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Microbially-induced CaCO3 precipitation (MICP) is a naturally occurring process wherein

durable carbonates are formed as a result of microbial metabolic activities. In recent

years, MICP technology has been widely harnessed for applications in civil engineering

wherein synthesis of calcium carbonate crystals occurs at ambient temperature paving

way for low energy biocement. MICP using pure urease (UA) and carbonic anhydrase

(CA) producing bacteria has been promising in laboratory conditions. In the current

study we enriched ureolytic and carbonic anhydrase communities in calcareous soil

under biostimulation and bioaugmentation conditions and investigated the effect of

microbial dynamics on carbonate precipitation, calcium carbonate polymorph selection

and consolidation of biological sand column under nutrient limited and rich conditions. All

treatments for stimulation and augmentation led to significant changes in the composition

of indigenous bacterial population. Biostimulation as well as augmentation through the

UA route was found to be faster and more effective compared to the CA route in

terms of extracellular enzyme production and carbonate precipitation. Synergistic role

of augmented cultures along with indigenous communities was recorded via both the

routes of UA and CA as more effective calcification was seen in case of augmentation

compared to stimulation. The survival of supplemented isolates in presence of indigenous

bacterial communities was confirmed through sequencing of total diversity and it was

seen that both UA and CA isolate had the potential to survive along with native

communities under high nutrient conditions. Nutrient conditions played significant role

in determining calcium carbonate polymorph fate as calcitic crystals dominated under

high carbon supplementation. Finally, the consolidation of sand columns via stimulation

and augmentation was successfully achieved through both UA and CA route under

high nutrient conditions but higher consolidation in short time period was noticed in UA

route. The study reports that based upon the organic carbon content in native soils,

stimulation can be favored at sites with high organic carbon content while augmentation

with repeated injections of nutrients can be applied on poor nutrient soils via different

enrichment routes of microbial metabolism.
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FIGURE 2 | (A) Urease activity and (B) EPS production in different ureolytic enrichment media. Values are mean ± SD (n = 3). The difference between means sharing

a common letter is not statistically significant at P < 0.05.

FIGURE 3 | Evolution of (A) pH and (B) OD over time in different CA enrichment media with controls. Values are mean ± SD (n = 3). The difference between means

sharing a common letter is not statistically significant at P < 0.05.

initial hours in all sets though in later intervals, significant
growth was seen especially in augmented sets. Smith and Ferry
(2000) reported that CA enzyme is prevalent in different bacterial
communities but till date very few studies have been done to
evaluate its prevalence in bacteria from natural environments.

The production of carbonic anhydrase enzyme in different
enrichment sets is presented in Figure 4A. Increase in enzyme
production commenced in all the microbial enriched sets with
significant variations amongst different treatments. Higher CA

production was recorded in high nutrient sets compared to low
nutrient sets. Highest enzyme production was noticed in BAGC-
High C set followed by BSTC-High C, BAGC-Low C, and BSTC-
Low C again demonstrating higher activity in augmented sets
compared to stimulated sets. The trend followed a similar pattern
as that of urease production (Figure 3A).

The extrapolymeric substances production in case of CA sets
is presented in Figure 4B. The amount of EPS in this case
varied from 76mg/100ml to 320mg/100ml over the period of
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FIGURE 4 | (A) Carbonic anhydrase activity and (B) EPS production in different CA enrichment media. Values are mean ± SD (n = 3). The difference between means

sharing a common letter is not statistically significant at P < 0.05.

study. The trend in descending EPS amounts was BSTC-Low C,
BAGC-Low C, BAGC-High C, and BSTC-High C. Higher EPS
production was noticed in case of low nutrient environments
compared to higher ones similar to ureolytic sets (Figure 3B). In
this case, slightly higher EPS was seen in case of stimulated set
under low nutrient conditions while augmented sets produced
higher EPS under high nutrient conditions.

