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Abstract Mangroves are unique ecosystems in the coastal

tropical and subtropical regions of the Earth. The fluctuation

in salinity due to tidal action results in a prolific population of

adhered halophilic and halotolerant bacteria in this ecosys-

tem. In this study, a pigment producing adhered bacterial

strain Halobacillus trueperi MXM-16 was isolated from

mangrove plant litter of Goa. This strain was moderately

halophilic, Gram positive rod, catalase positive and capable

of utilizing sodium benzoate as a source of carbon. H. true-

periMXM-16, produced a siderophore that was hydroxamate

in nature. The non-diffusible yellow pigment was a car-

otenoid and HPLC studies revealed a peak that was indica-

tive of astaxanthin as one of the component. Further studies

on the pigment exhibited its ability to chelate iron from the

chrome azurol sulphonate medium behaving as an additional

mechanism for iron acquisition.
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Abbreviations

ZMB/ZMA Zobell marine broth/agar

CAS Chrome azurol sulphonate

HPLC High pressure liquid chromatography

EDTA Ethylene-diamine-tetra-acetic acid

BLAST Basic local alignment search tool

Introduction

In turbid ecosystems like the estuaries and mangroves

adhered bacteria are gaining interest as it is now being

theorized that these bacteria are responsible for most of the

degradation of particulate organic matter in the mangrove

ecosystem [1–3]. Mangrove leaf litter is the primary source

of particulate organic matter in the mangrove ecosystem.

Mangroves are ecosystems found at the interface region

between the freshwater and the saline ecosystems. In this

ecosystem salinity plays an important role in determining

the type of community structure. Due to the fluctuation in

salinity brought about by the influence of tides, the pre-

dominant bacteria are envisaged to be halophilic and

halotolerant bacteria. An important factor for metabolic

activities to take place at optimum level is the availability

of essential metals such as iron. Iron forms a part of many

important enzymes in bacteria. Owing to the aerobic

atmosphere of the planet iron occurs mostly as ferric

oxyhydroxide polymers that have low solubility ion.

Therefore, to overcome this limitation bacteria have

adopted strategies like production of siderophores [4].

These siderophores form complexes with the iron and helps

transport in across to the bacterial cell [5, 6]. It is envisaged

that in a dynamic ecosystem such as the mangroves, the

most effective mineralization would occur if the bacteria

are capable of acquiring iron.

In this study, the strain Halobacillus trueperi MXM-16

was isolated from mangrove plant litter. It is the first report

on Halobacillus genera producing a hydroxamate side-

rophore. The siderophore and the pigment produced by the

strain was characterized and identified. The pigment was

studied further for its ability to chelate iron. The research

work also documents for the first time the ability of a
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carotenoid pigment from Halobacillus genera capable of

chelating iron from the environment.

Materials and Methods

Isolation of Adhered H. trueperi MXM-16

from Mangrove Plant Litter

Halobacillus trueperi MXM-16 was isolated from the plant

litter using ethylene-diamine-tetra-acetic acid (EDTA) and

identified by I6S rRNA sequencing and BLAST analysis

and the accession number was obtained as GenBank:

KF379752 (Supplementary data) [7].

Studies on Siderophores Produced by H. trueperi

MXM-16

The isolate was grown on chrome azurol sulphonate

medium (CAS) for 24–48 h at 28 �C. A zone of yellow

colouration around the bacterial colony indicated the pro-

duction of siderophore. Characterization of the siderophore

was carried out by growing the isolate in nutrient broth

prepared in de-ionized distilled water for 48 h at 28 �C.
The broth was centrifuged (Eppendorf 5804R) at 8000 rpm

for 20 min at 4 �C and the supernatant decanted and was

used for characterization of siderophore. Qualitative anal-

ysis of the siderophore was carried out by Neiland’s

spectrophotometric assay and tetrazolium salt test for

hydroxamate siderophore, Arnow’s assay and Csaky’s

spectrophotometric assay for catecholate siderophore and

Vogel’s test for carboxylate siderophore [8].

Studies on Pigment Produced by H. trueperi

MXM-16

The isolate was grown on ZMB on shaker at 150 rpm for

48 h at 28 �C. The culture suspension was pelleted by

centrifuging (Eppendorf 5804R) at 5000 rpm for 10 min at

4 �C. 1 g of the pellet was resuspended in 10 ml of

methanol (Merck HPLC grade) and acetone (Merck HPLC

grade) each and sonicated (B. Braun Labsonic U) using 0.5

pulses for 2 min. The supernatant containing the pigment

was collected by centrifuging (Eppendorf 5804R) at

8000 rpm for 20 min at 4 �C. The pigment was scanned

between 190 and 800 nm in a UV–Vis spectrophotometer

(Shimadzu UV 2450). The separation of carotenoids was

achieved by using the pigment extracted in methanol by

HPLC on a C-18 reverse-phase column (Waters Spherisorb

ODS, 5 m diameter of 4 mm 9 25 mm) in a mobile phase

of methanol. Detection of pigment was performed at a

wavelength of 342 nm at a flow rate of 1 ml/min and a

pressure of 1000 psi. The peaks were monitored over a

period of 20 min using an HPLC-Waters equipped with

waters 2996 Phase diode array detector.

