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Abstract
Stable and efficient hydrocarbon degrading microbial consortia were developed from a refinery sludge through nitrate 
amendment for their application in enhanced bioremediation of petroleum contaminated waste. Nitrate induced biostimula-
tion of refinery sludge resulted in increased abundance of hydrocarbon degrading Rhodocyclaceae, Xanthomonadaceae, 
Syntrophaceae and Comamonadaceae members. Repeated subculturing of nitrate stimulated communities in crude oil sup-
plemented basal medium was done under aerobic and anaerobic conditions. Aerobically enriched consortia (composed of 
Pseudomonadaceae, Pseudoxanthomonadaceae and unclassified Comamonadaceae) showed their ability to utilize alkanes, 
aromatics and crude oil as growth substrates. Anaerobically enriched consortium was predominated by Bacillaceae, Pseu-
domonadaceae, Xanthomonadaceae, Porphyromonadaceae and Comamonadaceae members. Anaerobic consortium was 
found to be relatively less efficient in terms of TPH (total petroleum hydrocarbons) degradation compared to its aerobic 
counterpart. These enriched microbial consortia were finally tested for their biodegradation performance and stability during 
bioremediation of highly contaminated refinery sludge using different strategies. A 30 days microcosm based bioremediation 
trial showed that bioaugmentation of aerobic cultures with refinery sludge was more effective in TPH degradation (~ 65% 
degradation) compared to the anaerobic consortium (only 36% TPH degradation) and a combination of bioaugmentation 
and nitrate amendment with sludge resulted in enhanced hydrocarbon attenuation (up to 86% TPH degradation). Subsequent 
community analysis at the end of bioremediation trial confirmed the stability of the added microbial populations. Thus, the 
strategy of bioaugmentation of specially enriched native microbial populations in combination with nitrate amendment was 
successfully used for the enhanced bioremediation of petroleum hydrocarbon contaminated refinery waste.
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Introduction

Management of billions of tons of hazardous petroleum 
hydrocarbon containing waste sludge generated by oil refin-
eries all over the world has posed severe environmental chal-
lenge for oil industries, whose improper handling could pose 

serious threat to the environment (Liu et al. 2015; Roy et al. 
2018a; Kuyukina et al. 2020). Remediation approaches vary 
from cost intensive physicochemical ones to eco-friendly 
biological ones, with advantages and limitations of both the 
strategies (Das and Kazy 2014; Davoodi et al. 2020; Kuy-
ukina et al. 2020). Eco-friendly and cost-effective biologi-
cal treatment strategies have been adopted in many cases in 
order to achieve complete removal of complex hydrocarbon 
pollutants. These strategies may rely either on improvement 
of local environmental conditions so that native catabolically 
relevant microorganisms can perform efficiently (biostimula-
tion) or by augmenting the contaminated sites with potent 
hydrocarbon degrading microorganisms (bioaugmentation) 
to achieve enhanced bioremediation (Guerra et al. 2018; 
Naeem and Qazi 2020; Mishra et al. 2020). The complexity 
of microbial hydrocarbon degradation processes was found 
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to be dependent on (a) nature and levels of toxic hydrocar-
bons (b) catabolic potential of native microbiota, (c) avail-
ability of the essential nutrients in sufficient quantity for 
catabolically relevant groups of microorganisms and (d) cel-
lular uptake mechanisms of hydrophobic substrates (Sarkar 
et al. 2016; Roy et al. 2018b; Xu et al. 2018; Ławniczak 
et al. 2020). It has been well reported that different types of 
petroleum hydrocarbon degrading microbes prevail under 
harsh conditions of hydrocarbon impacted environments 
(Hazen et al. 2010; Tan et al. 2015; Varjani 2017; Kata-
rína et al. 2018; Poursat et al. 2019). Past bioremediation 
studies have clearly indicated that designing a bioremedia-
tion strategy must entail a thorough understanding of the 
indigenous microbial community composition and function 
(De’Lorenzo 2008; Bamforth and Singleton 2005; Roy et al. 
2018a). In this context, inability of the augmented exog-
enous microorganisms to survive and perform under field 
conditions have indulged researchers to focus on utiliz-
ing the potency of native microbial community members 
(endogenous) to sustain and perform in contaminated sites 
(Shankar et al. 2014; Poi et al. 2017). Taxonomically and 
metabolically diverse types of microorganisms including 
both who can oxidize the hydrocarbons directly, as well as 
those who are involved only in catalyzing the peripheral bio-
degradation pathways have been reported to work in syn-
trophic associations towards biodegradation of petroleum 
waste. Such microbial consortia have been found to be more 
effective as bioaugmenting agents for remediation of highly 
complex petroleum contaminated sludges (Szulc et al. 2014; 
Wang et al. 2016; Tao et al. 2017).

