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ABSTRACT

The effect of metal ions on the production and flocculating activity of
polysaccharide-based bioflocculants (PSBs) by Paenibacillus
mucilaginosus GIM1.16 were studied in liquid culture. In single-factor
experiments, supplementing with Mg?*, Ca?* or Fe** to the culture medium
could increase the PSBs production by 197%, 44%, 109% and increase the
flocculating activity by 19%, 9%, 15% compared to that in basal medium,
which showed more important and positive effects than Zn? and Cu?'.
Response surface methodol ogy was then employed to further optimize the
concentrations of these metal ions, and the maximum PSBs production
(2.236 g/L) was achieved with 1150 uM MgSO,, 290.1 uM CaCl, and 19.1
uM FeCl,. The results of batch fermentation for PSBs under the optimal
conditions further confirmed that adding a small amount of metal ions to
the medium not only could shorten the fermentation period for about 12 h,
but al so increase the conversion rate of carbon source and the floccul ating
activity of PSBsby 199% and 26.3%, respectively. Thework inthis paper
issignificant for improving the production and feasibility of PSBs.
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INTRODUCTION polysaccharides and proteind®. The polysaccharide-

based bioflocculants (PSBs) have been the focus of

Recently, bioflocculantshaveattracted agreat dedl
of attentioninmany industrid fieldssuch aswastewater
treatment, downstream processing, fermentation, and
food industries, dueto their innocuity and biodegrad-
ability over traditiona flocculants4. Themain com-
ponentsof bioflocculantsare biomacromol ecules pro-
duced by microorganismsduring their growth, such as

research and devel opment dueto their unigue struc-
tures, excellent phys ca-chemica properties, and ex-
cellent selectivities. Infact, PSBshave been usedin
treating many kindsof pollutants, including dyeing pig-
ment, heavy metal ions, and other suspended pollut-
antg®8. However, high production cost, low yield and
low flocculating activity arethe major bottlenecksfor
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thelarge-scd e application of PSBS%9. Thecommon
method for improving the production and floccul ating
activity of PSB was optimization of carbon and nitro-
gen sources” 191, |n fact, the carbon and nitrogen
sourceswereknown to berel atively expensiveingredi-
entsfor industria production. Thus, thereisanecessity
to search for amethod for economical and high pro-
duction of PSBswith high flocculating activities.

In the past decades, metal ions have drawn much
attentionin the metabolitebiosynthesisdueto their im-
portant roleson the cell growth and microbia metabo-
lism*2, Several previousreports have shown that the
metabolitebiosynthesisof microorganismscouldbesg-
nificantly increased by adding small amount of metal
ionsto the culture medium. It has been reported that
thefusaricidins production by Bacillussubtiliscould
beincreased by 40% after adding 1.3 mM Mg?* tothe
culture medium™, For Rhizopusnigricans, 0.0001%
Mn? showed significant enhanced effectsin citratelyase
and glucoamylaseactivities, resultingintheincreasein
the production of microbial lipids by 30%!*3. How-
ever, to our knowledge, most of thecurrent studiesonly
focused on the effects of single metal ion on the me-
tabolite biosynthesis. Infact, theremight be synergies
between metd ions. Therefore, it ispredicted that cer-
tain meta ionscomplex might bemoreefficientin pro-
moting PSBs production.

Paenibacillus mucilaginosusisonekind of soil
bacteriathat has been widely studied inthe aspect of
silicateminera weathering and agriculturd*, Inre-
cent years, P. mucilaginosusanditsmetabolites (mainly
PSBs) played potential rolesin wastewater treatment
and heavy ions absorption*6*1, However, the studies
of Paenibacillus mucilaginosusin PSBs production
arerare. Inthe present study, single-factor experiments
were conducted to screen the optimal concentration of
individua metal ion for the PSBsproduction, and then
response surface methodology (RSM) was used to
optimizethe concentrations of these metal ions com-
plex on PSBs production by P. mucilaginosus
GIM1.16 and aquadratic predictive modd wasdevel-
oped. In addition, batch fermentation was conducted
tofurther evauatetheeffectsof themeta ionscomplex
on the production and floccul ating activitiesof PSBsin
liquid culture.
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MATERIALSAND METHODS

Microorganism and cultureconditions

P. mucilaginosus strain GIM 1.16 (isolated from
soil sample) was provided by the Microbial Culture
Collection Center of Guangdong Institute of Microbi-
ology, Guangzhou, China. The strain wasculturedin
nitrogen-freeslant (10 gsucrose, 1gNa,HPO,,0.29
MgSO,, 0.1 g CaCO,, 5mg FeCl,, 20gagarin 1L
distilled water, pH 7.5) at 30°C for 3 d, and then stored
at 4°C. Seed cultures were prepared from nitrogen-
free medium (10 g sucrose, 1 g NaHPO,, 0.2 g
MgSO,,0.19CaCO,, 5mgFeCl,in 1L distilled wa-
ter, pH 7.5) at 30°C with stirring at 200 rpm.