Effect of Enrichment on Calcium
Precipitation
In the case of Ureolytic sets, a declining trend in soluble calcium
content was noticed in all bacterial enrichment cultures with time
(Figure 5A). The trend of calcium removal seemed to follow
a similar route as urea hydrolysis although low nutrient sets
displayed significant calcium consumption too despite of lower
enzyme production and metabolic activity. The descending trend
for Calcium was as BAGU-High C, BSTU-High C, BSTU-Low
C, and BAGU-Low C. In case of BAGU-High C set, more than
80% calcium removal (carbonate precipitation) occurred in first
2 days. Slightly lower amounts were seen in case of BSTU-High
C sets (upto 72%). Initially the calcium precipitation in both sets
with lower nutrients was slow but with time, significant decline in
soluble calcium content was noticed. Contrary to urea hydrolysis,
high Calcium precipitation in case of lower nutrients might be
attributed to significant EPS formation in low nutrient conditions
as seen in Figure 3B. Not much variation in Calcium content was
recorded in control sets hinting little abiotic precipitation.

In case of Carbonic anhydrase sets (Figure 5B), the soluble
Calcium content removal revealed that considerable removal
occurred in all bacterial sets with time and insignificant changes
occurred in controls here also. Compared to ureolytic sets,
the trend of soluble Calcium removal and insoluble Calcium
carbonate precipitation was comparatively slower in case of

CA sets. The soluble Calcium content decreased faster in high
nutrient sets BAGC-High C and BSTC-High C compared to
lower sets during initial intervals. Around 60% Calcium removal
and precipitation was seen in case of BAGC-High C set while
around 50% precipitation occurred in BSTC-High C sets in
initial 48 h. In case of BSTC-Low C and BAGC-Low C sets, the
carbonate precipitation was slower initially upto 96 h (around
20–36%) but later on it was found to increase reaching upto 70%
in 192 h in case of BAGC-High C and 58% in case of BSTC-High
C. This also might be in relation to the carbonate precipitation
through EPS pathway under poor nutrient environments.

All these experiments confirmed that both active (through
metabolically active routes under high nutrients) and passive
(through EPS production under low nutrients) routes can play
substantial role in promoting Calcium carbonate precipitation.
Though bioaugmentation was seen to be more effective
than stimulation in both ureolytic and carbonic anhydrase
enrichment routes in terms of extracellular enzyme production
and activity, however, the stimulation of native communities
seems promising too. In the next part we investigated different
microbial communities which were actively metabolizing under
experimental enrichments.

Analysis of Microbial Diversity
The diversity of microbial communities under different
enrichments was analyzed to investigate the predominance of
active communities and examine the potential of augmented
cultures to survive along with the native microbes. The sequences
were submitted to NCBI and were grouped into Operational
taxonomic units and the classification was against Greengene
data base which provides the community resolution upto genus/
species level. The information on OTUs and number of reads
per sample is available in the Supplementary Material. Figure 6
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FIGURE 5 | Soluble calcium content among different (A) ureolytic and (B) carbonic anhydrase enrichment media. Values are mean ± SD (n = 3). The difference

between means sharing a common letter is not statistically significant at P < 0.05.

represents the Shannon index diversity for each treatment as well
as native sand at genus level. It was recorded that the microbial
diversity decreased in all the enrichments compared to native
sand. Lowest amount of diversity was seen in case of augmented
ureolytic set under high nutrient conditions which indicates
dominance of a few communities only.

Figure 7 represents the relative abundance of microbial
communities at Class level and Table 3 represents relative
abundance of the dominant microbial communities in all
treatments at genus level compared to the native sand.
Tremendous variations in the bacterial compositions under
different enrichments and routes were recorded. The effect of
native microbial communities and competitions with augmented
bacterial cultures Sporosarcina pasteurii UB and Bacillus cereus
CB showed evident outcomes. The influence of nutrient
conditions seemed to play significant role not only in biomass
determination (Figures 1C, 2B) but also bacterial diversity.
Distinct clustering was also observed via PCoA analysis as per
the enrichment media composition and nutrient source despite
similarities (Figure 8). Interestingly, the native sand clustered
separately from all treatments indicating the dissimilarity and
alterations in microbial communities upon enrichments under
different conditions. More diversity variations were recorded in
case of ureolytic sets compared to carbonic anhydrase sets in this
study.

