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Abstract

Background: A new prototype of bio-conditioner useful in rehabilitation of degraded soils was performed. In order
to obtain this aim two stages were established: production of biomass of Microbacterium sp. CSB3 and formulation of
this inoculum in a sediment supplemented with low-rank coal (LRC).

Materials and methods: The effect of agitation and pH on microbial growth was determined. As response variables,
the final production of biomass (Xf) and yield (Yx/s) were determined. Growth dynamics of CSB3 in a 2-L reactor was
also evaluated through Xf, Yx/s and the determination of kinetic parameters (specific growth rate [u] and duplica-
tion time [Dt]). The formulation of CSB3 was evaluated; mixtures of several LRC proportions with a sediment from a
municipal agueduct were made. During 90 days, the viability of CSB3 was monitored by counting CFU.

Results: The optimal pH and agitation for Xf and Yx/x were 7.5 and 232 rpm, respectively; the values of Xf, Yx/s, u and
Dt in 2-L reactor were: 1.5 gL™',0.28 g/g, 0.0208 h~', 33.3 h, respectively. Regarding the formulation, the most suitable
combination to conserve the viability of CSB3 was LRC 25%—sediment 75%; the heavy metals content of LRC allow to
infer that the prototype of bio-conditioner does not represent a pollution risk for environment soil.

Conclusions: It was possible to optimize the growth of CSB3 under laboratory conditions. The viability of CSB3 could
be maintained by a formulation in a sediment supplemented with lignite; this formulation constitutes a new proto-
type of soil bio-conditioner.
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Background [1]. It has also been observed that the direct application

Low-rank coals, which are a by-product of coal mining,
have low calorific value and lack commercial interest;
however, they are an important source of humic sub-
stances with potential applications at agricultural and
industrial levels. Some research works have provided
evidence of the ability of some bacteria to solubilize such
coals and release humic substances during the process
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of these coals, inoculated with coal-solubilizing bacteria,
has a positive effect on the edaphic properties of post-
mining soils [2]. Such background places the possibility
of developing useful bioproducts within a rational con-
text in the rehabilitation of degraded soils from the inter-
action of these bacteria and low-rank coals.

The production of microbial biomass, for the produc-
tion of biological inoculants, requires the optimization,
adjustment and control of variables related to microbial
growth, such as pH, agitation, oxygen supply (if required),
and temperature, among others [3, 4]; in this manner,
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each microbial species has specific requirements, which
must be determined if future modeling and scaling pro-
cesses are to be considered [3].

Formulation consists of mixing a cell suspension, at a
known concentration of the selected microorganism,
with a solid or liquid substrate, which allows it to retain
its viability and activity for a defined timeframe [5]; thus,
the way of supplying or formulating the inoculant in the
soil-plant system is determined.

The substrate selected for the formulation must be
inexpensive and easy to access, as well as easy to use,
which keeps the viability and microbial activity for a rea-
sonable time, features chemical and physical uniformity,
it is non-toxic, with moisture retention capacity, easy to
sterilize, and not causing any alterations in the soil [6]; in
this way, several substrates have been evaluated: humic
substances (HS) and chelates of iron and magnesium [5],
peat [7], zeolite [8], alginate polymers [9], silty sediments
rich in organic material from the pre-decantation of sol-
ids in drinking water treatment plants [6], among others;
the physical and chemical properties of low-rank coal
could be useful for the formulation of biological inocu-
lants of agricultural interest. There are no reports on the
formulation of coal-solubilizing bacterial strains (CSB) in
low-rank coals (LRC).

