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5.1 Metagenome Sequence Reveals The Presence of B ';I a|1d Bioremediation

Bacteria Related to The Mangrove Environment .\d,
g
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5.1.1 How Does Carbon Fixation Metabolism rin ngrove Sgrl in Sungai
Y

Lukut? \3 0\\ {\T
"Carbon-fixing" autotrophic orgam SUQQ% os&@smng plants and the

photo- and chemoautotrophic mlcr%gsasn}‘sﬂ%’n

(CO2) into organic materlal,

er ospheric carbon dioxide

ponsi th A‘&ansport of carbon from the

e

atmosphere to soil (Gougt al., 2014). Bac e@y a crucial role in recycling dead
matter by decomposm it and"ch ngj,@ nt Q‘E}bstances that can be utilised again by

other organisms. T Ie of nno Gﬁztlon without the help of other elements
necessary for c et or?Gou&{mhas et al., 2014). According to the KEGG
carbon flxa% Way, cy@ls interconnected with other metabolic processes,

|nclud|n co ysis and the Cal\a};wwcle These pathways play a crucial role in turning
m% rbon into organic forms that can be utilised for growth. Although it is widely

@

ed that some prokaryotes may convert CO into organic carbon (Lynn et al.,



2016), the roles of prokaryotes in carbon fixation in mangrove ecosystems remain largely
unexplored. In this study, genus Pseudolabrys in soil 1 exhibited high c&mns in
CO. fixation, while Methyloceanibacter in soil 2 and Nocar@n soil 3.
Methyloceanibacter's capability to utilise and fix carbon from hane exemplifies a
unique aspect of carbon fixation in microbial ecosystem\w}&;ntrast, the 3-
hydroxypropionate bi-cycle is not limited distinctive to th hwn'thloroﬂexota, as was
previously believed, and the genomic potential fo on fi% revealed in
extensively unrecognised archaeal and bacterial Ia (i.e. orlasa?ﬁta and

Elusimicrobiota).

The findings of this study furth\gwed tha Vé@ﬂ in Sungai Lukut

exhibited the highest abundances of invol

genes PDH, MDH, IDH, ACL %c
porACD, ppddK and ppc. BO%T endent ci ﬁé lyase (ACL) and a sequential
reaction between an ATF%x ent ci ‘;%éz/:&tase (CCS) and a citryl-CoA lyase

(CCL) are capable 0 I smg' th\'rate cl ge (Garritano et al., 2022). Different

rb rélated pathways including

sthaB frdQ(l'B?:D tfrAB, sucCD, ccsAB,

@—-E

%

fltra OAA and acetyl-CoA catalysed by ACL

from the ATP- deE ent C e (‘)
and CCS/CC th actl;)c r te\(l_yase which cleaves citrate into acetate and
rate

oxaloacet A), |s’s (G%x\tano et al., 2022). Two distinct genes, aclA and
aclB, éATP citrate Iyasechordmg to Hynes and Murray, (2010), the presence of
I% the high levels of citrate cleavage activities provide compelling evidence that
@urobacteriaceae make use of ATP citrate lyase in order to complete the citrate

cleavage process. Only prokaryotes, specifically Proteobacteria, which use the reductive



TCA cycle for autotrophic carbon fixation, have been found to possess ATP citrate lyase

genes (Correa et al.,, 2023). According to Tang et al. (2011), SOK%ael’ObiC

chemotrophic bacteria catalyse a process that results in the synthesis S‘ﬁ@ate for the
oxidation of acetate. Citrate cleavage via CCS and CCL has recent% been discovered in

the obligate chemolithoautotrophic bacterium Hydrogenobacter&@ hilus (Arai et al.,
2010). Y"

According to the result from KEGG database ifpthis study frdA a’r}_gj&'hABCD
=\

are abundant in soil 2 which responsible in the convetsion of succinate to f-;zmarate which
Y/

\NADHQQEIe porACD are

- oAé*essentiaI step in the

reductive citric acid cycle and are fomgl all sﬁ Wl, /@d 3). This study findings
N
are comparable to Cucio et al., (Z%ere ﬁbnes th2Q on fixation pathways were

identified including frdA, sdh%, al or fro@CA cycle. In addition, Mueller
et al. (2020) identified t}'% on

than 50% of the gen Nbelopgl carb xation in prokaryotes. The gene ccsB

&
acts on the redu of the ¢ cl rnon-Buchanan cycle) where the CO; is
EN ) ¢y e(D!\ ycle) 2
ic
P 4

can be a transition step in energy production in tz fog{

participate in the conversion of a-keto@to succ

spinae ‘cont k}ﬁeda' porA, porB, porD, and por. More
¢ &

2 9
fixated into t

iaI;? rritafiovet al., 2022). Similarly, to the outcome to this
rédlicéd

study whe wtrate IS

erous bacteria species found in Sungai Lukut’s mangrove including Woeseia

in@aloacetate and acetyl-CoA.
N
9

ceanf, Methyloceanibacter superfactus, Thiohalobacter thiocyanaticus, Phycicoccus

jejuensis, Solirubrobacter soli, Solirubrobacter sp. URHDO0082, and Pseudolabrys



taiwanensis. In the context of carbon fixation. Thiohalobacter thiocyanaticus has a role in
the degradation of thiocyanate, which contains carbon and nitrogen B'QY;M SO
indirectly affects carbon cycling (Oshiki et al., 2019). It is also importa t(@)te that the
relationship between carbon fixation and the growth of plant i ﬁted by other
macronutrients, such as nitrogen and phosphorus, which are n&or a variety of
metabolic processes. Carbon dioxide and nitrogen molecules Wduced as thiocyanate
decomposes. In addition to fixing CO. through the n cycl land O oxidation,
several aerobic CO-oxidizing bacteria, such Bradyrhiz iwm’d)&'onicum,
Mycobacterium sp. JC1, and Burkholderia sp., possessythe chbL 'ge (LynQ-et al., 2016).
The TCA cycle produces intermediates that are es ntla‘!\ synthéq of amino acids,

which play a critical role in the assimi@ nitrog n et-af (2021) investigated
the methods by which rhizosphere m@ses detoxi %ﬂ @m and found that carbon

and nitrogen metabolism are :% intétconnec d, <§7>ecially when exposed to

ammonium stress. Overall, study ested th angrove soil in Sungai Lukut

exhibited a conversion %‘tm%;ir b wéeQants and microbes owing to high

carbon utilization awporteltio\wcrobi arbon fixation contributed to carbon
th

&
sequestration, WhEN

all @anic molecules could be conducive to the
mangrove’s groWith. \(;}
$oty
Y’
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5.1.2 How Does Methane Metabolism Occur in Mangrove Soil in Sungai Lukut?