Enrichment studies have been conducted by previ-
ous investigators to understand the response of microbial 
communities towards different types of organic pollutants 
(aliphatics, aromatics, etc.) or terminal electron acceptors 
(sulfate, nitrate, iron, etc.) (Tan et al. 2015; Xu et al. 2016; 
Sarkar et al. 2017; Guerra et al. 2018). Several hydrocarbon 
specific enrichments’ under nitrate- and sulfate-reducing 
conditions have been studied extensively and diverse cultur-
able as well as non-culturable microbial communities have 
been identified (Dou et al. 2008; Hidaka et al. 2018; Sper-
feld et al. 2018; Roy et al. 2018a; Shin et al. 2019). Nitrate 
enriched microbial community was found to be composed 
of γ-Proteobacteria and Actinobacteria members, which 
could degrade PAHs (Polycyclic aromatic hydrocarbons) 
such as naphthalene (Martirani et al. 2017; Révész et al. 
2020), phenanthrene and biphenyl (Rockne and Strand 2001) 
effectively (Sarkar et al. 2016; Roy et al. 2018a). Efficiency 
of sulfate-enriched communities in degradation of alicyclic 
aliphatics and aromatics has also been reported previously 
(Rios-Hernandez et al. 2003; Dou et al. 2008). Compared 
to all these enrichment attempts that have established the 
usefulness of biostimulation in bioremediation, very few 
studies have explored the scope for obtaining the enriched, 

hydrocarbon metabolizing microbial populations as active 
culture and use the same as inoculant for more efficient 
hydrocarbon remediation (Dueholm et al. 2015; Spini et al. 
2018). Concerted metabolic regimes established by native 
microbial consortia have been reported to be effective in 
management of hydrocarbon contaminated environments 
(Cerqueira et al. 2011; Roy et al. 2018a). Our previous stud-
ies on nitrate biostimulation and bioaugmentation of native 
microorganisms in hydrocarbon containing sludge indicated 
towards effective strategies for the bioremediation of refin-
ery sludge (Sarkar et al. 2017; Roy et al. 2018a). However, 
improvement in efficiency in both the cases was further 
required for complete degradation of high TPH containing 
sludge.

The present study aimed to (a) obtain specialized, hydro-
carbon-degrading microbial cultures (as consortia) through 
biostimulation based enrichment approach and (b) char-
acterize and test the efficacy of such cultured consortia in 
bioaugmentation agent for more efficient bioremediation of 
petroleum hydrocarbons. For this study a high TPH con-
taining refinery waste sludge was used. The nitrate based 
biostimulation approach was followed by development of 
stable aerobic and anaerobic, hydrocarbon degrading con-
sortia. Metagenome based high throughput sequencing and 
analysis of 16S rRNA genes, coupled with TPH degrada-
tion by gas chromatography were used to characterize the 
cultures. The consortia were finally tested for their bioreme-
diation efficacy through bioaugmentation and a combined 
approach of bioaugmentation plus biostimulation.

Materials and methods

Experimental steps for the development of specialized, 
hydrocarbon degrading microbial consortia from refinery 
sludge and their bioremediation performance assessment 
have been summarized in Fig. 1.