In case of native sand, the most abundant bacterial class
was Betaproteobacteria (34.7%) followed by Alphaproteobacteria
(30%), Bacteroidetes (13.4%), and Gammaproteobacteria (7.4%).
The Bacilli Firmicutes comprised only around 2% of total
populations. Ureolytic biostimulation led to significant alteration
to the microbial population. The bacterial population was
quickly overtaken by Firmicutes in most of the UA enrichments.
At low nutrient conditions, stimulation led to increase of
Firmicutes (Bacilli) upto 50% followed by Actinobacteria and
Alphaproteobacteria. The most predominant Genus identified
in this case was Leucobacter (Actinobacteria). In case of

augmentation, Firmicutes were again dominating with a
proportion of 39%. At genus level, Sporosarcina pasteurii UB
was seen to cover a proportion of 21.6% followed by other
Bacillus sp. in case of low nutrient conditions. At high nutrient
levels, the growth of Firmicutes was promoted and it entirely
overtook the bacterial population upto 81% indicating the
success of stimulation in enriching ureolytic cultures. The
predominant genus identified in this case was Planococcus and
other Bacillus sp. This indicates that the growth and enrichment
of native ureolytic communities amongst plethora of other
microbes is quite promising. In case of augmented set, again
Firmicutes successfully dominated to 99.3%. S pasteurii UB in
this case dominated with a proportion of 43% followed by
Planococcus which is another Gram positive Bacillus sp. Our
study revealed that under high carbon conditions, enrichment
of indigenous ureolytic microbes is highly successful. The
effect of nutrient conditions also promoted the survival and
dominancy of S. pasteurii UB confirming the successful survival
and competence of this culture in presence of other native
communities. Recent reports of Phillips et al. (2016) also
confirmed the survival of augmented Sporosarcina pasteurii in
deep soils where it successfully overtook native Pseudomonas
sp. This study further confirms the promising potential of
this culture for several bio-engineering applications involving
augmentation.

In case of carbonic anhydrase sets also, nutrient conditions
and enrichment technique displayed significant variations.
Low nutrient conditions promoted the enrichment of
Alphaproteobacteria class which reached 46% followed by
Betaproteobacteria at 30% in case of BSTC-Low C set. The
Firmicutes in this case were not enriched. The most predominant
genus in this case was Alcaligenes and Sphingomonas. In case
of augmented set BAGC-Low C, again Alphaproteobacteria
were predominant at 51% but in this case, Firmicutes were
also enriched at 18%. The dominant genus in this case was
Proteobacteria Brevundimonas along with enrichment of
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FIGURE 6 | Shannon index diversity of different enrichment treatments compared to native sand.

FIGURE 7 | Bacterial population composition based on 16S rRNA gene sequencing presented as a fraction of each bacterial class from total population.

Bacillus. Under high nutrient conditions of stimulation,
Alphaproteobacteria were found to dominate at 62% with the
dominate genus Methylobacterium at 33.5% while in case of
augmented set, Firmicutes dominated at 53% with dominance of
Bacillus at 31.5%. Though the augmented culture Bacillus cereus

CB could not be identified upto species level but interestingly,
dominance of Firmicutes might be indicative of survival of the
supplemented culture along with other Bacillus species under
high nutrient conditions indicating the potential and efficacy of
this culture. Though compared to augmented ureolytic culture
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TABLE 3 | Heat map of dominant microbial communities at genus level with their relative abundance within the community in all treatments and the native sand (in

percentage).