The purpose of this work was to evaluate the effect of
pH and agitation on the biomass production of Microbac-
teium sp. CSB3. In laboratory conditions, additionally, a
2-L bioreactor test was also carried out to determine the
behavior of biomass production with previously opti-
mized factors; as response variables, biomass yield was
quantified with respect to the consumption of substrate
(Yx/s), specific speed of growth (4) and duplication time
(Dt). Furthermore, the formulation of the strain was eval-
uated in a mixture of lignite-like LRC and silty solids from
a drinking water treatment plant; such sediments have
previously demonstrated the ability to maintain the viabil-
ity of bacterial strains with biotechnological potential for
agricultural purpose, given their content of organic matter
and their capacity to maintain humidity for long periods
of time. It was hypothesized that the chemical compo-
sition of coal and its porous structure will contribute to
maintaining the viability of the CSB3 strain.

Previous work provided evidence of improvement in
edaphic indices of soils degraded by mining due to the
joint application of CSB and LRC strains; these results
were attributed to the in situ solubilization of LRC by the
strains with a subsequent release of humic substances
into the edaphic environment and changes in soil struc-
ture induced by the application of coal [2]; on the other
hand, in vitro studies allowed for the inference that the
CSB3 strain has a superior ability to solubilize LRC with
respect to other strains; therefore, it is more efficient in
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the biological production of HS [1]. In this sense, this
work seeks to capitalize the potential of the CSB3—LRC
interaction to develop the preliminary formulation of a
bio-conditioner prototype that is potentially useful in the
treatment of degraded soils.

Materials and methods

Effect of pH and agitation on biomass production and yield
of Microbacterium sp. CSB3 in MeLac (molasses-whey)
medium

Microbacterium sp. CSB3 was isolated from mining area
of the Colombian Caribbean, this strain was previously
reported for its high capacity to solubilize coal and pro-
duce humic substances through this process [1, 10].

The evaluation, under culture conditions, of CSB3, was
made in MeLac medium [11], which was previously opti-
mized for biomass production of CSB3; MeLac medium
was optimized from molasses and whey. In order to know
the effect of agitation and pH on the production of CSB3
biomass, a surface response design of 2> was used [12],
with five repetitions of the central point (Table 1). The
experiment was carried out in glass containers with a
capacity of 1 L, with 450 mL of MeLac; the inoculum was
constituted by 50 mL of CSB3 culture in a 50:50 mixture
of MeLac and nutritive broth (Oxoid®), at a concentra-
tion of 0.8 g L™! (dry weight of biomass).

Bottles with 500 mL of working volume were incu-
bated at 30+2 °C; pH was modified with 0.5 N HCI and
0.5 N NaOH, depending on the need. An orbital shaker
was used to change the agitation as required by the
experiment.

Microbial growth and substrate consumption curves
were made for each combination with the purpose of

Table1 23 design for pH evaluation and agitation
required to optimize CSB3 biomass production

Run pH Agitation pH Agitation (rpm)
1 —1 1 6,5 300
2 —1 —1 6,5 150
3 0 0 7,0 225
4 0 —1 7,0 150
5 —1 0 6,5 225
6 0 0 7,0 225
7 0 1 7,0 300
8 1 1 75 300
9 0 0 7,0 225
10 1 —1 7,5 150
11 0 0 7,0 225
12 0 0 7,0 225
13 0 0 7,0 225
14 1 0 75 225
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obtaining the final production and yield of biomass in
order to establish the optimum agitation and pH. Sam-
ples and measurements were taken every 4 h for 72 h, the
samples were not stored in refrigeration; the measure-
ments were made in real time.

Biomass was determined by dry weight, and yield by
using the following mathematical model:

Yx/s = (Xf—Xo)/(So—Sf), grams of biomass formed/
gram substrate consumed. where Xf is final biomass; Xo
is initial biomass; So is initial substrate; Sf is final sub-
strate [13].

The monitoring of substrate consumption during the
growth curve was made by determining the reducing
sugars in the previously obtained and refrigerated sam-
ples [14].