Biostimulation of native refinery sludge 
microorganisms by nitrate amendment

Petroleum refinery sludge (20 g) was amended with two 
different nitrate concentrations (10 mM; for low nitrate, 
designated as LN and 50 mM; for high nitrate and desig-
nated as HN) in 100 mL glass serum vial microcosms to 
biostimulate native hydrocarbon degrading sludge microor-
ganisms. One killed (using 1% (w/v) sodium azide) and one 
unamended control sets were also maintained (to ascertain 
abiotic losses of hydrocarbons as well as effect of stimu-
lation on sludge microorganisms). Periodic sampling upto 
30 days followed by analysis of TPH and nitrate levels were 
done. TPH estimation was done by gravimetry and GC-FID 
(elaborated below). Nitrate levels were estimated through 
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spectrophometric method (Cataldo et al. 1975; Sarkar et al. 
2016; Roy et al. 2018a). Total DNA from the native sludge 
(J0d) and experimental microcosms following 21 days incu-
bation (as maximum TPH degradation was achieved after 
21 days) were extracted and analysed through amplicon 
sequencing and qPCR (described below) to elucidate micro-
bial community composition and load in native sludge as 
well as in nitrate amended sludge.

Enrichment of hydrocarbon‑degrading microbial 
consortia from nitrate stimulated sludge

Enrichment of cultivable hydrocarbon degrading microbial 
populations was done through repeated sub-culturing of 
microorganisms from LN and HN sets under both aerobic 
and anaerobic conditions in crude oil and nitrate supple-
mented basal medium. The composition of basal medium 
was as follows (g L−1):K2HPO4, 0.8; KH2PO4, 0.2; NaCl, 
1; Na2SO4, 0.43; MgCl2·2H2O, 0.2; CaCl2·2H2O 0.03 and 
2.5 mL of trace element solution (Das and Kazy 2014). For 

the enrichment of hydrocarbon degrading microbial commu-
nities, 10 mL sludge slurry from each microcosm set-ups of 
step 1 (i.e. from LN, HN after 21 days) was inoculated in the 
basal medium amended with appropriate (low/high) nitrate 
concentrations and 1 mL crude oil using 100 mL glass serum 
vials. Four sets of microcosms were thus prepared and incu-
bated under aerobic as well as anaerobic conditions. The 
details of aerobic (XLN and XHN) and anaerobic (ALN and 
AHN) enrichment set-ups have been described in Table 1. 
Each of these enrichment cultures were sub-cultured under 
appropriate conditions following seven days of incubation 
for aerobic and 15 days for anaerobic enrichments. Follow-
ing three sub-culturing of aerobic and anaerobic enrichment 
cultures, the hydrocarbon enriched microbial populations 
from XLN, XHN, ALN, and AHN sets were assessed in 
terms of their hydrocarbon degradation potential. Each of 
these four enriched microbial consortia was tested for their 
hydrocarbon degradation ability using mixture of alkanes 
(K), aromatics (R), alkanes + aromatics (K + R) and crude 
oil (CO) as substrates. Alkane mixture (K) consisted of 

Fig. 1   Overall workflow of the 
study. Step 1, nitrate biostimula-
tion of refinery sludge microor-
ganisms, Step 2, enrichment of 
hydrocarbon degrading micro-
bial consortia through repeated 
subculturing of previously 
stimulated sludge microorgan-
isms (from step 1) in crude oil 
and nitrate supplemented basal 
medium under different condi-
tions, and Step 3, assessment of 
refinery sludge bioremediation 
performance and stability of the 
enriched microbial consortia 
(from step 2) by adopting differ-
ent strategies. Nomenclature of 
different microcosm set-ups of 
this study has been shown in the 
figure and description of each 
set-ups has been mentioned in 
Table 1. Microbial community 
compositions were determined 
from the samples of the sets 
marked with asterisk (*)
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dodecane, nonadecane and docosane at an initial concentra-
tion of 450 ppm, aromatic compound mixture (R) consisted 
of benzene, toluene, xylene and naphthalene (450 ppm). 
For K + R mixture, concentrations of the alkane and aro-
matic compounds were adjusted to obtain 450 ppm initial 
concentration, while crude oil was added as 10% (w/v) of 
the medium for the CO experimental set. Total petroleum 
hydrocarbon (TPH) degradation and nitrate consumption by 
aerobic consortia were monitored till 15 days, while that of 
anaerobic set were measured after 30 days because of their 
slow growth rate. TPH was measured by gas chromatogra-
phy equipped with flame ionization detector (GC-FID, Cla-
rus 580, Perkin Elmer, USA) based procedure developed by 
our laboratory (Sarkar et al. 2016; Roy et al. 2018a). Details 
of the TPH and nitrate estimation methods are presented 
separately. Microbial community compositions of all four 
enriched cultures (XLN, XHN, ALN, and AHN) were deter-
mined through 16S rRNA gene amplicon sequencing. Total 
DNA of the cultures was extracted following manufacturer’s 
protocol using DNeasy® PowerSoil® kit (Qiagen 12888-50) 
(Sarkar et al. 2016). Real time qPCR based quantification of 
total (bacterial and archaeal 16S rRNA genes) and selected 
(β-Proteobacteria and Firmicutes) community members 
were also ascertained (Gupta et al. 2018).