Taxon NS BSTU-Low

C

BAGU-Low

C

BSTU-High

C

BAGU-High

C

BSTC-Low

C

BAGC-Low

C

BSTC-High

C

BAGC-High

C

Leucobacter

(Actinobacteria)

0.18 25.97 1.81 13.23 0.03 4.98 0.1 0.76 10.37

Pontibacter

(Bacteroidetes)

0.02 0 13.46 0 0 1.52 0.03 0.42 0

Flavihumibacter

(Bacteroidetes)

10.7 0.02 0 0.01 0.01 0 0 0.07 0

Unclassified

Bacillus

(Firmicutes)

0.97 27.18 15.7 19.5 23.4 0.12 0.56 0.07 31.54

Planococcus

(Firmicutes)

0.05 1.59 0.26 37.36 25.3 0.01 0.21 0.03 3.32

Lysinibacillus

(Firmicutes)

0.63 1.15 0.1 0.31 0 0.05 10.34 0 3.56

Sporosarcina

(Firmicutes)

0.06 1.71 21.67 11.53 43.77 0.05 6.1 0.13 0.55

Brevundimonas

(Proteobacteria)

0.66 0.02 0.07 0.02 0.02 2.48 30.42 1.14 22.01

Ochrobactrum

(Proteobacteria)

0.72 19.66 8.19 0.1 0.04 8.66 4.65 0.96 1.55

Methylobacterium

(Proteobacteria)

0.27 0.02 0.06 0.01 0.04 0.06 0 33.55 0.03

Phyllobacter

(Proteobacteria)

4.75 0.09 9.2 0.03 0 3.27 14.72 3.91 1.57

Sphingomonas

(Proteobacteria)

4.61 0 7.66 0.02 0.03 16.77 0.02 1.71 0.02

Alcaligenes

(Proteobacteria)

0.04 2.57 0.45 0.32 0.04 27.68 16.48 11.79 3.67

Unclassified

Comamonadace

(Proteobacteria)

31.41 0.02 0 0 0 0.03 0 0.02 0.02

Providencia

(Proteobacteria)

0 0.01 1.05 0 0 0.03 0 0 0

Abundance scale (Green, High; Yellow, Medium; Red, Low).

prevalence, the survival of CA isolate in augmentation is quite
low, but further investigations on improving the survival of
augmented cultures through varying media components and
immobilization techniques or using other gram negative CA
producing isolates from Phylum Proteobacteria can be explored.
Smith and Ferry (2000) recently reported that CA producing
microbial cultures are prevalent in phylum Proteobacteria while
Srivastava et al. (2015) isolated high CA producing gram negative
isolate Serratia sp. from marble rock soils.

Characterization of Precipitated Crystals
The crystals precipitated under different enrichment conditions
followed by supplementation of soluble calcium chloride were
then analyzed through microscopy and mineralogical analysis
(Figure 9). SEM analysis clearly depicted the formation of
varying sized crystals in all the microbial enrichments. In
general, the crystals were mostly smooth, rhombohedral and
spherical with sizes varying from 30 to 150µm under high
nutrient conditions while in case of low nutrient conditions;

small round crystals were predominant with sizes between
10 and 50µm irrespective of augmentation and stimulation
(Figures 9A,B). Some slimy EPS formation was noticed in
samples with low nutrient conditions under both ureolytic and
CA routes (Figure 9C). The presence of crystals associated with
bacterial cells and EPS confirms their role as nucleation sites
during mineralization process and has been demonstrated by
several previous studies (Bergdale et al., 2012; Bains et al., 2015).
X ray diffraction analysis of all the crystals was also carried out
and various polymorphs were seen in different enrichment sets
(Figure 9D). Biostimulation as well as augmentation in case of
UA route led to predominance of calcite crystals under high
nutrient conditions while in case of CA enriched sets, mix of
different polymorphs as calcite, vaterite and aragonite was seen.

Microbially Cemented Sand Plugging
In order to further check the efficacy of MICP via UA and CA
routes under stimulation and augmentation conditions inside
sand columns, the extent of consolidation was investigated
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FIGURE 8 | PCoA analysis based upon weighted Unifrac distances for

different enrichment treatments.

visually after 10 days. It was noticed that all the Calcium
supplemented and enriched sand columns via UA and CA
consortias were highly consolidated while the abiotic and no
Calcium treated controls collapsed immediately after opening
the plastic column. Higher consolidation/compactness was
noticed in case of ureolytic consortia enrichment compared
to CA enrichment under both stimulation and augmentation
conditions. In general, S. pasteurii augmented enrichment led
to the highest consolidation (Figure 10) compared to other sets.
The results of sand columns were supportive of the previous
flask results wherein more effective Calcium precipitation was
observed in case of ureolytic sets. Further studies need to be
conducted for determining the effect of various treatments on
mechanical and permeability properties of granular materials
through geotechnical testing at large scales.