Methane (CHg4) is a byproduct of the microbial breakdown of org ﬁt:r that

occurs in anaerobic conditions (Begmatov et al., 2021). The miA@l community

responsible for methane metabolism in mangrove soil is diversw includes both
M that consume the
iderl et al., 2021). All
ag M@thanogenesis
g
process (Salvador et al., 2021). Previous re h ¥show ‘\/Ie{ﬁ?Iocaldum,

d
Methyloceanibacter, Methylococcus, Methylob?l'

methylotrophs and methanotrophs. Methanotrophs are or

methane found in soil on both the seafloor and the la

mangrove soil contains methanotrophs, which are activel

re rix Tdentlfled genes

correspond to methanotrophic metabolism Et s (Campbell et al'%\ll Kalyuzhnaya

|—\ ©
%" =

et al., 2015; Skennerton et al., 2015; Oswald, et al., 20 uan@ngkam 2018), while

the result from this study show %hy}‘o t\/le -\caldum Methylobacter,
Methylibium, Methylonera, M&b& ersati thqyl tis and Methyloceanibacter
involved in methane pat ay?son ,1 2 B have a wide range of genetic
diversity (Smith and W:Ié% a arc!. @wn to rapidly metabolize significant
volumes of CH4 |nt s nc en ( iken et al., 2023).

metabiy ncompasses crucial enzymes, including methyl-
coenzyﬁ%uctase which @ultates the ultimate stage of methane generation in
meth ic archaea, and methane monooxygenase (MMO), which triggers methane
in methanotrophic bacteria. The growth of plants can be influenced indirectly

by*these processes, as they can cause changes in the structure of the microbial community

and the availability of nutrients in soil (Wang et al., 2021). In their study, Wang et al.
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(2021) showed that submerged plants had a substantial impact on the functional
capabilities of microbial communities in wetland sediments, particularly jn relation to

methane metabolism. There are two stages to the methanotrophic procss% oxidation
of CH4 to formaldehyde and the assimilation of formaldehyde (Wang et al., 2023). Both
soluble and particulate methane monooxygenase (SMMO and MO respectively) are
expressed by methanotrophs (Dalton, 2005). All me arWrs contain methane
monooxygenase (MMO) are found to be the most ab in oiIu?J\VV?eas, MMO is
restricted to species belonging to the genera Methylogystis in soil 2. e’sl\ﬁ enzyme
-
el d 0

complex is composed of up of a regulatory prot code B,'Q-hydroxylase
Y/

component encoded by mmoXYZ, a reducta%mgi \ded woc (Nakamura
et al., 2007). According to reports of I\@d Lipp 002)famoD is involved in
the assembly of the SMMO and the h@gylase-%%n lj(ﬂ'@n center. MMO enables
aerobic methanotrophs to utilize%e as 4 sol bo \6 energy source (Khider et
al., 2021) and act as a filter \Qduc, ethane e@ons (Knief, 2019). The MMO

?: %%I%mﬁtant chemical bonds; the dioxygen

bond and the carbon- Men an etha@{ﬂnberg and Lippard, 2011), allowing

methane oxidati(q ethan ) (Rass™ and Rosenzweig, 2017). As previously
is -enco

indicated, M% y com@gx operon containing multiple genes, some of
% . indr .é\

mainta-lning the health of the plant (Khider et al., 2021).

which ha dary rol
% i
Methylotr , on the other han“dc,s'?)ossess the enzyme methanol dehydrogenase (MDH),

w involved in the breakdown of methanol, leading to the production of

ormaldehyde (Sarwar and Lee, 2023). These organisms can utilize methanol without



external help, making them important players in the carbon and energy cycling of

mangrove soil. \Q
Methane-oxidizing bacteria can stimulate nitrogen fixation by_su Iy'ing carbon to

diazotrophs, hence boosting the growth of nitrogen-dependent@% he results from

this study showed that all of the methanotrophs are Met IoWsp., Meythlopila sp.,

Methylosarcina lacus, Methyloceanibacter methanic thos methylotroph are
e

Methylobacterium nodulans, Methylobacterium 17SD2-17, ithy&ﬁﬁm sp.,

N T

Methylotenera sp. 24-45-7, Methylocaldum Methylov atI|ISZ~ universalis,
v

Methyloceanibacter caenitepidi, Methylocea% r \ns Mgtéﬁ;ceanibacter sp.
wino2, Methyloceanibacter superfac\g@ Hyp obi@k sp. Methylotrophs

(Hyphomicrobiaceae) frequently coeXist with B\T ro ;;i‘methane-eating bacteria)
% N

and can aid in the oxidation of ; Parﬁcula amet was shown to be the sole

carbon and energy source f Net] ea 'bac@rain R67174 (Vekeman et al.,
[ cae

2016). Additionally, Met ibacte ng)&‘;&' a facultative methylotroph since it

4
can utilise methano@la@ethyl@e, and other multi-carbon molecules.
C

&
According to ar h Ta et al. (2014), Nitrospira can oxidise methane b
g Es%ng K I (‘)()2 ) p y
acquiring gen@ ing me?u e ogﬁa{ticulate methane monooxygenase bacterium in
t

condition Woth n{e of and@hane are present as carbon and energy sources. In
N

a comaK process, Nitrospirh&%ecies convert ammonia to nitrate and then the nitrate
is bei ken up by plants. Methane-dependent denitrification activity has been seen in
ammaproteobacterial methanotrophs such as Methylobacter that utilise nitrate or nitrite

as a substrate (Knief, 2019). It has also been shown that the alphaproteobacterial
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Methylocystis sp. strain SC2 can carry out complete denitrification of nitrate to dinitrogen

using methanol as a growth substrate (Dam et al., 2013). \q

Additionally, environmental factors like temperature and wath ava||'ab|I|ty impact
er