Sucrose hydrolysis

Sucrose, the main source of carbon in molasses, is not a
reducing sugar; therefore, it must be hydrolyzed for deter-
mination purposes. For this, a sucrose standard curve was
constructed, with a concentration range from 0 to 6 g L™,
Then, 2 mL of each of the concentrations was taken and
2 mL of 18.5% HCl was added; this mixture was made
in glass tubes, which were vigorously stirred and heated
at 92° C for 10 min. The reaction was held on ice. Sub-
sequently, three drops of phenolphthalein were added to
each of the samples, followed by 25% NaOH until a light
pink tone was observed. Finally, 5% HCI was added and
stirred again [14]. The same procedure was practiced on
the samples obtained from the growth curve, both in the
designed medium and in the control medium.

Determination of reducing sugars

Reducing sugars were determined in hydrolyzed sam-
ples, using the dinitrosalicylic acid (DNS) technique [14].
0.25 mL of the hydrolyzed medium was taken, which
was mixed in glass tubes with 0.25 mL of the DNS rea-
gent; then, the tubes were heated in a boiling water bath
for 5 min. The reaction was held with ice. 2.5 mL of dis-
tilled water was added to each tube, then stirred, and
an absorbance reading was performed at 540 nm [14].
Absorbance values were interpolated with the sucrose
pattern curve to determine substrate consumption
during the growth curve, when the absorbance values
exceeded the maximum value of the curve, the samples
were diluted and the concentration was subsequently
corrected.

CSB3 biomass production test in a 2-L fermenter

After obtaining pH and agitation values that allowed for
an optimization of Xf and Yx/s, under the experimental
conditions evaluated, a fermentation test was performed
in duplicate in a 2-L reactor equipped to measure and
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control temperature, agitation and pH. A working vol-
ume of 75% of the reactor capacity (1.5 L) was used and
the inoculum made up for 10% of the work volume; the
inoculum consisted of a liquid culture of CSB3 at a con-
centration of 0.8 g L™, in a 70:30 MeLac—nutrient broth
mixture. As a response variable, Xf, Yx/s and p were
taken into account [specific growth rate (h™1)] [11].

Formulation of inoculant in lignite-like LRC as vehicle

A lignite-type LRC was used as a substrate, this was
obtained from the mining area of the Colombian Car-
ibbean (La Guajira) and typically has high content of
humified organic matter [1]. The lignite was crushed
and sieved to a particle size of less than 2 mm and was
elementally characterized [C, N, O, S (ASTM protocol
D5373 in an EAI CE-440 elementary analyzer)], avail-
able phosphorus (Olsen method) [15], humidity, volatile
material, fixed carbon and ash (by the thermogravimetric
method), heavy metals (As, Cd, Cu, Pb, Hg and Zn, by the
digestion method in nitric acid, hydrochloric acid, hydro-
gen peroxide and atomic absorption spectrophotom-
etry according to EPA 3050B protocol) [16]. The above
was done to rule out levels of toxicity that may affect
soil, plants or microbial activity. In addition, in conjunc-
tion with the LRC, a silty sediment with a high content
of organic matter from the pre-decanters of the drinking
water treatment plant in the city of Valledupar was used.
This sediment was elementally characterized and has
proved to be a useful support in the maintenance of the
viability of bacterial and fungal strains that promote plant
growth for 75 days [6].

LRC was mixed with the sediment in different propor-
tions (treatments) and distributed in sealed glass bottles
at a ratio of 300 g (experimental units) (Table 2). Once
the mixtures were obtained, they were sterilized in an
autoclave at 15 psi, 121° C for 1 h. An inoculum of 3 x 108
cells mL™" of CSB3 was prepared in MeLac medium,
which was permeated in the substrate at a concentration
of 42% v/p. The bottles with inoculated substrate were
stored at a temperature of 25 °C+£2; the cell viability of

Table2 Treatments used to determine the effect
of substrates on CSB3 viability

Treatments Description Final weight Inoculum
per experimental 3 x 108
unit (mL)

T Sediment alone 300 125

T2 Sediment+LRC (75:25) 300 125

T3 Sediment+LRC (50:50) 300 125

T4 Sediment+LRC (25:75) 300 125

T5 LRC alone 300 125
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Table 3 Optimal pH and agitation values for CSB3 biomass
production

Factor Optimum =2,96,784 g/L (biomass)
Coded units Value

pH -1 6.5

Agitation —0.125918 2155

Table 4 Optimum pH and agitation values for CSB3 yield

Factor Optimum =1,79,505

Coded units Value
pH 1 75
Agitation 0.237973 242.8

the inoculum was determined by plating and counting
typical colony forming units (CFU) of CSB3 at 0, 30, 60
and 90 days [6].