DISCUSSION

In the current study, we enriched microbial communities
in calcareous soil via two different routes of carbonate
mineralization: ureolytic and carbonic anhydrase for the
first time. We compared the efficacy of biostimulation with
respect to bioaugmentation wherein standard cultures were
supplemented along with the native communities. The effect of
nutrient conditions of high carbon and low carbon was explored
as all these parameters affect the efficacy of MICP in biocement
applications for geotechnical engineering. The effect of different
enrichment conditions was checked on various parameters
including biomass, enzyme activity, EPS production, calcium

precipitation, microbial community dynamics, carbonate
polymorph selection and biocement consolidation.

In case of ureolytic enrichment, highest urea hydrolysis
and biomass was recorded under bioaugmentation conditions
with high nutrient conditions. This might be because of the
potential of supplemented strain S. pasteurii UB which is
capable of effectively utilizing urea compared to other cultures.
Significant urea hydrolysis and biomass was observed through
biostimulation proving the potential and metabolic activity of
native ureolytic communities. Urea is an organic nitrogenous
compound present in several coastal environments which has
been introduced by the excreta of terrestrial and aquatic animals
(Gat et al., 2016). So, utilization of urea as energy source is quite
predominant in those environments paving the way to significant
occurrence of urea hydrolysing communities. This may not be
possible in the case of low organic matter environments (Gat
et al., 2016). Notable urease production was also measured
under high nutrient conditions with both stimulation and
augmentation. It has been found that extracellular urease is
adsorbed onto clay minerals and organic matter in soils where
its activity is stable for years (Nannipieri et al., 1983). Even
under low nutrient conditions, some fraction of urea hydrolysis
and urease production was noticed. This extracellular urease
might be contributing to urea hydrolysis under low nutrient
conditions. Though higher growth was seen in case of stimulation
but urea hydrolysis was lower compared to augmentation hinting
that this could be due to varying hydrolytic efficacy of different
communities as not all hydrolysing communities are as effective
as S. pasteurii UB.

In case of CA route also, successful enrichment of indigenous
communities was achieved under high nutrient conditions via
stimulation. Higher biomass and CA production was recorded in
case of augmentation indicating that augmented cultures might
be acting synergistically along with indigenous communities.
This is the first study on enrichment of CA communities
from soils utilizing bicarbonates with efficacy for carbonate
precipitation. Present results demonstrated that enrichment of
these communities through stimulation can be favored by use
of bicarbonates along with supplementation of complex organic
carbon source as yeast extract.

Significant EPS production was noted in case of low nutrient
conditions via stimulation as well as augmentation under both
enrichment conditions of UA and CA metabolism. Previous
studies of Myszka and Czaczyk (2009) demonstrated higher
EPS production by Psedomonas aeruginosa under starvation
conditions which was also supported by González-García et al.
(2015) and Evans (2013). The higher EPS may be indicative of
microbial defense under stressed conditions promoting higher
biofilm matrix. The formation of EPS has been found to play a
significant role in Calcium carbonate precipitation in a number
of previous studies (Bergdale et al., 2012; Ercole et al., 2012).

Efficient calcium carbonate precipitation was measured under
UA as well as CA route not only under high nutrient conditions
with higher extracellular enzyme production but also under
low nutrient conditions. In general, augmented sets in UA and
CA had higher Ca2+ precipitation compared to stimulated sets
which indicates synergism between the indigenous communities
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FIGURE 9 | Scanning electron microscopy of crystals precipitated in (A) BSTU-High C (B) BSTU-Low C (C) EPS formation in low nutrient set BAGU-Low C, and

(D) X ray-diffraction analysis of carbonate crystals precipitated in BAGU-High C depicting presence of calcite and vaterite.

and the augmented bacterial isolates. Significant precipitation of
calcium carbonate in all stimulated sets indicates the promising
potential of this route. Under low nutrient conditions, the
carbonate precipitation seemed to follow the EPS route. Previous
studies have also found that EPS plays significant role in Calcium
carbonate precipitation and is quite common pathway for
formation of several natural formations as stromatolites, mats,
beach rocks etc. (Ercole et al., 2007). We also reported a direct
correlation between EPS concentration and calcium carbonate
precipitation by B. megaterium SS3 in previous studies (Dhami
et al., 2014b).