plant physiology and methane emissions, which in turn affect

methane metabolism and plant development. Noyce and!MeW'gal (2021) found that

tionship between

increasing the temperature of an entire ecosystem ca igh I’ methane emissions

from wetland plants. This is because the warmlng affeets the charact t‘cs gt)\YTe plants

and the biogeochemical processes involved. These dlngs:h nseqxzences for the
growth of plants in warming enwronments ei \ahe emég?s may coincide
with changes in the availability of n@and th p@& function. Methane
metabolism is not solely a result of |aI pro $ut t,én also take place through

routes connected with plants. Pe%onel"and an <g‘ﬁh) discovered that aerobic

methane production in aquat 0 ste can occ@ough bacterial photosynthesis,

indicating that methane H%I m is |‘g erc gpct |th the overall metabolic networks

of aquatic plants. Th| rau@ghts th trlcate nature of methane's function in

plant growth, wh r@ erve tp ame bO|IC waste and a valuable resource inside

the plant's bi %al framewo ;Oﬁevall this comprehensive understanding of the
VAR

mlcroblz@y and ays involved in methane metabolism in mangrove
\/
soil ¢ essential for man g these ecosystems and their contribution to global

0e%ynamlcs and climate change.
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5.1.3 How Nitrogen Metabolism Occurs in Mangrove Soil in Sungai Lukut?

Nitrogen fixation, which is a physiologically and phylogenetically t)g:roblal
function, is regarded to be the primary source of combined nltrogenn%ln mangrove
forest ecosystems (Zhang et al., 2008). Nitrogen is a essential macroputrient involved in
synthesizing amino acids, proteins, nucleic acids, and chl , all of which are
fundamental to plant growth (Baslam et al., 2020). The Q%; 'WhiCh encodes the
dinitrogenase reductase enzyme, is one of the genes invalyed in t a‘tion reaction

(Jayakumar and Ward, 2020). Based on mWGS’s

enlf g |s'ahi’|'aant in soil

’9

1, 2 and 3 which shows that the mangrove soil in al L ut ble tbsh‘g‘drolyse ATP

giving energy to the nitrogen metabolism. Ntud 0?‘1 itragen f%\ bacteria involved

in nitrogen metabolism pathway are belo to Gam roteo@teria indicating that
the nitrogen-fixing group in this p g S %r n@i@ mangrove ecosystem. A
number of nitrogen-fixing bac entifi em&ﬁ of the genera Azospirillum,

\
Azotobacter, Rhizobium, Etro%ra NIt’OSpI [N@ccus, Nitrobacter, Nitrosomonas
and

Clostridium, KIebS|eIIa eud hdr/@een isolated from the rhizosphere of

3

mangrove ecosys ad, 2017; Hur and Park, 2019), while
nitrogen- flxmg IS aﬂ?qlbe&‘m this study were found to be members of the

genera Eu trllyu to |tr0§na Nitrospira, Nitrobacter, Nitratireductors,

NltrosoQ itrococcus, lee |oalbus Thioalkalivibrio, Thriothrix, and others.

; Etrification is another essential process in the nitrogen cycle, where ammonia is
oxidized to nitrite and then to nitrate. The family Nitrosopumilaceae is crucial to

world nitrogen cycles due to its function in the conversion of ammonia to nitrite
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(Konneke et al., 2005). Bacteria belonging to the genera Nitrospira and Nitrospina are

capable of oxidizing nitrite to nitrate. Some Nitrospira are capable of thKc%mamox

process, in which nitrite is used to completely oxidize ammonia to nitrie((‘@w Kessel et

al., 2015). Moreover, Nitrospira bacteria that are capable of aerobic nitrite oxidation can

also use hydrogen or formate as electron donors to perform the reyers
reduction (Daims and Wagner, 2018). Nitrosomonas an Nther are two types of
autotrophic bacteria; the former transforms NHs to N@he tler converts NO; to
NOs". Nitrifying bacteria in biological filters derivefall of their metabo ic'agay from
converting ammonium to nitrates and also provideﬁ)liqer;ﬁ&@gical filters
and ultimately supports plant growth (\% ; \Fhe ES&ES of nitrogen
metabolism is closely connected to car@bolism, ialaﬁh C3 plants. In these

plants, it is crucial to convert nitrogmsto or@;owp ;Q&in order to produce the
N,
biomolecules necessary for phota%’ o?s

process of nitrate

is and ene wtra{;}n@ sion (Baslam et al., 2020).

This correlation demonstrat nitdogen 1§ criti or preventing stress-inducing

nutritional imbalances an%liing ro Dsj) 't(gh:&u et al., 2020).
S &
. &
The nitroge enzyme now@s dinitrogenase) are capable to reduce to
¢ z L)
ost al

I y Wn@ogen-fixing prokaryotic systems. In free-living
sym

nitrogen-fi S Weﬂ'

ammonia fro

bietic bacteria, the nitrogenase and other enzymes
NV

particin{ n nitrogen fixatior?(t? produce ammonia are encoded by bacterial nif genes

an%nes. In addition to the enzyme nitrogenase, nif genes also code for several

@ory proteins associated with fixation of nitrogen. For example, nifD and nifK genes

code for the molybdenum-iron (MoFe) protein subunits; nifH and nifF genes encode the



Fe protein and ferredoxin, while the remaining nif genes take part in the activation and

processing of the enzyme complex. Plants and many bacteria can absorb@mptly

reduce nitrate and nitrite to ammonia by nitrate reductase and Sﬁﬂ@ reductase

respectively in the nitrogen cycle (Kochhar and Gujral, 2020). Nitrate-reducing bacteria,

as well as various heterotrophic nitrate and nitrite reducers, could complete the nitrogen

cycle, generating ammonia and nitrogen gas. Nitrate, i tuYT! reduced to gaseous

nitrogen, and possibly to ammonia (Begmatov et al., hi mWe coupling of

nitrate reduction to nitrite with reverse methanogen%further ighl t’ng &g‘ intricate

interactions between nitrogen metabolism and blgge ch |calyprocesses in

mangrove soil (Knief, 2019). In ecosyst s, ant ntlyég*hsh symbiotic

allﬁﬁy and absorption of

nitrogen. This, in turn, promotes the r, develo ?n /@uctlwty of the plants (De
ISm in grove soil in Sungai Lukut