The relationship of this pigment producing strain of

Halobacillus trueperi strain MXM-16 with other closely

related Halobacillus sp. and also other Bacillaceae bacteria

like Exiguobacterium sp. was compared by constructing a

phylogenetic tree based on the 16S rRNA sequence by the

neighbor joining method.

Analysis of the Pigment to Chelate Iron

CAS solution was prepared in de-ionised distilled water

and to 3 ml of this solution 2 ml of the extracted pigment

was added and allowed to stand for 15 min at room tem-

perature (28 �C). The control was maintained with

methanol or acetone added to CAS solution. The colour

change of the CAS solution from blue to yellow indicated

the ability of the pigment to chelate iron.

Growth of H. trueperi MXM-16 on Sodium Benzoate

Cells of H. trueperi MXM-16 were grown on ZMB. 5 % of

this was inoculated in flasks with minimal salt medium

(MSM) supplemented with 0.2 % (w/v) sodium benzoate.

The flasks were incubated for 48 h at 28 �C. The ability of

the culture to grow on this medium was noted and the cells

were subjected to Rothera’s test [9].

Results and Discussion

Isolation and Identification of H. trueperi MXM-16

The bacterial isolate MXM-16 was isolated from mangrove

plant litter. It was characterised by morphological, bio-

chemical and molecular identification by 16S rRNA

sequencing as H. trueperi MXM-16 (GenBank: KF379752)

[7]. It produced a non-diffusible orange pigment and was a

moderately halophilic, Gram positive bacillus that was

catalase positive and oxidase negative. Other species of

Halobacillus are known to produce pigments that range

from yellow to orange in colour [10].

Studies on Siderophore Production by H. trueperi

MXM-16

The ability of the bacteria to produce siderophores is cru-

cial to the survival of the bacteria as they depend on these

chelating molecules to acquire the metal iron from its

surrounding environment. H. trueperi MXM-16 was found

to produce siderophore (Fig. 1). Characterization of the

siderophore indicated that it was a hydroxamate type of

siderophore. The Csaky’s test showed a peak between 420
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and 450 nm and the tetrazolium assay showed a reddish-

pink colouration characteristic of the hydroxamate side-

rophore. It has been reported that hydroxamate side-

rophores are highly resistant to environmental degradation

associated with the wide range of hydrolytic enzymes that

are present in humic soil such as that of mangrove

ecosystem [11]. Hydroxamate siderophores produced by

Pseudomonas fluorescens [12], Magnetospirillum mag-

neticum [13] and root nodule bacteria such as Rhizobium

and Sinorhizobium [14] have been reported. However,

production of siderophore by Halobacillus genera is being

reported for the first time.

Studies on Pigment Produced by H. trueperi

MXM-16

Halobacillus trueperi MXM-16 produced a non-diffusible

orange pigment (Fig. 2). The carotenoid compounds in the

pigment were identified by the spectral data in the UV–Vis

spectrophotometer and HPLC. The UV–Vis scan of the

pigment extracted in acetone showed peaks at 553, 468 and

342 nm characteristic of carotenoid pigments owing to

their polyene chromophores which absorb the light in the

400–500 nm regions (Fig. 3). This is the basis for the

ability of the carotenoids to quench singlet oxygen and

appear yellow to orange in colour. These carotenoids are

responsible for the cream white, pale yellow or bright

orange colouration of the cells in the genus Halobacillus

[10]. The HPLC of the pigment revealed two prominent

peaks (Fig. 4). The first peak with a retention time of

2.86 min remained unidentified. However, a similar

unidentified peak has been reported in HPLC scan in the

pigment from Pseudomonas fluorescence. The second peak

with the retention of 3.26 min was indicative of a com-

ponent called astaxanthin. Astaxanthin has previously been

reported in Exiguobacterium sp. [15, 16]. Interestingly,

Exiguobacterium and Halobacillus both belong to the

family Bacillaceae [10] (Fig. 5). Astaxanthin is a keto-

carotenoid that belongs to the xanthophyll family of the

carotenoids and because of its antioxidant properties and its

use as colourant is gaining popularity in the food and drug

industry [17].