Assessment of refinery sludge bioremediation 
performance of enriched microbial consortia

The enriched microbial cultures were further assessed in 
terms of their refinery sludge bioremediation potential by 
using them as bioaugmenting agents. For evaluating the 

TPH removal performance of each of these microbial con-
sortia, 10 mL culture inoculum was added to 20 g refinery 
sludge along with 70 mL basal medium in a 100 mL glass 
serum vial. Microbial TPH degradation was tested under 
aerobic and anaerobic conditions. Apart from killed and una-
mended native sludge controls, seven different sets of refin-
ery sludge were incubated under following conditions: (i) 
biostimulation only (with 30 mM NaNO3; no added culture; 
set designated as BS), (ii) bioaugmentation only (addition 
of XLN, XHN and AHN cultures with the sludge at 10% 
(v/v) concentration; sets designated as BAXLN, BAXHN, 
and BAAHN), and (iii) combination of nitrate biostimulation 
and bioaugmentation of enriched cultures with sludge (sets 
designated as BSBAXLN, BSBAXHN, and BSBAAHN) 
(Table  1). All experimental set-ups were incubated till 
30 days. TPH and nitrate concentrations were monitored 
through periodical sampling. Total DNA from each set-up 
was extracted after 30 days of incubation, followed by qPCR 
and 16S rRNA gene amplicon sequencing.

Measurement of TPH removal

Hydrocarbon removal from each of the set-ups was estimated 
using gas chromatography equipped with flame ionization 
detector (GC-FID, Clarus 580, Perkin Elmer, USA). Extrac-
tion of hydrocarbon was performed using n-Hexane from 1 g 
sludge in triplicate with 1:10 (m/v) solvent ratio, following 
USEPA method 3530, followed by 30 min speed vortexing 
and centrifugation at 10,000 rpm for 10 min. TPH content 
was estimated by injecting 2 µL of extract in GC using the 
method as described by Wallisch et al (2014). Quantification 

Table 1   Nomenclature and 
description of different 
microcosm set-ups of this study

Sl No Name Description

Biostimulation and enrichment set-ups
 1 J0d Native sludge only
 2 LN Sludge stimulated with 10 mM nitrate for 21 days
 3 HN Sludge stimulated with 50 mM nitrate for 21 days
 4 XLN Aerobic enrichment of sludge microbes from 2
 5 XHN Aerobic enrichment of sludge microbes from 3
 6 ALN Anaerobic enrichment of sludge microbes from 2
 7 AHN Anaerobic enrichment of sludge microbes from 3

Sludge bioremediation set-ups
 8 Killed control Sludge killed with 1% sodium azide
 9 Native Sludge Sludge without any supplementation
 10 BS only Sludge biostimulated with 30 mM nitrate
 11 BAXLN Sludge bioaugmented with microbes from 4
 12 BAXHN Sludge bioaugmented with microbes from 5
 13 BAAHN Sludge bioaugmented with microbes from 7
 14 BSBAXLN Sludge bioaugmented with 4 + 30 mM nitrate
 15 BSBAXHN Sludge bioaugmented with 5 + 30 mM nitrate
 16 BSBAAHN Sludge bioaugmented with 7 + 30 mM nitrate
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of the amount of TPH present in each sample was achieved 
by adding all unresolved and resolved components of the 
hexane extract between retention times 5 to 30 min (for 
C10H22 to C40H82). Degradation efficiency was measured 
as percentage TPH reduction using the following equation:

For individual components, n-hexane for alkanes, acetone 
for aromatics and 1:1 mixture of acetone and n-hexane for 
mixture and crude oil were used as extraction solvent in 
ratio of 1:5 (v/v) at the beginning and at various intervals 
of incubation.GC peaks corresponding to added aliphatics 
or aromatics were ascertained and degradation calculated 
accordingly. However, for crude oil, same method as TPH 
degradation was applied due to observation of multiple 
peaks. To estimate the rate of bioremediation process, the 
kinetics of degradation for individual components as well 
as TPH reduction, was fitted into a first order kinetic model 
as has been previously suggested (Sarkar et al. 2017) and 
shown in Eq. 2 below:

where C0 is the initial and Ct is the residual TPH content of 
sludge (g kg−1 at time t (day) and k is the biodegradation 
rate constant (day−1). Biodegradation rate was calculated 
for each treatment by plotting logarithm of residual TPH 
concentration versus time.

Estimation of microbial load using quantitative PCR

Quantification of microbial load (bacterial as well as 
archaeal) and abundance of β-Proteobacteria and Firmicutes 
members in nitrate stimulated sludge (LN and HN), enriched 
microbial consortia (XLN, XHN and AHN), and selected 
sludge bioremediation set-ups (BSBAXLN, BSBAXHN 
and BSBAAHN) were estimated using quantitative real time 
PCR (qPCR). Primer sets and annealing temperatures used 
for each group were mentioned in Table 2. qPCR (Quant 

(1)%reduction =
initial TPH − finalTPH

initial TPH
× 100

(2)Ct = C
0
e−kt

Studio 5 Real-Time PCR System, Thermo Fisher Scientific) 
was performed using Power SYBR green PCR mastermix 
(Invitrogen) (5 μL), 5 pM of each primer set and 2 μL of 
template metagenome (total reaction volume 10 μL) in tripli-
cate. The amplification protocol followed: 95 °C for 10 min, 
40 cycles of 95 °C for 15 s, annealing temperature for 30 s 
and 72 °C for 30 s, followed by melt curve analysis. Anneal-
ing temperatures of 55 °C, 61 °C and 57 °C were used for 
bacterial and archaeal 16S, β-Proteobacteria and Firmicutes, 
respectively (Muyzer 1993; Mühling et al. 2008; Purkamo 
et al. 2016). Melting curve analysis was run after each assay 
to check PCR specificity. Copy number of genes were deter-
mined against standard curve (R2 > 0.993) generated using 
known concentrations (102 to 108 copies μL−1) of plasmid 
DNA containing cloned target gene as per the protocol out-
lined in Lee et al. (2008).

Amplicon sequencing and data analysis

Microbial community compositions of samples from nitrate 
stimulated sludge(LN and HN), enriched microbial consor-
tia (XLN, XHN and AHN), and selected sludge bioreme-
diation set-ups (BSBAXLN, BSBAXHN and BSBAAHN) 
were determined using amplicon sequencing of 16S rRNA 
genes targeting V4 regions. V4 region specific primers 515F 
and 806R were used for PCR amplification using AmpliTaq 
GoldTM 360 Master Mix and the following amplification 
conditions: 95 °C for 5 min, 35 cycles of 95 °C for 40 s, 
50 °C for 45 s and 72 °C for 40 s with final extension at 
72 °C for 7 min. Amplified products were extracted using 2% 
E-gel (E-Gel SizeSelect II Agarose Gel, Thermo Fisher Sci-
entific) and sequenced in Ion S5 platform (Thermo Fischer 
Scientific) with Ion 530 chip using manufacturer’s protocol. 
Taxonomic compositions of microbial communities were 
analyzed using QIIME (Quantitative Insights Into Micro-
bial Ecology) pipeline (Caporaso et al. 2010). Raw reads 
were filtered (for length between 250 and 300 bps), clustered 
into Operational taxonomic units (OTUs) at 97% identity 
and assigned taxonomy using SILVA 128 database. The raw 

Table 2   Details of primers used for aPCR analysis in this study

Gene Primers (5′-3′) Size (bp) Annealing temp 
(°C)

Refs

Bacteria 341F(CCT​ACG​GGA​GGC​AGCAG)
518R (ATT​ACC​GCG GCT​GCT​GG)

170 55 Muyzer  (1993)

Archaea 344f(ACG​GGG​CGC​AGC​AGG​CGC​GA)
744r (CCSGGG​TAT​CTA​ATC​C)

430 55 Purkamo et al. (2016)

β-Proteobacteria 972F (CGA​ARA​ACC​TTA​CCY​ACC​)
1221R (GTA​TGA​CGT​GTG​WAGCC)

450 61 Purkamo et al. (2016)

Firmicutes 352F (CAG​CAG​TAG​GGA​ATC​TTC​)
525R (ACC​TAC​GTA​TTA​CCG​CGG​)

170 57 Mühling et al. (2008)
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reads were deposited to the NCBI Sequence Read Archive 
database (SRA) under Bioproject ID PRJNA515418.