Castro et al., 2021). In conclusmrj%en 1

is a complex process involvin sn en- |xmg$~4}[erla and genes.
? (S
4 &
NS F
& - .
514 How &QQU eta Occ@}s in Mangrove Soil in Sungai Lukut?
¢ z (-)

O
Plantsne Ifur'.a D?yfo th \y minerals for healthy growth and development.
o

Plants rely“primarily on the soil

relationships with microorganisms, whi

/3

gjtcace levels of the anionic form of sulfur (SO ?") for

their needs. Under sulfur deprived situations, plants can also utilise the sulfur

@ er of a symbiotically associated organism, such as bacteria or fungi, to absorb
r

from the soil (Narayan et al., 2022). In general, the amount of sulfur in soil is

proportional to the amount of organic matter present, and microbial action is responsible
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for the majority of the chemical transformation of sulfur forms (Kertesz and Mirleau,
2004). Sulphur metabolism is intricately connected to nitrogen metabo@a? both
elements have an essential role for the production of key component o s\‘@ acids and
proteins. According to the KEGG sulfur metabolism pathway, pla ‘uﬁhotosynthesis
to transform inorganic sulphur into organic forms that are then%xd into essential
proteins. As a byproduct of the oxidation of C to CO,, sulf is?ﬂﬂced as sulfate, which
is thought to be the driving force behind biological mineraliz tion.\'\/loﬁof the sulfate
that is ingested is converted into organic chemicals‘mecessary for g hi&ﬁ@ plant's

structural growth (Hawkesford and De Kok, 2007). eovery the si nificaQee of sulphur
Y

in stress tolerance is emphasised, especially for pcts

such salinity, heavy metals, and polluti\g@ et al.

their N absorption and produce %ary protéi ?an

N
development by efficiently metab%sul ﬂhr( r ané?., 2023).
N\
For this study, the%; lot 0} bac rp‘ spaes that are involved in the sulfur
7

metabolism. The &‘D\classqs\nd inéréngrove soil in Sungai Lukut are
a

enngq?ﬁental problems

X Plés are able to enhance

ymes for growth and

&
Betaproteobacteh@ apr qteria()nd Deltaproteobacteria. Desulfocucumis,
@

'
esu;)tya Ium&_,Desquatitalea, Desulfospira, Desulfococcus,

Desulfosporo@
Desulfo%esulfo’fu 5,4 De rhopalus, Desulfotalea, Desulfuromonas, and

o
DesulfK are the genus foundin t

ma% in India, Desulfovibrio, Desulfotomaculum, Desulfosarcina, and

his study. From the genera that emerged from the

esulfococcus species had been isolated (Balk et al., 2015). The bacteria belonging to the

family Desulfobulbaceae have a wide variety of metabolic capabilities, including the



reduction of dissimilatory iron, the oxidation of elemental sulfur, and the reduction of
sulfate and sulfite in the process of total oxidation of organic matter (Holmes et\al., 2004;
Sorokin et al., 2012). The sulfide (H.S) is oxidized with oxygen or nits&)rgensen et
al., 2019). Therefore, the composition of microbial communitieru%J sts that it is
possible for a complete sulfur cycle to take place, which would W the conversion of
sulfate to sulfide and the nitrate-dependent oxidation of du&?ﬂlfur compounds into
sulfate (Begmatov et al., 2021). Moreover, Des ira, whi{?ains to the
Desulfobulbaceae was discovered (Balk et al., 20 Desulfofusti Ii/caLrg‘&', which
_ _ _ -
associated with sulfate-reducing bacteri grou cata{zie sulfur
\m v
disproportionation (Yousuf et al., 2014). In% n, Q\e stis@&licus is able to
catalyse the disproportionation of su@ome 0 m@&ules were probably

metabolised and assimilated directly@)these \hatg re u@‘e (Aoyagi et al., 2021).
N
Sulfur oxidizing chemolithotroph%depeﬂd on itrification, such as Sulfurimonas

&
sp. HDSO01, and sulfate-re@ her rophs, @ as Desulfobulbus spp. and
losely ! linkéd, t

Desulfofustis glycolicus, osely d, &\/Die another through direct carbon

transfer (Aoyagi et al 56)%1). @bial éﬁﬂunities in mangrove soil suggest the
possibility of a ¢ rﬁp@e Ifur ta S
@
&

ki(rl)@ace, involving the conversion of sulfate to
4
sulfide and t@v e-de en?nt oxi(@ion of reduced sulfur compounds into sulfate
(Begmato %2021); i

N

in mangrove-soil contributes to'ﬂg? biogeochemical cycling of sulfur, impacting nutrient

av%/ and overall ecosystem functioning.

. )

ftric etwork of sulfur-metabolizing bacteria and genes



Result from this study showed that the genes of cysJ, cysl, sir, dsrA, and dsrB are

abundantly formed during dissimilatory sulphate reduction and oxidation %Qt begins

by converting sulphide to sulphite. An essential part of the enzymajcc@hinery for
i

sulphate respiration in sulfate-reducing microorganisms (SR [ DsrAB-type

dissimilatory sulfite reductase, which can also serve as a ph ic and functional
identifier (Venceslau et al.,, 2014). Microorganism V’V as sulfite-reducing

microorganisms and sulfur-disproportionating bacter imon m'\d?:meck, 2013)

]

contain the genes dsrAB. Sulphate reduction is an assimilatory/ pro s' ané;&enosine
-

t

phosphosulfate reductase is a key regulator of process (N ayantet al., 2022).
Y

Specifically, cysB controls the expression of, cys cysg’\ \eysK,‘é;&QC, metY, tauA,

tauB, and tauD, all of which are involv@phur isntﬁ\lhile sulphide acts as

an inhibitor, the cysB protein promotft%mscrip \(Q%K I, 2012). In conclusion,
N,
sulfur metabolism in mangrove %un & Lu tus ezg‘%plex and dynamic process

involving a diverse array of s%tabf In acte@ hese bacteria play critical roles
sse lplﬂm}ing nutrient availability for plant

in sulfur oxidation and % pro‘g &

growth and participatingsin the Fu\ycle. mutually beneficial relationship can
N

promote plant he W rpwir: | (_)(.J
% '
9,

D) $

4(/ v

Ab o

5.15 \ w Atrazine Combgand Degrades in Mangrove Soil in Sungai Lukut?

Qirazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) is a herbicide
used to prevent the growth of weeds in sorghum, maize and sugarcane fields (Zhang et

al., 2019). Fortunately, microorganisms offer a low-cost and efficient technique for the
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degradation and removal of atrazine in the environment (Khatoon and Rai, 2020). In

mangrove soil of Sungai Lukut, various bacteria play a crucial role in tthQradation

pathway of atrazine. Bacteria that are involved in atrazine degradation 5&@ in KEGG

reported in this study are Mycobacterium, Gordonia, Rhodochcus, etrasphaera,

Clavibacter,  Friedmaniella,  Nocardiodes, Pseudonoca%, Streptomyces,
Solirubrobacter, Rhodoplanes and Pseudolabrys. While van?’nicroorganisms have
been isolated and used to breakdown atrazine, the majesi Are from the genera

@
Pseudomonas, Acinetobacter, Agrobacterium, Rhaglococcus, ‘Arth bictegéacillus,
AN
Sebalet al.

Norcardioide, Variovorax, and Citricoccus (El Y 2 11; Wang et@ 2014; Zhao
Y/

S
&
O

Four genes are associated in t razmﬂd?m @sungai Lukut which are
N,

atzD, atzE, atzF, and URE. Th S ar@ invalved m:g(fk?e conversion process from
atrazine to biuret and urea. T. EF}foperonyin P monas sp. ADP codes for the
enzymes atzD, atzE, and ?h.lch Jaly }He version of cyanuric acid to carbon
dioxide and ammonia M can |th

2010). Atrazine @'Q\Str

__.52

etal., 2017; Yang et al., 2018). \}

used e cell as a nitrogen source (Sene et al.,

on ’ntc(J‘) (j’uret by the bacteria Chelatobacter sp.,

5
(Ro&sseaux et al., 2002; Cheng et al. 2005). These

Alcaligenes s stoni
bacteria c: he enzyvzﬁtsza zB, and atzC. According to Arbeli and Fuentes

N
(2010 ria known to pa?lgly metabolise atrazine include Nocardia sp. This
ba%transforms atrazine into cyanuric acid with the aid of atzB, atzC and triazine

drofase (trzN). However, research by Zhao et al. (2018) shows that Arthrobacter sp.

ZXY-2 has a high capability of degrading atrazine. Complete utilisation of atrazine has

101



been recorded for the bacteria Ancylobacter sp. T10AIll and Agrobacterium sp. (Arbeli
and Fuentes, 2010; Devers et al., 2007). In order to produce cyanuric ac'd\Yn?trogen
source for many bacteria, the atrazine encoded by the genes atzABC i ‘\‘@bolised by
Pseudomonas strain ADP and Arthrobacter sp. (Gao et al., 2018). E %ich has been
shown to be Klebsiella variicola, is able to grow on atrazine, eqw,%u.gh it is the only
source of nitrogen. PCR and sequencing were used to find th enes (atzC, trzN, and

l

trzD) in strain FH-1 that coded for enzymes that de at zinKK.Heumoniae, K.

]
granulomatis, K. aerogenes, K. planticola, K. oxyto;&j K. mighig sis&gé among
-

the closely related species found by Zhang et al. (2 2 \ &
Y

Atrazine-degrading bacteria four\ﬁ?@angrov tats play a crucial role in

preserving environmental well-being itigat \theTs g@ellution. Plants that have
the ability to efficiently break ine ca oi{(/\ growth-inhibiting effects
caused by atrazine's disruptio %%d r metabolic pathways. A study
conducted by Pérez et% esti a}elti;a process of atrazine absorption,

is a critical fa i

(2022) reﬁww pregi d mechanisms responsible for the breakdown of

study showed that

atrazi plants with strong degradation pathways are more

effecti handling the presence of this herbicide. In conclusion, atrazine degradation in

@ve soil in Sungai Lukut involves a diverse group of bacteria that employ specific

enzymes encoded by various genes. These bacteria play a crucial role in breaking down
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atrazine and converting it into less harmful compounds. The presence of atrazine-

degrading bacteria in mangrove ecosystems is beneficial for maintaining gnvitfdonmental

health and preventing potential pollution. :")

<

516 How Dioxin Compound Degrades in Mangr vew Sungai Lukut?

l

Dioxin is the most dangerous environment toxin, andhit,is p OM@ wide range
o . )l 2
of human activities. Mineralization of organic co can provigde’ca ba&?nd energy

for microorganisms that rely only on them (Sa al.,~202 erobie/breakdown of

T
these substances by bacteria occurs via thtw and %\wg deoé%?nation pathways,
the two primary catabolic mechanismsMal %ular x&@ses, which target the

ring next to the ether oxygen, typic%%& og!%vido %rocess (Field and Sierra-
g

(7]
e) di ase };2.23-trihydroxybiphenyl (2,2",3-

\
THB)-1,2-dioxygenase is ﬂe Wi enz’/me e @In catabolic pathway. 2-hydroxy-

6-0x0-6-(2'-hydroxyphenyl)-hexa-2;4-dictiotc é';éj(/HOHPDA) is produced when 2,2",3-

Alvarez, 2008). Extradiol (met

THB is degraded b Enz |e. icyla produced when HOHPDA undergoes

g
. O
hydrolytic break ts j-(,‘ b g'an(J &vent mediated by HOHPDA hydrolase and the
final step ir@kﬁ“ur@ M p@etabolic route in order to quickly metabolize DF
: b

into HO major metabolite), %ﬂydroxydibenzofuran, and 4-hydroxydibenzofuran (Li

et al.; ). Dibenzo-p-dioxins (DD), DF, and substituted analogues were shown to be

% Rhodococcus sp. strain p52 aerobically as sole sources of carbon and energy
t

gh angular deoxygenation (Saibu et al., 2020).
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There are many types of bacteria that may break down polychlorinated biphenyls
(PCBs), DFs, and DDs (Field and Sierra-Alvarez, 2008). Result froavs~ study
highlighted that abundance bacteria that are involved in dioxin degrada_fx%‘lway from
KEGG database are from the genus Mycobacterium, Mycolicihacterium, Nocardia,
Eubyza, Rhodococcus, Phycicoccus, Blastococcus, Geodermat i&,l:straporangium,
Tetrasphaera, Agromyces, Athrobacter, Nocardioides, seWardia, Streptomyces,

Conexibacter, Actinoplanes, Eubyza, Afipia, Bradyrhi m, D%Rhodoplanes,

Methyloceanibacter Pseudorhodoplanes, Nicella, osphigobium (i Spingomonas.
Proteobacteria  (especially Betaproteobacteria% Gamma oteof?eteria) and
Actinobacteria account for the vast majorit@:i%l\e;radirl%b%teria that have
been isolated to date (Saibu et al., @seudo Ciéﬁacter, Cronobacter,

Rhodococcus, Terrabacter, and Pan@)were t gco @n bacterial genera in the
N,
most polychlorinated dibenzodio%DD? contaminateg.soils (Larentis et al., 2011).