To evaluate the viability of CSB3, a completely ran-
domized experimental design was used with 5 treat-
ments and 5 repetitions for a total of 25 experimental
units (Table 2). The most suitable substrate mixture was
selected for the conservation of the strain’s viability. In
order to obtain evidence of the adherence of CSB3 bac-
terial cells to the selected treatment, the procedure was
repeated with this treatment, and after 30 days of stor-
age under the conditions previously described, bacterial
structures were observed on the substrate using scanning
electron microscopy (SEM) with a JEOL electron micro-
scope, Reference JSM-5910LV.

Statistical analysis
To study the joint effect of agitation and pH, a surface
optimization design of 2% response was used with the
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Statgraphics Centurion package. Regarding the formu-
lation, data were analyzed by the Mann—Whitney test,
with a 95% confidence interval, due to lack of fit to gen-
eralized linear models.

Results

Effect of pH and agitation on biomass production and yield
of Microbacterium sp. CSB3

To obtain maximum yield and maximum biomass pro-
duction, the optimum agitation values are similar (242.8
and 215.5 rpm, respectively); however, the optimum pH
for biomass production was 6.5 (Table 3, Fig. 1b), and
7.5 for the yield (Table 4, Fig. 2b). When doing the mul-
tiple response analysis, which seeks to obtain an optimal
joint response for both variables, optimal agitation was
232 rpm, while the pH was 7.5 (Table 5, Fig. 3).

This result can be explained by the dynamics observed
in the graphs of main effect for both variables; although
for biomass production the optimum value was the low-
est level (6.5), the curve that defines pH behavior in the
experiment is observed on an almost linear basis (Fig. 4),
which indicates a non-significative difference between
pH values; nevertheless, regarding to the yield, the main
effect chart shows that the optimum pH for obtaining the
maximum possible yield was 7.5 (Fig. 5). Therefore, the
multiple response is the result of the integration of the
optimization of factors for both response variables.

CSB3 biomass production test in 2-L bioreactor

The growth curve of CSB3 indicates an adaptation phase
of 16 h with diauxic growth during this period (Fig. 6a);
the exponential phase occurred between 16 and 36 h,
while the stationary phase occurred between 36 and 48 h.
During this period, the highest biomass production was
obtained (1.6 g L™'). The highest consumption of sub-
strate was presented at 48 h (17.6 g L™}, starting from
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Fig. 1 Optimization of biomass production as a function of agitation and pH. a Pareto diagram for the analysis of the statistical significance of
factors; factors: a pH and B: agitation. b Response surface of CSB3 biomass production, X axis: pH ranges in codes units; Y axis: bacterial biomass
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Fig. 2 CSB3 yield optimization (Yx/s) in the molasses—whey culture medium as a function of agitation and pH. a Pareto diagram for the analysis of
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Fig. 4 Chart of main effects of pH and agitation in CSB3 biomass
production

Table5 Optimum values of pH and agitation
for the “biomass production” and “yield” multiple
response of CSB3 in the optimized medium

Factor Optimum: biomass: 2,90,801

Yield: 1,77,901

Coded units Value
pH 1 75
Agitation 0.0954204 2322

Chart main effects for Yield
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Fig. 5 Chart of main effects of pH and agitation in CSB3 yield

an initial concentration of 21.3 g L™! of reducing sugars
as a product of hydrolysis) and remained constant until
the end of the process (Fig. 6 b). The final production and
yield of biomass (56 h) featured lower values than those
obtained in the previous test (Table 6), in which the work
volume utilized was 500 mL. The values for y, Yx/s and
Dt were 0.0208 h™!, 0.28 g/g and 33.3 h, respectively
(Table 6).