Statistical analysis

The data were subjected to one-way analysis of variance 
(ANOVA) at 5% probability. Mean of the different treat-
ments were tested for level of significant differences at 
p < 0.05 by Tukey (Honestly Significant Difference) test. 
Associations between variables were calculated by Pearson’s 
correlation.

Results

Biostimulation of native refinery sludge 
microorganisms by nitrate amendment

Biostimulation of native sludge microorganisms by the addi-
tion of two different levels of nitrate concentrations (LN, 
10 mM and HN, 50 mM) resulted in considerable amount 
(up to 55%) of sludge TPH degradation (i.e., from 400 to 
180 g kg−1) within three weeks of incubation, which is much 
higher than that of the unamended control set (Fig. 2a). TPH 
degradation in biostimulation set-ups increased steadily over 

Fig. 2   Effect of nitrate amend-
ment (biostimulation) on 
hydrocarbon degradation and 
microbial community compo-
sition in oil refinery sludge. 
a TPH degradation in sludge 
microcosms with/without nitrate 
amendment (low, LN, 10 mM 
nitrate and high, HN, 50 mM), 
b Nitrate utilization profile of 
the biostimulated (LN, HN) 
and non-stimulated (Una-
mended) sludge microcosms, c 
qPCR analysis of bacterial cell 
counts based on copy number 
of bacteria specific 16S rRNA 
genes in biostimulated and 
unamended sludge samples, 
and d Taxonomic distribution 
of major families (cumulative 
abundance 0.5%) in native 
unamended sludge control (J0d) 
and biostimulated (LN and HN) 
sludge samples
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the incubation period with concurrent reduction in nitrate 
concentrations and increment in bacterial load within the 
microcosms (Fig. 2b, c), which confirmed the effectiveness 
of biostimulation with nitrate amendment as a strategy for 
the bioremediation of oil containing sludge. The degrada-
tion of sludge TPH was comparable between low nitrate 
(LN) and high nitrate (HN) sets. However, the nitrate utili-
zation profile indicated depletion of nitrate in LN set within 
30 days, while presence of sufficient nitrate was observed in 
HN set (2b). qPCR analysis indicated a significant increase 
in bacterial 16S rRNA gene copy numbers with biostimula-
tion within two weeks (Fig. 2c).

The microbial community compositions of the native 
unamended sludge (J0d) and that after 3 weeks (21 days) of 
nitrate stimulation (both LN and HN) were assessed using 
16S rRNA genes-V4 targeted amplicon sequencing. Taxo-
nomic assignment of sequence reads showed distinct shift 
in community composition with nitrate amendment at fam-
ily level. Dominant families (cumulative abundance > 1%) 
detected in three samples and their relative abundances were 
represented in Fig. 2d. In the native sludge sample (J0d), 
56% of total reads were assigned to the members of follow-
ing 10 families, Pseudomonadaceae (29%), Sphingomona-
daceae (6.3%), Comamonadaceae (4.4%), Xanthomona-
daceae (4.4%), Rhodocyclaceae (4.3%), Cytophagaceae 
(2.5%), Moraxellaceae (1.7%), Chitinophagaceae (1.4%), 
Verrucomicrobiaceae (1.2%) and Microbacteriaceae (1%). 
Incubation of sludge under low nitrate condition for 21 days 
(LN) resulted in a microbial community, which was majorly 
composed of Rhodocyclaceae (21%), Syntrophaceae (19%), 
Xanthomonadaceae (16%), Comamonadaceae (8.4%), 
Geobacteraceae (4.5%), Anaerolineaceae (3.7%), Porphy-
romonadaceae (3.2%), Coriobacteraceae (3%), Methanoreg-
ulaceae (2%), Bacteriovoradaceae (2%), Methanosetaceae 
(1.7%), Enterobacteraceae (1.2%), Thermodesulfobiaceae 
(1.1%), Spirochaetaceae (1%) and Ruminococcaceae (1%) 
members. In this case, noticeable increment was observed 
in the abundance of Syntrophaceae, Anaerolineaceae, 
Porphyromonadaceae, Coriobacteraceae, Methanoregu-
laceae, Bacteriovoradaceae, Thermodesulfobiaceae, 
Ruminococcaceae, Caldisericaceae, Desulfobulbaceae, 
Synergistaceae, Syntrophobacteraceae and Vellionellaceae 
members. Some minor groups (abundance < 0.5%) like Pep-
tococcaceae, Oxalobacteraceae, Syntrophomonadaceae and 
Crenarchaeotal member Desulfurococcaceae also showed 
considerable hike in relative abundance within low nitrate 
stimulated sludge (Fig. 2d). With high nitrate incubation 
of sludge (HN), similar type of microbial community com-
position was noticed along with increase in the abundance 
of Hydrogenophilaceae, Hyphomonadaceae, Bradyrhizobi-
aceae, Thermodesulfobacteraceae and Microbacteriaceae 
members. However, marginal increment in the abundance 
of members of Rhodocyclaceae, Caldiseica_TTA-B1, 