\m &/
Additionally, genetic profilir% oxi[- rading gz}eria by Mahfouz et al. (2022)
showed that these bacte% emk:g S0 t‘h(le(gaus Bacillus. Nocardiodes degrade

aromatic compounds Ntilizf a\()ad s%rhm of carbon and nitrogen sources,
&ﬂ Iy
0

including rare or N oun ,Ie'[(klgDJollutants from the environment (Field and
@
’

Sierra—AIvare@Ov . Co a;?wd co@ing PCDDI/F are susceptible to biodegradation
p

in the envi Wt as a’c ohent'of'the natural chlorine cycle. It has been shown that
NV

Klebsiglla sp~strain HL1 and Klébsiella sp. strain HL7, both of which were isolated from

di%taminated soil, had the ability to degrade DF (Fukuda et al., 2002). Terrabacter

. strain DBF63 has been identified as a bacterium capable of degrading dibenzofuran

(DF) (Rosenberg et al., 2014). Some chlorinated dibenzofurans (CDFs) and dibenzo-p-
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dioxin (DD) can be broken down by the strain since it uses DF as its sole carbon and

(_}Y"

This study revealed that there are several genes involved in th tra2| e degradation

energy source.

pathway, including dbfAl, dbfB, praC, xylH, dmpH, xyll, na mhpD, mhpE, mhpF,
bphAa, bphAl, bphA, and bphC. Field and Sierra-Alvar found that when the
Terrabacter sp. strain DBF63 is grown on DF, b dA and dbfA genes are

expressed. Futhermore, Nocardioides sp. DF412 waSsfound to gont d@j{ﬁZASM
rin

gene cluster (Sukda et al. 2009) that codes for g hydro atmg;z-dloxygenase

, % DDﬁbeen shown to

be stereospecifically oxygenated by hhA g hatéﬁcode the biphenyl

dioxygenase. While, Burkholderia xefov: rans st 00 a@(:omamonas testosteroni
strain B-356 employ both DF D, %nd eir tz(} nyI dioxygenase (BPDO)
mechanisms have been char d ee et §2005) In addition, the bphA

proteins are well-known % yzm e di z‘dr ation of biphenyl and several PCB

Numerous heterocyclic aromatics, including |ph y

congeners. lwasaki e N%OO?) pe rated the bphA genes of Rhodococccus sp.

%
RHA1 produced e trﬁbrvas able to change DF in an effective way
by both angu ateraJy en ar , but DD could only be converted via angular

dioxygen:we relatl rﬁ b en the breakdown of dioxin and the growth of

plants itionally mpacted%y bphA gne, which can alter the populations of
%ﬂlsms and their metabolic functions. Musilova et al. (2016) observed that the

0\% of bphA gene which might have either inhibitory or stimulatory effects on the

decomposition of dioxins functions in polluted environments. Additionally, Seeger et al.
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(2001) demonstrated that the bphA-encoded biphenyl dioxygenase of Burkholderia

xenovorans strain LB400 catalyzes the angular dioxygenation of DD. \q

The microbes are assisting in the process of purifying the envirgnment and assuring
the availability of crucial macronutrients such as nitrogen an@rus, which are
frequently scarce in contaminated streams. The deco oWof dioxins and the

%cessibility of
]

nutrients, which is vital for the growth of plants. CoRelusively, man Vf scz_i;l)&? Sungai
ontri

Lukut hosts a diverse group of bacteria that c

S
consequent emission of byproducts into the water mi modi

te topt radatien of dioxin
Y
\H'e ma@e ecosystem is

of these hazardous

compounds. The presence of dioxin-degrading b teri%

crucial for detoxifying the environmen@inimim

pollutants. (’) >\7? @
~ U E
ISR

T |0

5.1.7 Impact of Metabo% 53 Pl }L‘)e@pment
In nutrient cyq&‘the aboli proce&g,%efers to the series of chemical reactions

N

that microorganiﬁe}d p[anfs b‘rot o0 transform nutrients into forms that can be
easily utiliz%%ivitie‘s involvi e@nes and microbes that are involved in the cycle
of nutrientSkare ‘able to maintain @)e.lplants health and the well-being of ecosystems. For

Yv
exe‘l%the carbon fixation process facilitated by enzymes including malate

G

G

enase (MDH) and fumarase, has a function in transforming carbon dioxide into

ﬁc molecules which can promote plant growth. Furthermore, the carbon skeletons

required for nitrogen assimilation is helped by nitrogenase enzymes, which are encoded
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by the nifDKH and anfG genes. These enzymes transform atmospheric nitrogen into
ammonia. Liu et al. (2020) found that the availability of nitrogen has a sub%Wnpact
on the process of photosynthesis and the fixation of carbon in whe .(@r research
revealed that when there is a lack of nitrogen, the rates of photosyn %crease, which
in turn hinders the process of carbon fixation. Similarly, Zaye$23) found that
how nitrogen metabolism is integral to the overall nutrient cm plants, where carbon
skeletons are required to synthesize amino acids and nitrog nLus mpounds. In
addition, methane metabolism plays a role in both carbon fixation an ?trc-)%)q‘zc"ycle. In

this study, methanotrophic bacteria employ enzymessencoded nes azeh as mmox,
Y/
; T

mmoY, and mmoZ to convert methane into m%n, ; Q% mnol i;sé*ﬁﬂer transformed
into substances that serve as substrates t\&@n fixatl waé’il’ he process not only

aids in the reduction of greenhouse gas_emissio ?so gél-itates the functioning of
N,

the carbon and nitrogen cycles,:é i growth of plants (Tian et
al., 2021).