Carotenoid pigments have been reported from bacteria

such as Micrococcus roseus, Staphylococcus aureus and

Microbacterium arborescens [18]. These carotenoid pig-

ments are non-diffusible and form an integral part of the

bacterial cell membrane and influence the effectiveness of

the membrane as a barrier to water molecules, oxygen and

other small molecules [19]. Reports also indicate that the

bacteria accumulate carotenoids as a response to environ-

mental stress and it thus aids the bacteria to survive in such

environments [20].

Fig. 1 Bacterial strain H. trueperi MXM-16 showing yellowish

colouration around the bacterial colony indicative of siderophore

production on CAS agar (colour figure online) Fig. 2 Orange pigmentation by H. trueperi MXM-16 cells grown on

ZMA agar

Fig. 3 UV–Vis scan of the carotenoid pigment produced by H.

trueperi MXM-16
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Ability of the Pigment to Chelate Iron

Significantly, the UV–Vis spectral scan showed a peak at

220 nm in the UV region. Such peaks have been noticed in

scans of pyoverdine and azotobactin [21, 22]. Interestingly

both pyoverdine and azotobactin are mixed ligand

siderophores. Studies have shown that fluorescent pigment

pyoverdine from Pseudomonas aeruginosa is one such

example that is known to be a powerful scavenger and

efficient transporter of Fe(III) [23–25]. In the current

investigation, the ability of the pigment to chelate iron

from the CAS medium was studied. An interesting

Fig. 4 HPLC profile of the

carotenoid pigment produced by

H. trueperi MXM-16 at 342 nm

Fig. 5 Phylogenetic tree

depicting evolutionary

relationship of H. trueperi

MXM-16 (GenBank accession

no KF 379752) with other

closely related strains of

Halobacillus spp.
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observation was that, the CAS solution turned yellow on

addition and incubation with the pigment (Fig. 6). This was

a significant discovery as it indicated that the pigment

aided the bacteria to acquire iron from the CAS medium

and the H. trueperi MXM-16 pigment may be associated

with a siderophore. The fluorescent pigment pyoverdine,

from Pseudomonas aeruginosa is one such example that is

known to be a powerful scavenger and efficient transporter

of Fe(III) [23, 24]. The ability of the H. trueperi MXM-16

to produce an iron chelating pigment is significant as this

genera are characterized by their strict oxidative mecha-

nisms and therefore they display a high iron requirement

for satisfying cytochrome and other electron transport

system biosynthesis. The discovery and further detailed

studies of these carotenoid iron chelating pigments may

also pave avenues for their use as taxonomic and phylo-

genetic markers. Also this is the first report that shows a

carotenoid pigment to have the ability to chelate iron. The

only other pigment reported so far with this ability is the

fluorescent pigment pyoverdine from Pseudomonas [24,

25].

Growth of H. trueperi MXM-16 on Sodium Benzoate

Bacteria produce the enzymes oxygenases that have iron as

their cofactor. These enzymes are needed to utilize aro-

matic substrates such as sodium benzoate. The isolate H.

trueperi MXM-16 exhibited growth in presence of 0.2 %

sodium benzoate. However, the culture did not show any

pigmentation. Sand dune bacteria, Pseudomonas

aeruginosa TMR2.13 can grow on sodium benzoate up to

2 % and Bacillus sp. can tolerate up to 1 % of sodium

benzoate [23, 25, 26]. Earlier studies have shown that

utilization of the aromatic compound puts a greater stress

on the bacteria for the demand of oxygen as a result of

which they downplay the formation of pigment [23].

Research has also shown the ability of Halobacillus salinus

and Halobacillus halophilus to degrade a variety of poly-

cyclic aromatic compounds [27]. The Rothera’s test

showed a deep purple colour with a ring formation on

addition of the sodium nitroprusside solution. The purple

colour was a visual indicator of production of b-ketoadi-
pate, a result of the ortho cleavage of the aromatic ring of

sodium benzoate. Haloarchaea such as Haloferax sp.,

Halobacterium piscisalsi, Halobacterium salinarum and

Halorubrum ezzemoulense have been reported to degrade

aromatic hydrocarbons such as benzene and toluene by the

ortho ring cleavage pathway of degradation [28].

Conclusion

Halobacillus trueperi MXM-16 an adhered bacterial strain

was isolated from the mangrove plant litter. The research

work reported the production of hydroxamate type of

siderophore by this strain and also is the first research work

that indicates that the genera Halobacillus produce a

siderophore. A significant discovery was the ability of the

carotenoid pigment of this strain to chelate iron that

demonstrated the strategies of this strain to adapt to

dynamic and complex ecosystem like the mangroves. The

strain could utilize aromatic compounds like sodium ben-

zoate. The results suggests the use of this strain for the

bioremediation of soils contaminated with xenobiotics and

other aromatic hydrocarbon pollutants in the estuarine and

mangrove ecosystems.
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