Deter mination of PSBsproduction

To quantify PSBsproduction, thefermentation broth
was centrifuged at 10, 000 g for 20 min at room tem-
peraure. Theresulting supernatant wasmixed withthree
volumes of cold ethanal, stirred vigorously and kept
overnight at 4°C. The precipitate was collected by cen-
trifugation and dissolved in distilled water. The PSBs
concentrationswere determined by the phenol-sulfuric
acid method™.

Flocculating activity analysis

Onemilliliter of the culture supernatant was col-
lected after centrifugation at 10, 000 rpm for 20 min.
Three volumesof ethanol were added to the superna-
tant with vigorousstirring at 4°C. The PSBs were ob-
tained by collecting the preci pitate after centrifugation
at 10,000 rpmfor 20 min, and then re-dissolvedin 1ml
distilled water and dialyzed againgt ditilled water. The
flocculating activity analysiswas conducted asfollows:
alL beaker containing 5 g/L kaolin suspensionwas
placed inasix leagueof dectric mixer for agitation, first
at 150 rpmfor 4 min, thenat 50 rpm for 10min, witha
find standing still for 10 min. The prepared PSBswere
put into the kaolin suspension with2mM CaCl... The
absorbance of the sample and the blank were mea-
sured at 550 nm with a spectrophotometer (APL-
752N, Shanghai, China), respectively. Theflocculating
activity wasdetermined by thefollowing equation:

1
Flocculating activity (%) = (ODpjank — ODgample)/ODpiank X 100% ( )

Shaking flask culture of P. mucilaginosus
GIM1.16
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Single-factor experiments

Liquid culture was carried out in a250-ml flask
containing 100 ml basal medium (20 g sucrose, 0.5g
yeast extract, 2gNa,HPO, in 1 L distilled water, pH
7.5). Initia Mg?, Ca*, Fe*, Zn?" and Cu?* contentsin
basal medium, measured by atomi ¢ absorbance spec-
trometer (Z-2000, Hitachi, Japan), were 12, 28, 1.7,
1.1and 0.9 uM, respectively. Single-factor experiments
were conducted to determinethe optimal concentra-
tion of individua meta ionfor PSBsproduction by P.
mucilaginosus GIM 1.16. The cultures were supple-
mented with MgSO,, CaCl,, FeCl,, ZnSO, and
CuSO,, for Mg, Ca?*, Fe**, Zn?* and Cu?*, respec-
tively. Thelevelsconsidered for Mg?* were800, 1200,
1600 uM, for Ca?* were 250, 500, 1000 uM, for Fe**
were 10, 20, 40 uM, for Zn? and Cu®* were5, 10, 20
UM, respectively. Three replicates and control cultures
without supplemented metal ionswere conducted for
each experiment.

Fractional factorial design (FFD)

Fivemetal ions(Mg?*, Ca?*, Fe*, Zn?" and Cu?")
werechosen asvariablesfor FFD. The parametersfor
thesefivevariablesweredesignated as X, X,, X,, X,
and X, respectively. The concentrations of thesefive
metal ionsfor maximum PSBs production determined
by single-factor experimentswere used asthe highest
level (+1leve) in FFD. A total 10 experimentsinclud-
ing two center points (0 level) werecarried out. The
predicted response of FFD wasbased onthefollowing
firgt-order polynomia modd:

Y:AG—I—ZAI-XL- @)
where Y was the predicted response (PSBs produc-
tion), A,wasthemode intercept, A wasthelinear co-
efficient, and X wasthelevel of independent variable.
Thevariablessignificant at 95% of confidencelevel
(P<0.05) were considered to exert significant effects
on PSBsproduction.

Path of steepest ascent experiment

Threeimportant variables (Mg?*, Ca?* and Fe*)
were screened by FFD. To determinethe appropriate
levelsof these variablesfor the maximizing PSB pro-
duction, path of steepest ascent experiment was con-
ducted. The experiments were conducted till amaxi-
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mum response was obtai ned. Thispoint would be near
the optimal point and could be used asthe center point
for central compositedesign (CCD).

Central compositedesign (CCD)

Central composite design, one of the most com-
mon experimenta designsusedin RSM, wasemployed
toinvestigatethe optimal concentration of metal ions
(Mg*, Ca?* and Fe**) for the maximum PSBs produc-
tion by P. mucilaginosus GIM1.16. The CCD used
wasgenerated by “Design-Expert” software (Trial ver-
sion 8.0.6; Stat-EaseInc., Minneapolis, MN, USA).
According to theresults of FFD and steepest ascent
experiment, thethreemost significant variables(Mg?,
Ca?* and Fe**) werestudied at fivedifferent levels (-
1.68, -1, 0, +1, +1.68) and a set of 20 experiments
wereconducted. Thereationshipsandinterrelationships
of thevariableswere explained by thefollowing sec-
ond-degree polynomid equation:

n n n
Y = AO —|—ZALXI +ZAUX1XJ +ZA_UXJZ (3)
i=1 i<j j=1

where Y was predicted response, A, wasaconstant, A
wasthe linear coefficients, A wasthe second-order
interaction, and A, wasthequadratic coefficient. X and
X weretheleve of independent variable. Inthisstudy,
threevariableswereinvolved, therefore, n=3, Eq. (3)
came to be the following second-order polynomial
equation:

Y=Ag+A1X; + A Xy +As3X3 +AX X, +
A13XiX3 + Ap3XoXs + A XT + A X5 + ApsX5(4)
where Y was the response, X, X, and X, were the
input variables; A wasaconstant; A , A, and A, were
thelinear coefficients; A, A ;and A, werethecross
product coefficients; A, A, and A_, were the qua-
dratic coefficients.

Batch fermentation of the PSBsin fer mentor

Seed cultureswere prepared by the method men-
tionedin section 2.1, and the cultureswereadded to a
3L jar fermentor (New Brunswick BF-115, Germany)
containing 2 L of basal medium or meta ionscomplex-
supplemented medium that gave maximum PSBs pro-
ductionin CCD, respectively. Theculturesinthejar
fermentorswerecultivated at 30°C with stirring at 200
rpm and aeration rate of 1 vvm throughout thewhole
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TABLE 1: Theeffect of themetal ions(M g, Ca?*, Fe*, Zn? and Cu?) with different concentrationson PSBsproduction and
flocculating activity after P. mucilaginosus GIM 1.16 cellswerecultivated for 72h

Levels PSB (g/L) FA (%) Levels PSB (g/L) FA (%)
Mg (uM) Ca®* (uM)

0) 0 0.404+0.029 69.6+1.1 () 0 0.410+0.031 69.1+0.9
() 800 0.807+0.054 77.3:2.6 () 250 0.527+0.036 73.4+2.2
(1 1200 1.198+0.069 82.742.5 (1) 500 0.592::0.020 75.242.8
(IV) 1600 0.656+0.033 76.1+1.8 (1IV) 1000 0.526+0.031 73.6+2.1

Fe** (uM) Zn* (uM)

0) 0 0.424+0.026 68.2+1.6 () 0 0.408+0.024 68.3+1.4
() 10 0.767+0.069 74.243.1 (I 5 0.415+0.026 67.4+1.5
(1 20 0.888+0.052 78.142.5 (1) 10 0.441:0.049 70.5+2.7
(1IV) 40 0.836+0.040 75.8+1.7 (1IV) 20 0.416+0.028 68.9+3.6

Cu* (uM)

0) 0 0.405+0.033 67.1+2.6
() 5 0.421:+0.039 70.9+2.4
(1 10 0.492:0.034 72.8+1.3
(IV) 20 0.407+0.024 71.3+1.2

*FA : Flocculating activity

process. Dissolved oxygen and pH in cultivation were
uncontrolled. At specifictimeintervals, fermentation
brothwascollected for andysis. Thegrowth of thestrain
wasdetermined by dry cell weight. Theculturemedium
was centrifuged at 10, 000 rpm for 20 min. The pellet
was collected and then dried to a constant weight at
105°C. The PSBs in the culture supernatant were pre-
cipitated with three volumes of ethanol at 4°C over-
night. The preci pitatewas collected by centrifugation
and used for PSB concentration analysis, whilethe su-
pernatant wasused for theres dua sugar (sucrose, glu-
cose and fructose) analysis according to the method
bylel,

RESULTSAND DISCUSSION

Single-factor experiments

Theeffect of individua meta ion (Mg?, Ca*, Fe*,
Zr?* and Cu?*) on PSB production by P. mucilaginosus
GIM1.16 wasshowninTABLE 1. Theresultsreveded
that thefivemetd ionsshared similar patternsin affect-
ing the production and floccul ating activity of PSBs,
that is, the production and flocculating activity of PSBs
werefirst increased then decreased with theincreasein
the concentrations of Mg?, Ca?*, Fe**, Zn?* and Cu?
inthe culture, and the maximum PSBsproduction and

