Anto-
nie van Leeuwenhoek. 2015; 108: 311-320. doi: 10.1007/s10482-015-0482-7 PMID: 25987397

Reddy GSN, Potrafka RM, Garcia-Pichel F. Modestobacter versicolor sp. nov., an actinobacterium
from biological soil crusts that produces melanins under oligotrophy, with emended descriptions of the
genus Modestobacter and Modestobacter multiseptatus Mevs et al. 2000. Int J Syst Evol Microbiol.
2007; 57:1014-1020.

Stackebrandt E, Ebers J. Taxonomic parameters revisited: tarnished gold standards. Microbiol Today.
2006; 33: 152—155.

Zhang BH, Chen W, Li HQ, Yang JY, Zha DM, Duan YQ, et al. L-valine, an antialgal amino acid from
Streptomyces jiujiangensis JXJ 00747, Appl Microbiol Biotechnol. 2016; 100: 4627—4636. doi: 10.
1007/s00253-015-7150-8 PMID: 26767990

Zhang BH, Cheng J, Li L, Zhang YG, Wang HF, Li HQ, et al. Streptomyces jiujiangensis sp. nov., iso-
lated from soil in South China. Antonie van Leeuwenhoek. 2014; 105: 763—770 doi: 10.1007/s10482-
014-0132-5 PMID: 24515726

Normand P. Geodermatophilaceae fam. nov., a formal description. Int J Syst Evol Microbiol. 2006; 56:
2277-2278. PMID: 17012547

PLOS ONE | DOI:10.1371/journal.pone.0161069 August 18,2016 12/183


http://www.ncbi.nlm.nih.gov/pubmed/894261
http://www.ncbi.nlm.nih.gov/pubmed/9396791
http://www.ncbi.nlm.nih.gov/pubmed/3447015
http://www.ncbi.nlm.nih.gov/pubmed/7288891
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://www.ncbi.nlm.nih.gov/pubmed/9919677
http://dx.doi.org/10.1007/s00253-015-6584-3
http://dx.doi.org/10.1007/s00253-015-6584-3
http://www.ncbi.nlm.nih.gov/pubmed/25971195
http://www.ncbi.nlm.nih.gov/pubmed/10826821
http://dx.doi.org/10.1007/s10482-015-0482-7
http://www.ncbi.nlm.nih.gov/pubmed/25987397
http://dx.doi.org/10.1007/s00253-015-7150-8
http://dx.doi.org/10.1007/s00253-015-7150-8
http://www.ncbi.nlm.nih.gov/pubmed/26767990
http://dx.doi.org/10.1007/s10482-014-0132-5
http://dx.doi.org/10.1007/s10482-014-0132-5
http://www.ncbi.nlm.nih.gov/pubmed/24515726
http://www.ncbi.nlm.nih.gov/pubmed/17012547

@’PLOS ‘ ONE

Modestobacter lacusdianchii sp. nov.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Normand P, Benson DR. Family IV. Geodermatophilaceae 2006, 2277V P (Effective publication: Nor-
mand, Orso, Jeannin, Chapelon, Dawson, Evtuschenko and Misra, 1996, 8). In: Goodfellow M, K&mp-
fer P, Busse H-J, Trujillo MR, Suzuki K-I, Ludwig W, Whitman WB (eds) Bergey’s Manual of Systematic
Bacteriology, Part A, vol 5, 2nd edn. Springer, New York, 2012; p 528.

Sen A, Daubin E, Abbro D, Gifford |, Berry AM, Normand P. Phylogeny of the class Actinobacteria
revisited in light of complete genomes. The orders ‘Frankiales’ and Micrococcales should be split into
coherent entities: proposal of Frankiales ord. nov., Geodermatophilales ord. nov, Acidothermales ord.
nov. and Nakamurellales ord. nov. Int J Syst Evol Microbiol. 2014; 64: 3821-3832. doi: 10.1099/ijs.0.
063966-0 PMID: 25168610

Xiao J, Luo Y, Xu J, Xie S, Xu J. Modestobacter marinus sp. nov., a psychrotolerant actinobacterium
from deep-sea sediment, and emended description of the genus Modestobacter. Int J Syst Evol Micro-
biol. 2011; 61: 1710-1714. doi: 10.1099/ijs.0.023085-0 PMID: 20802061

Qin S, Bian GK, Zhang YJ, Xing K, Cao CL, Liu CH, et al. Modestobacter roseus sp. nov., an endo-
phytic actinomycete isolated from the coastal halophyte Salicornia europaea Linn., and emended
description of the genus Modestobacter. Int J Syst Evol Microbiol. 2013; 61: 1710-1714.

Halemejko GZ, Chrést RJ. The role of phosphatases in phosphorus mineralization during decomposi-
tion of lake phytoplankton blooms. Arch Hydrobiol. 1984; 101: 489-502.

Hecky RE, Kilham P. Nutrient limitation of phytoplankton in fresh water and marine environments: a
review of recent evidence on the effects of enrichment. Limnol Oceanogr. 1988; 33: 796-822

Elser JJ, Bracken ME, Cleland S, Gruner EE, Harpole DS, Hillebrand WS, et al. Global analysis of nitro-
gen and phosphorus limitation of primary producers in freshwater marine and terrestrial ecosystems.
Ecol Lett. 2007; 10: 1135-1142. PMID: 17922835

LiuLL, Gu YF, Luo Y, Ma WY, Zhou ZY, Cai HJ. On the growth and phosphorous metabolism of bacte-
rium isolated from Microcystis aeruginosa in Taihu Lake. J Lake Sci. 2000; 12: 373-378.

Zhao J, LiJH, Guan ZL, Xu L, Pan C, Li P. Effect of an attached bacterium of alkaline phosphatase pro-
ducting on the growth of Microcystis aeruginosa. J Lake Sci. 2011; 23: 49-55

Yuan LN, Song W, Xiao L, Wang Q, Yang YY, Jiang LJ. Effects of duration of light irradiation on growth
and phosphorus metabolism of Microcystis aeruginosa in the presence of adnascent Pseudomonas sp.
J Ecol Rural Environ. 2006; 22: 85-87.

de-Bashan LE, Antoun H, Bashan Y. Involvement of indole-3-acetic-acid produced by the growth-pro-
moting bacterium Azospirillum spp. in promoting growth of Chlorella vulgaris. J Phycol. 2008; 44: 938—
947.doi: 10.1111/].1529-8817.2008.00533.x PMID: 27041612

PLOS ONE | DOI:10.1371/journal.pone.0161069 August 18,2016 13/13


http://dx.doi.org/10.1099/ijs.0.063966-0
http://dx.doi.org/10.1099/ijs.0.063966-0
http://www.ncbi.nlm.nih.gov/pubmed/25168610
http://dx.doi.org/10.1099/ijs.0.023085-0
http://www.ncbi.nlm.nih.gov/pubmed/20802061
http://www.ncbi.nlm.nih.gov/pubmed/17922835
http://dx.doi.org/10.1111/j.1529-8817.2008.00533.x
http://www.ncbi.nlm.nih.gov/pubmed/27041612