P g

this sulph nthesise

improving plant r nc
% 2.9
Desulfatibaciw Dehjlfﬂ(?.n us, @dise sulphide to form sulphate. Plants then use
lf-conta-l ing amino acids, such as cysteine and methionine.

N
Theseqq cids are essential\f%? the plant's stress response and for protein synthesis.

Th%nce of genes such as cysJ, cysl, and dsrA is required for the synthesis

f biomolecules. This finding aligns with the research conducted by Akbudak & Filiz

(2019), which stated the significance of sulphur in higher plants, specifically in relation to
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environmental stresses including salt and heavy metals. Their research revealed ATP

sulfurylase (ATPS) genes as pivotal components in sulphur assimilationa\Was for
upholding cellular activities during periods of stress. Therefore, the A@s involved
in sulphur metabolism that have been discovered in the Sungai Lukut soils are
contributing to the maintenance of plant well-being in adifficult environmental
circumstances. Y'
l
N

Based on KEGG metabolism pathway, there iSha role of micro I'co’rzuﬁﬁ'nities in
detoxifying pollutants such as atrazine and dioxinﬁne e brgaz;l\"i%#\aciIitated by
a sequence of genes, namely atzA, atzB, an athTer\ \mmpoié@g herbicide into

less toxic substances, so diminishing& ic bur th il will consequently

fostering a healthier environment focmg\ts. Simi 1 ge (fsuch as dbfAl and dbfB

N,
have the ability to detoxify exl% perg\sten emvirQ, ental contaminants. These
detoxification activities can Q\e.’lher umulatio ~3}‘noxious chemicals that could
otherwise impede plant % Zhan‘g et al., ;b?ib In addition, Nguyen et al. (2021)
N1 7
studied that the biod{aqition of di
ib

genes that are res

usin@ﬁrkholderia cenocepacia and identified

or thi Fess.(BEnce, the role of microorganisms and their
@

metabolic acth'es in promoting
) P 4 x‘ )
environm taminants; eéds tqza more sustainable ecosystem.
. S N

& N
‘%9 results from this study indicate that the metabolic process from the

@nomic whole genome sequencing (MWGS) provides a comprehensive

comprehension of the microbial communities and their functions within the soil as it

Iankﬁevelopment and resistance, as well as reducing
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enables the development of biofertilizer formulations that are more effective and
customised. For instance, Li et al. (2020) illustrated that the @e’nomic
analysis uncovered that identification of critical microbes that are &DI to be a
biofertilizer which can facilitate nutrient cycling and plant healt S;%rly, Li et al.
(2023) shown that the ability to understand nitrogen-transforminm rganisms in soils
by mWGS and has a direct impact on plant development. y%g the practical value

of metagenomic characterisation, it will improve ro h\&n&ng microbes
potential derived from agricultural residues (Mora et ak,,2022). Thus, Gé% a are not
S
only for comprehending soil microbes but also for dvaneement/and e@ancement of
\ v
biofertilizers. \, 0\ E\T

\
52 N, P and K Content in ated'Bio B’Iizecii?wfluences The Growth of
A%

Duckweed and Its Pro '}Gnte S
(13 S
5.2.1 The Element of %a K Gc{ n £ ulated Biofertilizer
BIOfeI‘tI|IZE§b en rec ?degj@a more environmentally friendly substitute
¢
’
for conventi@ mic Jti 'zer\(and pesticides. It has been established that
rhizosphe ‘@as a I’I‘;h urce O@PB (Pii et al., 2015). In this study, bacteria were
)

isolated, from* the mangrove soﬂ.&l{line bacterial strains obtained from 16s rRNA gene

-
Fa
e

~+

se iNg were grouped into three biofertilizer sets (Set A containing Acinetobacter
adigresistens, Klebsiella quasipneumonia and Bacillus cereus, Set B contains

Brachybacterium paraconglomeratum, Bacillus cereus and Bacillus tropicus and Set C
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containing Enterobacter cloacae, Paenibacillus pasadenensis and Bacillus thuringiensis)

with each having the ability to fix nitrogen, solubilize potassium and phosQE, grown

on the duckweed. : (')

Based on the result obtained from this study, Set C appeawz much better than
Set A and Set B as a biofertilizer set as Set C showin an?r%se in the content of
nitrogen, potassium and phosphorus. The main advant etC i@?ty to enhance

the phosphorus content in the soil. Several studlewlr et al., 2014; ’de'a&“a et al.,
S

2015; Ngalimat et al., 2021) have reported that Ente acter‘cl c ,onewq#the bacteria

in Set C, is a potent inorganic phosphorus olub zer% mgr%q?tly increase P-
acquisition in plants. Paenibacillus pa@ls, ano mp@‘at of Set C, has also
been shown to be involved in the soI ation os b@ds, and the production of

s known to be involved in the

Paenibacillus pasadenensis, ba

fixation of atmospheric n % th J lf ronutrients, further benefiting plant
growth (Grady et al. NMorro

variety of growth- @

phytohormones and antlmlcrobla%o asaqy et al., 2010). Additionally,
\er eﬂhwj

ntero er cloacae, present in Set C, exhibits a

&
' lnclc‘ugBrg phosphate and potassium solubilization,

ac'

s .
et @2010; Ramesh et al., 2014; Chin et al., 2017).