flocculating activity wereachieved a themetd ion con-
centration of level 111 (1200 uM Mg?*, 500 uM Ca?%,
20 uM Fe**, 10 uM Zn?* and Cu?*, respectively). Com-
pared with the PSBs production in the basal medium,
themetal ionsMg? (1200 uM), Ca? (500 uM), Fe®
(20 uM), Cu? (10 uM) and Zn?* (10 uM) could in-
crease PSBs production by 197%, 44%, 109%, 21%
and 8%, respectively, indicating that Mg*, Ca?* and
Fe* might exert more positiveinfluenceson the pro-
duction of PSBsthan Cu?* and Zr?*. Similar resultswere
observed that Mg?* and Ca?* exerted positiveand im-
portant effects on exopol ysaccharide biosynthesisin
Pseudomonas aer uginosa®. Fe* could significantly
stimulate exopolysaccharide production in
Paenibacillus polymyxa SQR-21, but Zn?* failed*2.
In Pseudomonas fluorescens WR-1, Ca?* showed
more positive effect on exopol ysaccharide production
than Cu24, Metal ions are known to influence the
types and quantity of metabolite by affecting theen-
zymeactivity involved metabolite biosynthes's, because
metal ionswere the cofactorsfor many enzymesin-
volved inthe growth and metabolism of microorgan-
ismg*2. For example, Mg isthe activatorsfor phos-
phoglucomutasewhichwasthekey enzymeinvolvedin
thebiosynthesisof aginate and Lipopolysaccharidein
Pseudomonas aeruginosal®. Fe* isthe most impor-
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TABLE 2: Fractional factorial design ar rangement and responsesfor PSBsproduction

PSB (g/L)
Runs MgSOs (M) Xy  CaCly (uM) X, FeCls (uM) X5 ZnSO. (uM) Xs  CuSOs (uM) Xs ———=""
1 600 (-1) 250 (-1) 10 (-1) 10 (1) 10 (1) 1.073  1.140
2 1200 (1) 250 (-1) 10 (-1) 5 (-1) 5 (-1) 1436 1444
3 600 (-1) 500 (1) 10 (-1) 5 (-1) 10 (1) 1.085  1.019
4 1200 (1) 500 (1) 10 (-1) 10 (1) 5 (-1) 1247 1240
5 600 (-1) 250 (-1) 20 (1) 10 (1) 5 (-1) 1358  1.292
6 1200(1) 250 (-1) 20 (1) 5 (-1) 10 (1) 1.808  1.801
7 600 (-1) 500(1) 20 (1) 5 (-1) 5 (-1) 1104 1171
8 1200 (1) 500 (1) 20 (1) 10 (1) 10 (1) 1589 1597
9 900 (0) 375 (0) 15 (0) 7.5(0) 7.5(0) 1297 1323
10 900(0) 375 (0) 15 (0) 7.5(0) 7.5(0) 1349 1323

tant micronutrient utilized by bacteriaandisbeing re-
quired asacofactor for many enzymes and iron-con-
taining proteing*?. In our case, the PSBs production
enhanced by Mg?, Fe** and Ca?* might bedueto the
significant effectsof these metal ionson the enzymes
involved in the growth and metabolism of P.
mucilaginosus GIM 1.16.

In addition, themetal ionsM g (1200 uM), Ca?*
(500 uM), Fe* (20 uM), Cu?* (10 uM) and Zn?* (10
uM) could also enhancetheflocculating activities of
PSBs by 19%, 9%, 15%, 8% and 3%, respectively,
comparing with thebasal medium counterparts. More-
over, results showed that for all the concentrations of
themetd ions, therewasapositive correl ation between
the PSBs production and the PSBsfloccul ating activi-
ties that is, thehigher inthe PSBsproduction, thehigher
inthe PSBsflocculating activities. It was assumed that
theincreaseof PSBsflocculating activity might be caused
by theincreasein PSBs production. Similar phenom-
enawere observed in some microorganisms, such as

Cellulomonas sp., Halomonas sp. and Bacillus
Sp_[9,23,24]_

Fractional factorial design

For the FFD experiment, Mg* (X)), Ca** (X)),
Fe* (X)), Zn?* (X,) and Cu* (X)) wereconsidered as
thevariableswiththreelevels(-1, 0, +1). The concen-
tration of each metal ion for maximum PSBs produc-
tion determined by single-factor experiment (1200 uM
Mg?*, 500 uM Ca?*, 20 uM Fe**, 10 uM Cu? and 10
uM Zn?") wasused asthe highest level (+1 level). As
showninTABLE 2, the PSBsproduction varied from

1.073t01.808 g/L inthemediawith different level sof
metal ionscomplex, which indicated the necessity to
optimizethemetal ionsconcentrationsfor maximum
PSBs production. According to theregression analy-
sis, Mg#, Fe* and Cu?* showed positive effects on
PSBs production, while Ca?* and Zn?* played negative
rolesin PSB production (Eg. (5)). Theanaysisof the
variables with confidence levels showed that Mg
(P=0.0018), C&** (P=0.0304) and Fe** (P=0.0068)
were considered asthe most significant variables af -
fecting PSBs production. The predicted response and
test variables could be obtained by thefollowing first-
order polynomia equation:
Y = 1.33 + 0.18X,; — 0.081X, + 0.13X3 — 0.021X, + 0.051X;s (5)
where Y was the predicted response (PSBs produc-
tion), X, X, X,, X, and X, were coded val uesof Mg,
Ca?t, Fe*, Zn* and Cu?, respectively.
Theanaysisof variance (ANOVA) showed that
F-value and the P-value were 19.31 and 0.0066, re-
spectively, indicating that the mode washighly signifi-
cant. Thedetermination coefficient R? of themodd was
0.96, which indicated that 96% of thevariability inthe
response could be explained by themodd.