A number of previous studies have been conducted which

successfully demonstrated the potential of ureolytic communities

in carbonate precipitation but only a few studies have yet

explored the calcium carbonate precipitation potential of CA

producing bacterial cultures (Dhami et al., 2014b, 2016a;

Srivastava et al., 2015). This study has demonstrated the

capability of indigenous bacterial cultures to utilize bicarbonate
ions during carbonate precipitation (Bharti et al., 2014; Dhami

et al., 2014b; Kaur et al., 2016). Srivastava et al. (2015)
reported that in shake flask culture conditions, carbon dioxide
sequestration and sodium bicarbonate dissociation follow the
following biochemical reactions:

H2O → H+ +OH−

2CO2 +OH− → HCO−
3 + CO2

CaCl2 → Ca2+ + 2Cl−

Ca2+ + Bacterium → Bacterium− Ca2+

NaHCO−
3 → Na+ +HCO−

3

2HCO−
3 + Bacterium− Ca2+ → Bacterium− CaCO3

+ CO2 +H2O

The outcome of this experiment highlighted the feasibility
of enriching native CA communities under high nutrient
conditions for effective microbial carbonate precipitation. In
terms of the efficacy of CA route compared to ureolytic route,
though this route is less effective but its substantial advantage
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FIGURE 10 | (A) Bacterially cemented sand column bioaugmented with

S. pasteurii and (B) Abiotic control sand column.

is no ammonia production which restricts the use of ureolytic
pathways under few circumstances.

Microbial community dynamics have received very poor
attention in previous studies of biocementation applications
in different soils. Previous studies of Kostka et al. (2011),
Whitman et al. (2014) and Gat et al. (2016) reported that
Proteobacteria are quite dominant in beach sands, coastal
sands, marine and fresh waters. Even in this study we noticed
the prevalence of this phylum in native sands but followed
by enrichments, tremendous variations in microbial dynamics
appeared. In case of UA enrichments of high C conditions,
Firmicutes exhibited relative abundance. Large number of studies
have demonstrated the potential of Bacillus sp. from Firmicutes in
urea hydrolysis as Bacilli are common in alkaline environments
and their increase under ureolytic environments is associated
with their urea hydrolysing potential (Burbank et al., 2012;
Dejong et al., 2013; Dhami et al., 2013c). Under stimulation
conditions, native Bacillus sp. Planococcus was prevailing the
most while under augmentation, S. pasteurii UB was seen to
dominate. The robustness, high metabolic activity and stability
of this strain has led to its emergence as a highly promising
calcifying culture for biocementation applications and this study
further confirmed the potential of this isolate to easily adapt,
survive under competition and actively drive calcification in
presence of the native communities. Though under low carbon
conditions, the augmented isolate did not predominate but
its presence indicated its efficacy. Similarly in case of CA
route, Proteobacteria was seen to be the predominating phylum
under most of the enrichments. Though very little has been
reported on microbial diversities associated with CA route in
soils, few studies demonstrated that microbial communities from
Proteobacteria have widespread carbonic anhydrase production
(Dobrinski et al., 2010; Ueda et al., 2012; Bharti et al., 2014).
Only in case of high C conditions, the augmented culture

B. cereus CB was seen to survive while in all other enrichments,
bacterial isolates belonging to Proteobacteria were prevailing
suggesting that further investigations should be made to explore
other communities. Biostimulation as well as augmentation
through ureolytic route was recorded to be comparatively more
effective compared to carbonic anhydrase route but, as successful
enrichment of CA communities associated withMICP along with
their effective metabolism leading to significant calcification was
achieved, this route seems to have immense potential.