Pantoja-Guerra and Valero-Valero Chem. Biol. Technol. Agric. (2020) 7:3 Page 6 of 11
a 18 b =
16 o )
} 20
) 14 E
oS 12 -
:‘:‘f S 15
2 10 B
0 g
2 08 53
: R
g 06 £
B 0,4 e
) I
0,2
0,0 0
0 105 20 30 20 50 60 0 10 20 30 40 50 60
Time (hours) Time (hours)
Fig. 6 CSB3 growth curve in a 2-L bioreactor. a Biomass production (g L™"). b Substrate consumption (g L™

Table 6 Biomass yield with respect to substrate
consumption (Yx/s) and kinetic parameters of microbial
growth

Parameter Result

Final biomass production (Xf) (g L™
Yield (Yx/s) (0/9) 0.28 (SD: 0.02)
Specific rate of growth () (h=" 0.0208
Duplication time (Dt) (h) 333

1.5 (SD: 0.035)

Formulation of inoculant in lignite-type LRC as carrier

All treatments evaluated in order to optimize the for-
mulation of CSB3 in sediments proposed showed a
gradual reduction with cell concentration, expressed
in CFU (Fig. 7). The most suitable treatment for the
conservation of CSB3 viability was LRC 25%:sediment
75%, since it featured the highest R? value (0.85), which
indicates that the statistical model that gave rise to the

trend line observed in Fig. 7 can explain in up to 85%
the result obtained; in addition, this treatment pre-
sented a higher average during the 90 days of the trial
(Table 7). It was also observed that the highest coal
concentrations reduced the viability of CSB3 during
the shelf life. The analysis by SEM (Fig. 8), provides evi-
dence of the colonization of bacterial structures on the
surface of the carrier after 30 days of inoculation and
conservation.

The elemental composition of LRC showed a high
carbon content and the presence of N and S. The deter-
mination of P (Table 8) refers to the available element;
it must be taken into account that the content of P in
LRC (0.009 mg kg™?!) is lower than that obtained in the
sediment (0.051 mg kg™ !). Table 9 shows the content of
heavy metals in the LRC used as one of the supports in
the formulation; the content of heavy metals is within the
normal allowable range for soil according to the EPA and
other entities such as the UN Economic Commission for

(p<0.05)
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Fig. 7 Viability of CSB3 during 90 days in LRC-sediment. Results are expressed in CFU/g (Y axis) vs time—days (X axis). Mann-Whitney test
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Table 7 Statistical analysis of CSB3 formulation in the LRC-sediment mixture. Mann-Whitney test (p <0.05)

%LRC Average Lowest Highest Shapiro-Wilk Mann-Whitney test Confidence
25 54938 204.54 894.21 0.00 20 0.95

0 497.50 251.79 743.21 0.00 2.0 0.95

75 41941 109.99 728.83 0.00 20 0.95

50 340.80 74.26 607.34 0.00 45 0.95

100 33345 73.99 59291 0.00 45 0.95

Table 8 Elementary characterization of LRC and sediment
used for the formulation of CSB3 (ASTM D5373 protocol

for instrumental CHNOS determination) and close
analysis: (technique: thermogravimetry)
Elementary species LRC Sediment

Contents DE Contents DE

C (%p/p) 4147 029 6.15 043

N (%p/p) 257 0.17 1.16 0.03

H (%p/p) 1.54 0.04 0.45 0.04

O (%p/p) 3139 - 10.31 -

S (%p/p) 0.59 0.02 0.12 0.01

P (mg kg™ 0.009 00004 0051 0.001
Next analysis

Humidity (%) 14.73 292

Volatile material (%) 3559 15.27

Fixed carbon (%) 27.24 0.0

Ash (%) 2244 81.81

DE standard deviation per sample

Europe. The registered value of lead is below the limit of
toxicity established by the EPA.