Path of steepest ascent experiment

Sincetheresultsof FFD werefar from the actual
optimum, the steegpest ascent experiment was carried
out to determi ne the optimum domain of PSBsproduc-
tion. The steepest ascent experiment started from the
center point of FFD and moved along the path where
the concentrations of Mg?* and Fe* increased, while
Ca?* concentration decreased (TABLE 3). Theresults
showed that the maximum PSBsproduction (2.151 ¢/
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L) wasachievedin run 5, indicating that the maximum
PSBs production would be near thispoint. Therefore,
themetd ionscomplex of run 5was chosen asthe cen-
ter point of CCD.

Central compositedesign (CCD)

Based ontheresults of steepest ascent experiment,
CCD wascarried out to determine the optimum con-
centrations of themetal ions(Mg?, Ca?* and Fe**) for
the maximum PSBsproduction. Thevaueof responses

TABLE 3: Experimental design and resultsof the steepest
ascent path

Run MgSO4 (uM) CaCl, (uM) FeCl; (uM) PSB production (g/L)

(PSBsproduction) obtained under different conditions
of combined application of metal ionswereshownin
TABLE 4. By employing multipleregresson anaysisto
theexperimenta dataof PSBs production, the predicted
response and test variables could be obtained by the
foll owing second-order polynomia equation:
Ypsp = 2.17 4 0.15X, + 0.058X, + 0.064X, + 0.035X,X, —
0.036X,X; — 0.060X,X5 — 0.089X2 — 0.12X2 — 0.049X2 (6)
The gtatistical significance of regression equation
was checked by F-test, and theand ysisof variancefor
response surface quadratic polynomia mode wascon-
ducted by Design-Expert. Thedetermination coefficient
R? of themode was0.95for Eq. (6), whichindicated
therewas high degree of correl ation between the ex-

1 900 375 15 1331
2 950 350 16 1.534 perimental and predicted valuesfor PSBs production.
3 1000 325 17 1.703 TheF-vaues(21.23) and thelow P-values (<0.0001)
4 1050 300 18 1.891 demonstrated that the model swere highly significant
5 1100 275 19 2151 (TABLE 5). In addition, the P-value for lack of fit
6 1150 250 20 1.916 (0.5262) implied thelack of fit werenot Sgnificant rla
7 1200 200 21 1.742 tivetothepureerror (TABLE5). Therefore, themodel
8 1250 175 22 1.548 for PSBs production wasfound to be adequatefor pre-
9 1300 150 23 1.387 diction within the range of variablesemployed. The
TABLE 4: Central compositedesign arrangement and responsesfor PSBsproduction
PSB (g/L)
Run MgSO, (uM)X4 CaCl, (uM)X, FeCl3(pM) X3 Actual Prodicted

1 1050(-1) 250(-1) 18.00(-1) 1.562 1.582

2 1150(1) 250(-1) 18.00(-1) 1.923 1.889

3 1050(-1) 300(1) 18.00(-1) 1.811 1.748

4 1150(1) 300(1) 18.00(-1) 2.168 2.193

5 1050(-1) 250(-1) 20.00(1) 1.914 1.901

6 1150(1) 250(-1) 20.00(1) 1.990 2.064

7 1050(-1) 300(1) 20.00(1) 1.782 1.827

8 1150(1) 300(1) 20.00(1) 2.138 2.129

9 1016(-1.68) 275(0) 19.00(0) 1.654 1.666

10 1184(1.68) 275(0) 19.00(0) 2.206 2.178

11 1100(0) 233(-1.68) 19.00(0) 1.763 1.740

12 1100 (0) 317(1.68) 19.00(0) 1.928 1.934

13 1100 (0) 275 (0) 17.32 (-1.68) 1.893 1.929

14 1100 (0) 275 (0) 20.68 (1.68) 2.195 2.143

15 1100 (0) 275 (0) 19.00(0) 2.237 2.174

16 1100 (0) 275 (0) 19.00(0) 2.072 2.174

17 1100 (0) 275 (0) 19.00(0) 2.145 2.174

18 1100 (0) 275 (0) 19.00(0) 2.142 2.174

19 1100 (0) 275 (0) 19.00(0) 2.220 2.174

20 1100 (0) 275 (0) 19.00(0) 2.223 2.174
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coefficient estimatesof Eq. (6), alongwiththecorre-
sponding P-vaue, weresummarizedin TABLES. The
linear coefficients (X, X, and X,), cross-product coef-
ficient (X,X,) and quadratic term coefficients (X 2, X,?
and X %) weresignificant, while the other term coeffi-
cients (X X, X X,) werenot significant.