Desulfurococcaceae, Porphyromonadaceae, Ruminococ-
caceae, Caldiserica_TTA-B15 was observed in later case.

At OTU level, 3766 OTUs were shared among LN and 
HN sets covering almost (36%) and (61%) of reads, while 
6633 and 2341 OTUs were unique in each sample, respec-
tively (Fig. 3a). Figure 3b showed that most abundant (top 
30) OTUs of LN and HN sets are common. This indicated 
stimulation of a core community with nitrate amendment, 
irrespective of its concentration. Rank abundance plot 
(Fig. 3c) indicated that the most abundant OTU of LN and 
HN sets (denovo29972, covering almost 12% and 19% reads 
of LN and HN) showed closest BLAST match to hydrocar-
bon degrading Rhodocyclaceae members. The next abundant 
OTU of both the sets (denovo27926) could be assigned to 
the well known hydrocarbon degrading Pseudoxanthomonas 
sp. Third abundant OTU (covering 4.2% of LN, 2.6% of 
HN reads) was assigned to the syntrophic, alkane degrading 
Smithella sp. Fourth abundant OTU (covering 4% LN, 2.3% 
HN reads) was affiliated to hydrocarbon degrading Coma-
monadaceae member. Other common OTUs of both the LN 
and HN sets could be assigned to organic pollutant degrad-
ing Geobacter, Proteiniphilum, etc.

Enrichment of hydrocarbon‑degrading microbial 
consortia from nitrate stimulated sludge 
and assessment of their hydrocarbon degradation 
potential

After three subculturing of nitrate biostimulated sludge 
microbial communities in crude oil amended basal 
medium under both aerobic and anaerobic conditions, 
four sets of enriched microbial consortia (aerobic XLN 
and XHN; anaerobic ALN and AHN) were obtained. To 
assess their hydrocarbon degradation ability, each of these 
consortia was tested for alkanes (K), aromatics (R), mix-
ture of K + R and crude oil (CO) degradation. Figure 4a 
represented the results of aerobic biodegradation after 7 
and 14 days incubation. It was observed that alkanes (K) 
were the most preferred carbon source for the enriched 
consortia followed by K + R mixture, crude oil and aro-
matics as evident from their rate and extent of biodegrada-
tion. However, biodegradation performance of XLN and 
XHN sets were found to be comparable indicating towards 
the positive effect of nitrate amendment in biodegradation 
even at low concentration. A marginal loss (10–15%) of 
hydrocarbons in control sets could be attributed to abiotic 
oxidation over the incubation period. Rate of degradation 
of each set was calculated assuming first order degradation 
kinetics and the result was presented in Table 3. Degrada-
tion rate constant k was maximum for alkanes in both XLN 
(k = 0.11 day−1) and XHN (k = 0.13 day−1) sets. Slower 
rate of degradation was found for aromatics in which case, 
XHN (56% TPH degradation, k = 0.06 day−1) consortium 
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performed marginally better than XLN (50% TPH degra-
dation, k = 0.05 day−1). In a similar comparison, anaerobic 
consortia ALN and AHN also showed higher degradation 
of alkanes over aromatics and other compounds tested 
albeit consuming longer time (Fig. 5a). It was observed 
that AHN consortium was a better performer in terms of 
TPH degradation, which could degrade 54% of K, 45% of 
R, 48% of K + R and 39% of CO compounds after 30 days 
of incubation. Although ALN consortium also showed 
competent degradation rates, unfortunate contamination 