Discussion

Agitation and pH are important variables in the optimiza-
tion of bioprocesses aimed at the production of microbial
biomass; in the results presented in this work we observe
the effect of the variation of these variables in a volume

of 500 mL. In order to optimize the biomass production
of the CSB3 strain, the behavior of biomass production
in 2-L bioreactor is also described, using the optimized
values. High agitation values negatively influenced CSB3
biomass production (Pareto diagrams—Figs. 1a, 2a). Agi-
tation is an important factor in fermentative processes,
since it increases dissolved oxygen in the medium [17];
it is the most practical and economic way to meet the
oxygen needs for fermentation in laboratory conditions
(50—500 cm? of work volume) [18].

Microbacterium sp. is an aerobic bacterial genus,
therefore it requires high oxygen availability [19].
There are few reports of fermentative processes with
this genus for biomass production purposes; however,
Thys et al. [20] described the production of proteases
with Microbacterium sp. using an orbital agitation of
125 rpm in a work volume of 50 mL, while Shivaku-
mar [21] described the production of polyhydroxybu-
tyrate by Microbacterium barkeri in the same volume,
with an agitation of 120 rpm. The optimum agitation
speed described in this work for Xf and Yx/s of Micro-
bacterium sp. was 232 rpm; this data differs from those
described above due to the increase in the work volume,
since Stanbury et al. [18] established that increasing
the volume makes it difficult to transfer the dissolved
oxygen to the microbial cell. Therefore, the increase
in agitation or the injection of air must be resorted to.
Results show that the increase in agitation has a nega-
tive effect on the optimization of response variables;

Table 9 Heavy metal content in the LRC used for the formulation

Species LRC Permissible concentration in soil

Contents Uncertainty Normal range (mg kg~") Source
As (mg kg‘w) 39 0 <5-40 Bowie and Thornton (1985) cited by Galdn and Romero [16]
Cd (mg kg™ 2.1 0 <1-2 Bowie and Thornton (1985) cited by Galan and Romero [16]
Cu(mg kg”) <40 0 5-30 EPA, (1996) cited by Mahecha et al. [39]
Pb (mg kg™ 225 0 10 EPA, (1996) cited by Mahecha et al. [39]

Toxicity > 100

Hg (mg kg™ <02 0 0,07-0,3 UN Economic Commission for Europe cited by Camargo-Garcia [38]
Zn (Mmg/Kg) <40 0 5-200 Bowie and Thornton (1985) cited by Galdn and Romero [16]

Toxicity >400

EPA, (1996) cited by Mahecha et al. [39]
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Fig. 8 Electron microscopy images of the prototype designed. a Block-like structures corresponding to LRC and amorphous particles from
sediment X100/scale: 100 um; b laminar structures of LRC and presence of bacteria X2000/scale: 10 um; ¢ coal particle covered with sediment
and bacteria on the surface X4000/scale 5 um; d Laminar structure of LRC with bacteria in interstitial spaces X2000/scale: 10 um. BLOC: block-like
particle. LAM: laminar particle. SEDIM: sediment. BSC3: bacterial structures attributed to colonization of Microbacterium sp. CSB3
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this coincides with what was described by Purwanto
et al. [17], who determined that excessive agitation can
cause mechanical damage at the bioprocess level, such
as rupture of the cell wall, variations in the efficiency
of biomass or metabolite production, reduction in the
generation of enzymes and destruction of biofilms and/
or cell clusters in the bioreactor.