Thedimens ona responsesurface curveswereplot-
ted to study the effects of theinteraction between two
test variableson theresponse (Figure 1), and provided
thelocation of optimum experimental conditiong??.
Accordingtotheanalysisof theresponse surface con-

TABLE 5: Analysisof variancefor predictiveequation for
PSBsproduction by P. mucilaginosusGIM 16

Source  Sumof squares df Meansquare F-value Prob>F
Model 0.770 9 0.085 21.23 <0.0001"
Residual 0.040 10 4.026E-003
Lack of fit 0.020 5 3.901E-003 094  05262"°
Pure error 0.021 5 4.150E-003
Cor total 0.810 19
X1 0.32 1 0.32 78.57  <0.0001"
Xz 0.045 1 0.045 11.28  0.0073"
X3 0.055 1 0.055 1370  0.0041”
XXz 9522E-003 1 9522E-003 237 01551
X1X3 0.010 1 0.010 254 01421
X2Xs 0.029 1 0.029 7.09  0.0238
X? 0.11 1 0.11 28.40  0.0003"
x% 0.20 1 0.20 50.65 < 0.0001"
x% 0.034 1 0.034 851  0.0154°

* < 0.05; ** <0.01; NS: non-significant.

(a)

2o}
PSB(g/L) .

Ca ‘,-',,--.;._"'_":' Mg
(c)

PSB(g/L}

Ca

tour plots, themodd showed that theoptimum level sof
the three variables were at 1150 uM MgSO,, 290.1
uM CaCl, and 19.1 uM FeCl,, and predicted that the
maximum PSBsproduction was 2.25 g/L. Five addi-
tiona experimentsin the shaking flaskswith optimum
conditionswere conducted to validate the adequacy of
the predicted val ue, and the actua mean vaue of PSBs
production was2.236 g/L, which wasin close agree-
ment withthe predicted va ue.

Batch fermentation for PSBs production by P.
mucilaginosus GIM1.16

Tofurther evaluate the effects of metal ionscom-
plex ontheproductionand flocculaing ectivitiesof PSBs
by P. mucilaginosus GIM 1.16, batch fermentation for
PSBsin 3L jar fermentor containing basal medium or
meta ions-supplemented medium with optimal metal
ions concentrationsin CCD was conducted, respec-
tivdy (Figure2). Theprofileof cdl growth showed good
correspondenceto the production and floccul ating ac-
tivitiesof PSBsinthetwo media, indicating that the
PSBswasformed during cdll growth rather than during
cel lysig?, Theseresultswerea soinagreement with
those of single-factor experiments. In addition, it was
clear that themaximum dry cell weight (6.93 g/L), maxi-
mum PSBsproduction (2.513 g/L.) and maximum floccu-
lating activity (95.2%) in meta ions-supplemented me-
dium, respectively, wereobtained at 18 h, 21 hand 18
h, whichwere9 h, 12 hand 12 h earlier than in basal
medium. Theseresultsindicated thefermentation pe-

(b)

PSB(2/L)

Fe

Fe

Figure 1: Response surface 3D plotsof theinfluence of (a) M g? and Ca*, (b) M g? and Fe*, (c) Ca* and Fe** and their
interactiveinter actionson the PSBsproduction by P. mucilaginosusGIM 1.16
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riod could be shorten when P. mucilaginosusGIM 1.16
cdllsgrew in metal ions-supplemented medium, com-
paring withthat of basal medium. Metd ionsareknown
to exert significant effectson maintaining cellular me-
tabolism and enzyme activities®!, and theincreasein
certan enzymeactivitiescould shorten thefermentation
period?. In our case, the metal ions might promote
theactivities of several key enzymesinvolvedincell
growth and PSBshbiosynthesi sto shorten thefermenta-
tion period.

Theresults(Figure 2) a so showed that the maxi-
mum flocculating activity of PSBsinthemeta ions-
supplemented medium could beincreased by 26.3%,
comparing with that in basal medium. It appeared that
thereason for theincreasein flocculating activity of the
PSBsfrom meta ions-supplemented medium wasthe
enhanced production of PSBs.

From Figure 2b, the maximum PSB productionin
meta ions-supplemented mediumwas2.513g/L, which
was about 6.11 timesover than that of basal medium.

a
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Figure2: Batch production of the PSBsfrom P. mucilaginosus
GIM 1.16inthe(a) basal medium and the (b) metal ionscom-
plex-supplemented medium. Flocculating activity (filled tri-
angle), PSB (filled circle), Cell dry weight (filled square), pH
(open circle), residual sugar (open square)