The nutrient conditions seemed to play a very significant
role in determining the survival and efficacy of augmented
cultures along with their composition. This might be due to
the fact that rich organic carbon media promotes not only
growth but also the concentration of DIC which further impacts
pH and hence microbial compositions selection (Rodriguez-
Navarro et al., 2012). Synergism between augmented UA as
well as CA cultures is also quite noticeable under nutrient rich
environments as both the isolates were seen surviving along with
the indigenous communities. Under low nutrient conditions,
Firmicutes comprising the augmented cultures were not enriched
significantly compared to their prevalence under high nutrients
in UA set. This might be indicative of better acclimatization of the
indigenous communities under those environments. Compared
to augmented CA isolate Bacillus cereus CB isolate, UA isolate
Sporosarcina pasteurii UB bears more chances of survival and
existence under low nutrient conditions making it more robust
and attractive for field applications.

Upon characterization of the carbonates formed under
varying enrichment conditions, huge variations were
noticed. This could be demonstrated on the basis of varying
environmental conditions including DIC, growth medium
composition, bacterial metabolic activity, saturation index
which influence the type and properties of calcium carbonate
polymorphs. Previous studies have also recorded that the
fate of calcium carbonate polymorph is dependent upon a
number of factors as composition of growth medium, type of
substrate, temperature, pH, saturation index, [Ca2+]/[CO2−

3 ]
ratio, bacterial species, and organic matter (Rodriguez-Navarro
et al., 2012; Dhami et al., 2013c). Availability of nutrients seemed
to play the most important role in determining the fate of
carbonates. In this case also predominance of calcitic crystals
was noticed under UA route of high C augmentation supporting
the immense potential of this pathway for civil engineering
applications. The outcome of these results established that
biomineralization through UA and CA routes via stimulation
as well as augmentation is an effective and eco-friendly route
for synthesis of carbonates but availability of nutrients have
tremendous impact on the potential of whole process as it
influences the microbial growth and metabolic state which
further affects pH and the saturation index affecting the
formation of different carbonate polymorphs.

Finally, the biocementation effect of enrichments was
investigated through sand column tests. In a preliminary
investigation, it was recorded that successful consolidation
of sand plugs was achieved through microbial routes with
supplementation of Calcium rich cementing media but UA
enriched pathways lead to higher carbonate precipitation.
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Amongst all, UA enriched sand columns supplemented with
S. pasteurii UB illustrated the highest consolidation. This once
again, supports the supremacy of this culture over other
calcifying isolates as it has high potential to metabolize under
only urea supplemented source. As visually noticeable sand
plugging was recorded in augmented CA sets also, this route
needs to be explored further for sustainable applications.

CONCLUSION

This is the first study to investigate and compare microbial
induced carbonate precipitation potential via stimulation and
augmentation through UA and CA routes under low and high
carbon conditions. It was demonstrated that biostimulation as
well as augmentation through ureolytic route is comparatively
more effective compared to carbonic anhydrase route but, as
successful enrichment of CA communities associated with MICP
from native populations was achieved, this route needs to be
explored further. Firmicutes were seen to be the dominating
communities under UA enrichments while Proteobacteria
dominated under CA sets. Successful biostimulation of UA and
CA communities can render augmentation unnecessary and
simplify various field scale applications of MICP. Interestingly,
augmentation was seen to be more effective under high nutrient
conditions in both UA and CA route indicating synergistic role
of augmented isolates along with indigenous communities. The
role of nutrient availability also highlighted its influence on
carbonate polymorph as large calcitic crystals were prevalent
in case of high nutrients while smaller crystals were recorded
more in low nutrient sets. The outcome of this work states that
stimulation can be favored at sites with high organic carbon
content while augmentation with repeated injections of nutrients

can be applied on poor nutrient soils. Further studies should be
carried out to investigate the efficacy ofMICP via stimulation and
augmentation in soils of varying environments, organic carbon
content, microbial communities. Other pathways and bacterial
isolates should also be explored and future studies should be
targeted in large scale columns so that influence of microbial
carbonates on soil properties can be verified from improved
mechanical properties of granular materials.
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