On the other hand, the increase in pH positively and
significantly affects biomass production and yield (Pareto
diagrams—Figs. la, 2a); the optimum pH described
in this work for the growth of CSB3 was 7.5, which is a
value close to neutrality, with a tendency to alkalinity.
These results agree with those obtained by Chen et al.
[22], who by means of a response surface design evalu-
ated the growth and production of cyclic adenosine-
3/,5'-monophosphate (cCAMP) by Microbacterium sp.-205
in 500-mL flasks with 50 mL of effective volume; they
found that the initial pH value required for maximum
cAMP production was 7.5 (optimal pH). Optimal growth
of Microbacterium sp., has been described within a pH
range between 5 and 9 [23]; however, this microorganism

has been shown to have tolerance to alkalinity, even at
pH values of 11 [24, 25].

There is little background data on the development of
growth curves for the genus Microbacterium sp. How-
ever, Mounier et al. [26] described the dynamics of a
growth curve for the strain Microbacterium gubbeenense
DPC 5286 T by using a culture medium with glucose as
a carbon source without observing any diauxic growth
during the adaptation phase of the culture. Diauxic
behavior is caused in batch conditions through the
simultaneous use of different carbon sources by micro-
organisms in complex culture media [27]; in this way,
cane molasses (the main source of carbon in the MeLac
medium) has, in its composition, residues of several eas-
ily assimilable sugars, such as glucose, fructose, sucrose
and raffinose [14]. Besides, whey has lactose within its
composition [28]; this could explain the diauxic effect of
the growth curve during the first hours of the culture,
due to several sugar types in the medium allow a diauxic
growth. The inoculum culture medium contained 30%
nutrient broth, which served as an inducer of microbial
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growth. However, the MeLac medium had a higher con-
centration of sugars; this transition generates irregu-
lar growth during the first hours of the culture, which
is attributed to catabolic repression processes. This
behavior, nonetheless, is usually expected in culture
media designed from agroindustry waste and is of less
importance as long as it does not affect the beginning of
the logarithmic phase nor the final production of bio-
mass [29].

The start of the exponential phase and the maximum
production of biomass in a 2-L bioreactor coincide with
those reported by Mounier et al. [26], who described the
exponential phase between 10 and 40 h, on the basis of
which the stationary phase initiated in a growth curve
of Microbacterium gubbeenense. It should be taken into
account that the genus Microbacterium sp., is of slow
growth and, when cultivated in solid medium, a period
of 3—4 days is recommended for the observation of well-
differentiated colonies [30]. This fact is evidenced by
the time of duplication obtained of 33.3 h (Table 6). On
the other hand, the reduction in biomass production in
a 2-L reactor, compared to 500-ml bottles is a regular
phenomenon with an increase in volume; the oxygen dis-
solved in the medium decreases when the work volume
increases, which affects the reduction of biomass produc-
tion [3]; however, the values of p and Dt (Table 6) agree
with those previously reported during the optimization of
the culture medium [11], which indicates that the results
obtained in some growth variables tend to be reproduc-
ible and these were not affected by the change in work
volume.

The value of u obtained in 2-L reactor (0.0208 h™') is
similar to values previously reported by other authors for
Microbacterium sp., and for other actinobacteria. Chen
et al. [31] described values of  between 0.036 and 0.318
for the Microbacterium sp., ZD-M2 strain, at a work vol-
ume of 100 mL; [32] reported values of umax between
0.09 and 0.12 for a strain of Microbacterium sp., which
expressed the activity of aryl sulfatase. p values have also
been described for several species of the genus Strepto-
myces (actinobacteria) between 0.16 and 0.55 in different
work volumes and carbon sources [32—34]. The differ-
ences between such reports and this work may be the
product of changes in work volumes and composition of
culture media.

In the formulation a gradual reduction of CFUs over
time was observed, Rey et al. [35] describe this behavior
in a formula of the actinobacteria Frankia sp., with a mix-
ture of peat and rice husk, and attribute this result to the
reduction of substrate moisture and pH decrease. Due to
the similarity between peat and lignite, such phenomena
could also explain the results obtained in this work. The
solid and liquid substrates utilized in the formulation of
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inoculants act by reducing the microbial metabolic rate,
with a carbon source of slow assimilation through the
conserved strain [5]. However, the microbial activity con-
tinues, which causes the gradual reduction of the micro-
bial viability [35].