Theresidud sugar content inthemeta ion-supplemented
mediumwasonly 0.83 g/L after 36 h cultivation, indi-
cating ahigher consumption efficiency of sucrose (96%)
than that in basal medium (66%). It isworthwhile not-
ing that adding asmall amount of metal ionstothecul-
ture medium not only could enhancethe PSBs produc-
tion, but a so significantly increasetheconversionrate
of carbon source to PSBs by 199% compared with
that in basal medium. Liu et al.l’% optimized the
exopolysaccharide production by Paenibacillus
polymyxa EJS-3 through the optimization procedure
of carbonand nitrogen sources, and theconversionrate
of carbon source to exopolysaccharidewasonly in-
creased by 23.5%. Li et a.[ employ similar method to
enhance the PSB production by Paenibacillus el gii
B69, only 16% increaseinthe conversionrate of car-
bon sourceto PSB was obtained. In our case, adding
smadl amount of meta ionscomplex tothecultureme-
dium could significantly enhance the production and
flocculating activity of PSBs by P. mucilaginosus
GIM1.16. Thus, ascomparing with another common
way to enhance PSBs production and activitiesby in-
creasing carbon and nitrogen sourceswhich areknown
to beexpensiveingredientsfor industrial production,
metal ions-complex isrelatively chegper but with better
performanceinimproving PSBs production and activi-
ties, and thismethod might beapromisingway for the
indugtrid production of PSBs.

CONCLUSIONS

Inthe present study, the single-factor experiments
showed that Mg?*, Ca2* and Fe* exerted moreimpor-
tant and positive effectsthan Zn?* and Cu?* onthe pro-
duction andflocculating activity of PSBs, becausethese
threemeta ions(Mg?*, Ce?* and Fe*) could increase
the PSBs production by 197%, 44%, 109% and in-
crease thefloccul ating activity of PSBsby 19%, 9%,
15%, respectively. RSM wasthen used to further opti-
mi ze the concentrations of the threeimportant metal
ions, and the maximum PSBsproduction (2.236 g/L)
wasachieved with 1150 uM MgSO,, 290.1 uM CaCl,
and 19.1 uM FeCl,. Theresultsof batch fermentation
for PSBsproductionindicated that addingasmal amount
of metal ionsto themedium not only could shortenthe
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fermentation period for about 12 h, but also increase
theconversonrateand theflocculating activity of PSBs
by 199% and 26.3%, respectively. Suchwork may also
be helpful to other microbia fermentation processesfor
enhanced PSBs production under [aboratory and com-
mercid conditions.

ACKNOWLEDGEMENTS

Thiswork was supported by the National Science
Fundsfor the Excd lent Youth Scholars(No. 31222043),
the PhD Start-up Fund of Natural Science Foundation
of Guangdong Province (S2012040007734) and Fun-
damental Research Fundsfor the Central Universities
(2014ZM0062).

REFERENCES

[1] H.M.Oh, SJ.Lee, H.M.Park, H.S.Kim, H.C.Kim,
J.H.Yoon, GS.Kwon, B.D.Yoon; Harvesting of
Chlorella vulgaris using a bioflocculant from
Paenibacillus sp.Biotechnol.Lett., 23, 1229-1234
(2001).

[2] P.Prasertsana, W.Dermlima, H.Doelleb,
J.E.Kennedy; Screening, characterization and floc-
culating property of carbohydrate polymer from
newly isolated Enterobacter cloacae WD7.
Carbohydr.Polym., 66, 289-297 (2006).

[3] M.F.Elkady, S.Farag, S.Zaki, G.Abu-Elreesh,
D.Abd-Ei-Haleem; Bacillusmojavensis strain 32A,
abiofloccul ant-producing bacterium isolated from
an Egyptian salt production pond.
Bioresour.Technol ., 102, 8143-8151 (2011).

[4] FFreitasa, V.D.Alvesh, C.A.V.Torresa, M.Cruza,
|.Sousab, M.J.Meloa, A.M.Ramosa, M.A.M. Reisg;
Fucose-containing exopol ysaccharide produced by
the isolated Enterobacter strain A47 DSM 23139.
Carbohydr.Polym., 83, 159-165 (2011).

[5] L.FLiu, W.Cheng; Characteristicsand culture con-
ditions of abioflocculant produced by Penicillium
sp. Biomed.Environ.Sci., 23, 213-218 (2010).

[6] S.B.Deng, R.B.Bai, X.M.Hu, Q.Luo; Characteris-
tics of a bioflocculant produced by Bacillus
mucilaginosusand itsusein starch wastewater treat-
ment. Appl. Microbiol. Biotechnol., 60, 588-593
(2003).

[7] O.Li, C.Lu, A.Liu, L.Zhu, PM.Wang, C.D.Qian,

X.H.Jiang, X.C.Wu; Optimization and character-
ization of polysaccharide-based bioflocculant pro-
duced by Paenibacilluselgii B69 and its application
inwastewater trestment. Bioresour. Technol., 134,
87-93 (2013).

[8] H.J.Zhao,H.T.Liu, J.G.Zhou; Characterization of a
bioflocculant MBF-5 by Klebsiellapneumoniae and
its application in Acanthamoeba cysts removal.
Bioresour. Technal., 137, 226-232 (2013).

[9] J.He, Q.W.Zhen, N.Qiu, Z.D.Liu, B.J.Wang,
Z.GShao, Z.N.Yu; Medium optimizationfor the pro-
duction of a novel bioflocculant from Halomonas
sp. V3a2 using response surface methodol ogy.
Bioresour. Technol., 100, 5922-5927 (2009).