N
mentioned, Bacillh(s'.%p. was also considered as an effective nitrogen-fixing

As praq\
%anarthme et al., 2011). Multiple PGP favourable characteristics were found in

@nus Bacillus including phosphate solubilization and participation in the nitrogen

cycle (Stegelmeier et al., 2022). In conclusion, Set C is much better than Set A and Set B

as well as nltr atl a?e
These acU: trlbute t pfoveé\nt health and soil fertility (Ghiglione et al., 2021).
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as a biofertilizer especially for the growth of the duckweed due to its excellent ability to
enhance phosphorus content in the soil, multiple growth-promoting actions{Rnitrogen

enhancement. : (f)

<

5.2.2 The Effect of Biofertilizer in Improving The Duc eW)Wth and Its Protein

l

Content \d
T i

N
Microbes naturally found on plants play a @ole inpr ti’\g.xifant growth

even in challenging conditions. Extensive rese %;,\ iZers h’asz demonstrated

their potential to supply vital nutrients to crcwlchln(a cr ieId(i ithout harming the

environment (Kour et al., 2020). How%uot aH\mic es f\rQapable of interacting

with plants, making it essential t;gal}e }‘h@%vjoné}} plant growth-promoting

bacteria (PGPB) with their natu host |ou<ﬁﬁnd Pieterse, 2021). Duckweed
are chosen as plant mod nown ’s af tlgr aquatlc plant, undergoes clonal
duplication during its vegeta e r le} @h a high number of fronds indicating

healthy growth and é‘&duct (Tang et aI 15). N-fixation, P solubilization, and K

solubilization h e@ Jas tﬁE) mechanisms responsible for the symbiotic
connections % n bl?f tilizer a ckweed Studies have shown that biofertilizers
t Set

from diffe S can agmﬁca&‘tjly enhance duckweed growth (Yoneda et al., 2021).

Unli %}on plant-associated microorganisms in water must adhere to and colonize

dies to avoid being washed away by water currents. Aquatic PGPB are

%esized to possess useful properties such as rapid adhesion and stable colonization.

Based on the result obtained from this study, biofertilizer from Set A, Set B and Set C can
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enhance the growth of the duckweed with Set C displayed as the best biofertilizer
corresponding to the highest number of duckweed front after 15 days. T)KM;ﬁIizer
clearly increased the number of duckweed fronds, which is consistent wi windings of
Yoneda et al. (2021). Specifically, PGPB strains from the phyl %oteobacteria,

Gammaproteobacteria, and Alphaproteobacteria have been to increase the
number of duckweed fronds by more than two times (Makino 2022) Additionally,
certain PGPB strains, such as Pseudomonas sp. PsGéfer sp. strain SP4, have
demonstrated the ability to accelerate duckweed gwoyam t al. 22

‘Z‘

The potential for using this PGPB as ab\l,z moﬁed by exposing
duckweed to all bacterial strains obtal@ Skeffects of all tested

bacterial strains on duckweeds r comp o t/@e of the well-studied
representative PGPB, Acmetobau%oace?icus gs(s,:’ama et al., 2017; Makino et
al., 2022). The ability of Acin %r caléoace |cus 0 grow in both artificial media

and environmental condl%v kes |t po rbplal%noculant for enhancing duckweed

growth (Yamaga et al, 0; Sl|zu\r~al @/ Toyama et al., 2017). Several studies

have shown that MI \Y; tlon

(vg s
significant gr@ nef’m.? stac@./ the rhizobacterium MH3 has been found to
boost duc Wevelo{) b

increa\ weight (Tang et\f'l?, 2015). Moreover, certain Bacillus strains present in

r%mofertlllzer sets have successfully functioned as plant growth-promoting

Qcterla (PGPR) to stimulate rapid duckweed growth (Idris et al., 2007). The

hypothesis of synergistic effects arising from co-inoculation of these strains further

qckw(‘)@ with specific PGPB strains can lead to

esul{aé;m a 30% increase in frond number and a 50%
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supports the establishment and maintenance of a mutually beneficial plant-microbe
relationship. Thus, the biofertilizer set can both establish and mainta%%utually

beneficial plant-microbe relationship. It's worth noting that the biofertiliiec@teria strain

has the potential to promote growth and rescue plants from grqﬁth inhibition in a

synergistic manner. \/

In this study, biofertilizer Set A, B and C show c asa@?(weed protein
corresponding with the increase in N, P and K conce ion. Thelresu ?btz:\g\)@"from Li
_ _ A\
et al. (2016) are comparable to the results obtained this study as the p{eteln content
\ﬂ v
of the duckweed is increased as the concentra ns‘% dP égg' increased. The
correlation between suggesting that highe rient ¢ ati ere favourable for
duckweed protein. Makino et al. ( repo % t e{@ﬁtroduction of PGPB to
N
duckweed resulted in a significantysi pro%in nt,{(’/ cating the bacteria's ability
to enhance the nutritional q%f M nally, Ishizawa et al. (2020)
showed that the inoculat ckweed with Ac bacter calcoaceticus P23 resulted

&
t\nd bic@{s produced by the plant. The ability of

& _ L
0, W@ allows the plant to easily absorb it into its

in an increase in the @ of p[o
the bacteria to fi ic ni

e bacteria to fix,dtmosp rlc‘ »
proteins, is r@lvlspoyf r th.kﬁjmprovement. Spirodela polyhiza showed the
highest pr. woportﬁ) to thew@mst growth of the duckweed growth (Li et al.,
N -4
C

ing to the Feme“e('n?i et al. (2023), the bacteria species can affect the

2016).&
du%growth and protein accumulation. This study showed that the protein content in

@ is higher compared to Set B and C. The different bacteria species in three

biofertlizer set proved that protein content is affected by different kind of bacteria species.
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The protein content in Lemna minor is increased after being cultured with Azotobacter

(_}Y'

Duckweed inoculated with PGPB also increases its resista to nwronmental

Vinelandii for 10 days compared to the control (Shuvro et al., 2022).

stresses, which can reduce protein synthesis in plants. Kama investigated the
possibility of establishing an artificial symbiosis between,the gen fixing bacterium
Azotobacter vinelandii and the plant Lemna minor. Th on tra%hls symbiotic

relationship not only facilitated higher growth butal&nsmer bly oitedésﬁr amount

of protein that was present in duckweed. The proteifsgroduction leyel is dQereased when

the duckweed is grown under stress conditio (Sh ro

2). g&. en et al. (2022)

hlgcyesplte containing the

low nutrient concentration. Ultlma Set ,ﬁ?& pf\&hest amount of protein
N,

compared to control, Set B and ma se na(ii/@promote plant growth have

a crucial impact on mcreasm melw in co@k of duckweed. By delving into

these molecular mteractl@ can fP DJUPQ/ make duckweed's nutritional value

increase, which wHI;@ new|p ities fofsits use in agriculture.
N (_,&
/ ‘ | ?

observed protein content in the duckweKr consi

'

P

&’

S
&
S
N
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