Previously the Microbacterium sp. CSB3 strain could
be cultivated in media with LRC 5% as the sole carbon
source and showed the ability to solubilize carbon in liq-
uid culture media supplemented with 1% LRC [1]. For
this reason, an initial hypothesis that suggested the ability
of LRC to act as an adequate support to maintain the via-
bility of this strain had previously shown to be a poten-
tial source of HS for the soil; however, excess coal in the
medium could generate catabolic repression phenomena
expressed in the reduction in the strain’s viability [29].
However, coals are highly adsorbent materials and tend
to decrease the bioavailability of some ions and molecules
[36, 37], which could limit the access of bacterial cells to
other elements necessary for their nutrition. This could
explain the reduction in the availability of phosphorus
in the coal compared to the sediment and the subse-
quent decrease of CFUs in treatments with high carbon
concentration.

Table 8 shows that approximately half of the carbon
contained in LRC and all the content in the sediment
were in an available state, which facilitates its use as a
carbon source for microbial metabolism. In this man-
ner, the LRC 25%:sediment 75% mixture was the most
appropriate combination of nutrients and other factors to
conserve the viability of CSB3 during the test, especially
in the first 60 days. Furthermore, for the development of
the bio-conditioner prototype proposed in this work, the
content of LRC in the formulation is necessary, since this
will guarantee a humified source of organic matter for the
soil. Valero et al. [6] showed that the sediment used in
this test conserved the viability of a bacterial plant pro-
moter strain for 75 days; this effect was attributed to the
ability of the sediment to conserve moisture, in addition
to having a pH close to neutrality (6.5) and a content of
organic matter that allowed for the strain to reduce its
metabolic activity without losing its viability.

The content of heavy metals in the LRC does not repre-
sent contamination risks for the soil ecosystem (Table 9)
[16, 38, 39]. It should be taken into account that the con-
centrations of heavy metals recorded in Table 9 do not
refer to the concentration in the final formulation, but
to the content in LRC, which only constitutes 25% of the
formulated content. In this manner, the concentration in
the final formulation is lower than that recorded in the
table. In that sense, heavy metal content does not rep-
resent a risk of soil contamination when used as a sup-
port for a microbial inoculant and does not represent
any degree of toxicity for plants. The analysis by SEM
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(Fig. 8) provides evidence of the colonization of bacte-
rial structures on the surface of the carrier after 30 days
of inoculation and conservation. The logical inference is
that these structures belong to CSB3, because the sub-
strate was sterilized prior to its inoculation and the CFU
count at 30 days does not show any other type of bacte-
rial growth.

The final version of the bio-conditioner prototype
was evaluated under greenhouse conditions, show-
ing promising results in the rehabilitation of degraded
soils by open-pit coal mining. These evidences show the
effect of the product on the biological, chemical and
physical properties of these edaphic materials, as well
as on the growth and adaptation of grasses [40]. Field
experiments are currently being developed to evaluate
the effectiveness of the product in these conditions.

Conclusions

The most suitable pH and agitation values in the opti-
mization of CSB3 biomass production and yield (Yx/s)
were 7.5 and 232 rpm, respectively.

CSB3 growth at the of 2-L reactor level was diauxic
during the first hours of the culture; however, this did
not affect the start of the exponential phase nor the
final production of biomass. The growth curve featured
a behavior similar to that obtained by other authors for
Microbacterium sp., and for other actinobacteria; in the
same manner, the evaluated kinetic parameters showed
values similar to those previously described for this
bacterial genus.

With respect to the formulation, the LRC 25%-sedi-
ment 75% mixture was the most appropriate combina-
tion to maintain the viability of CSB3 during the shelf life
(90 days). The elemental composition of both supports
showed that they have the ability to preserve the viability
of the strains from the nutritional point of view and LRC
does not represent a risk of contamination to the soil or
of toxicity to the plants by means of heavy metals.
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