[10] JLiu, JGLuo, H.Ye, Y.Sun, Z.X.Lu, X.X.Zeng;
Medium optimization and structural characteriza-
tion of exopolysaccharides from endophytic bacte-
rium Paenibacillus polymyxa EJS-3. Carbohydr.
Polym., 79, 206-213 (2010).

[11] A.H.R.Aljuboori,A.ldris, N.Abdullah, R.Mohamad,;
Production and characterization of abioflocculant
produced by Aspergillusflavus. Bioresour. Technal .,
127, 489-493 (2013).

[12] W.Raza, X.M.Yang, H.S.Wu, Q.W.Huang, Y.C.Xu,
Q.R.Shen; Evaluation of metal ions (Zn?, Fe* and
Mg?) effect on the production of fusaricidin-type
antifungal compounds by Paenibacillus polymyxa
SQR-21. Bioresour.Technol., 101, 9264-9271
(2010).

[13] V.Jambhulkar; Effect of various metal ions on
glucoamylase and citrate lyase activities of Rhizo-
pus nigricans in production of lipids. Asiatic
J.Biotech.Res,, 3, 1134-1139 (2012).

[14] X.F.Hu, J.S.Chen, J.F.Guo; Two phosphate- and
potass um-solubilizing bacteriaisolated from Tianmu
mountain, Zhejiang, China. World J.Microb.Biot.,
22, 983-990 (2006).

[15] B.B.Basak, D.R.Biswas; Influence of potassium
solubilizing microorganism (Bacillus mucil aginosus)
and waste mica on potassium uptake dynamics by
sudan grass (Sorghum vulgare Pers.) grown under
two afisols. Plant Soil, 317, 235-255 (2009).

[16] B.Lian, Y.Chen, J.Zhao, H.H.Teng, L.J.Zhu,
S.Yuan; Microbial flocculation by Bacillus
mucilaginosus; Applications and mechanisms.
Bioresour. Technal., 99, 4825-4831 (2008).

[17] B.B.Mo, B.Lian; Hg (I1) adsorption by Bacillus
mucilaginosus mechani sm and equilibrium param-

s LBioTechnology

An Tudian Yourual



264

FULL PAPER o

Evaluation of metal ions on the production and flocculating activity

BTAIJ, 11(7) 2015

eters. World J.Microb.Biot., 27, 1063-1070 (2010).

[18] M.Duboais, K.A.Gilles, J.K.Hamilton, PA.Rebers,
F.Smith; Colorimetric method for determination of
sugarsand rel ated substances. Anal .Chem., 28, 350-
356 (1956).

[19] A.Lazaridou, T.Roukas, C.GBiliaderis, H.Vaikousi;
Characterization of pullulan produced from beet mo-
lasses by Aureobasidium pullulansin astirred tank
reactor under varying agitation. Enzyme
Microb.Tech., 31, 122-132 (2002).

[20] L.O.Martins, L.C.Brito, |.Sa-Correia; Roles of
Mn?, Mg? and Ca?* on alginate biosynthesis by
Pseudomonas aeruginosa. Enzyme Microb. Tech.,
12, 794-799 (1990).

[21] W.Raza, W.Yang, Y.Jun, F.Shakoor, Q.W.Huang,
Q.R.Shen; Optimization and characterization of a
polysaccharide produced by Pseudomonas
fluorescens WR-1 and its antioxidant activity.
Carbohydr. Polym., 90, 921-929 (2012).

[22] RW.Ye, N.A.Zielinski, A.M.Chakrabarty; Purifi-
cation and characterization of
phosphomannomutase/ phosphoglucomutase from
Pseudomonas aeruginosainvolved in biosynthesis
of both alginateand lipopolysaccharide. J.Bacterial .,
176, 4851-4857 (1994).

[23] Y.Zheng, Z.L.Ye, X.L.Fang, Y.H.Li, W.M.Cai; Pro-
duction and characteristics of a bioflocculant pro-
duced by Bacillus sp. F19. Bioresour.Technal ., 99,
7686-7691 (2008).

[24] U.U.Nwodo, A.I.Okoh; Characterization and floc-
culation propertiesof biopolymeric flocculant (gly-
cosaminoglycan) produced by Cellulomonas sp.
Okoh.J.Appl.Microbiol., 114, 1325-1337 (2013).

[25] Jlsar, L.Agarwal, S.Saran, R.K.Saxena; Succinic
acid production from Bacteroidesfragilis: Process
optimization and scale up in a bioreactor. Anaer-
obe, 12, 231-237 (2006).

[26] X.Y.Ge and W.G.Zhang; A shortcut to the produc-
tion of high ethanol concentration from jerusalem
artichoketubers. Food Technol .Biotechnal ., 43, 241-
246 (2005).

BioTechnologqy —

Hn Tudian Jounual