in culture impeded its further growth and this consortium 
was thus not used for subsequent experiments.

Taxonomic characterization of enriched microbial 
populations in basal medium

Repeated subculturing of nitrate stimulated sludge micro-
organisms in crude oil amended basal medium for the 
enrichment of hydrocarbon degrading microbial popula-
tions under aerobic and anaerobic conditions, showed a 

Fig. 3   Distribution of OTUs 
among native sludge (J0d) and 
biostimulated sludge (LN and 
HN): a Venn diagram show-
ing common and unique OTUs 
among the samples; b Rela-
tive read distribution of most 
abundant top 30 OTUs of J0d, 
LN and HN in each of the three 
samples, c Rank abundance 
plot showing read distribution 
of most abundant and common 
OTUs of LN and HN sets
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prominent effect on the composition of microbial commu-
nities obtained therein. Amplicon sequencing of aerobic 
enrichments XLN and XHN generated an average of 0.2 
million quality filtered reads distributed over 1017 OTUs. 
Compared to the native or nitrated stimulated microbial 
communities, decrease in microbial diversity was observed 
in the XLN, XHN and ALN consortia (Figs. 4b, 5b). Taxo-
nomic assignments of the reads indicated preponderance of 
certain taxa, viz., Pseudomonadaceae, Comamonadaceae 

and Xanthomonadaceae in XLN as well as in XHN set. 
However, Pseudomonadaceae members were dominant in 
low nitrate XLN community, while Comamonadaceae mem-
bers were most abundant in high nitrate XHN community. In 
both the consortium most abundant genera were assigned to 
Pseudomonas, Pseudoxanthomonas and Comamonadaceae 
members, Brachymonas, Ottowia, Comamonas, Extensi-
monas, Acidovorax and Paracoccus (Table 4). On the other 
hand, taxonomic data of anaerobic AHN community showed 

Fig. 4   Hydrocarbon degradation 
ability and taxonomic composi-
tion of aerobic enrichments: a 
Hydrocarbon degradation effi-
ciency and nitrate utilization of 
aerobically enriched consortia 
(XLN and XHN) with aliphatic 
(K), aromatic (R), aliphatic 
and aromatics mix (K + R) and 
crude oil (CO); b Taxonomic 
composition (at family level) of 
initial (LN, HN) and aerobically 
enriched communities (XLN, 
XHN) with cumulative relative 
read abundance of 1%
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that 97% of the total quality filtered reads belonged to Bacil-
laceae (Bacillus, 64%, most abundant), Pseudomonadaceae 
(Pseudomonas, 12.5%), Porphyromonadaceae (Proteiniphi-
lum, 10%), Hydrogenophilaceae (Tepidiphilus, 1.8%) and 
Comamonadaceae (Brachymonas, Ottowia, etc.) (Fig. 5b; 
Table 4). OTU level analysis indicated that most abundant 
23 OTUs of XLN community covered almost 89% of its total 
reads and 88% of XHN community reads, indicating similar 
effect of nitrate levels (Fig. 6). The most abundant OTU of 
XLN (covering 60% reads) was assigned to Pseudomonas, 
while in XHN community the dominant OTU was assigned 
to Comamonadaceae member. The second most abundant 
OTU of XLN community (covering 10% reads), which 
was also the most abundant OTU of XHN, was assigned to 
Comamonadaceae family and showed similarity to Alicy-
cliphilus member. Other dominant OTUs in both the con-
sortium was related to Pseudoxanthomonas and Candidate 
division TM6 (Dependentiaceae) members. Increase in 
betaproteobacteria members have been confirmed through 
both amplicon and quantitative real time PCR study (Fig. 7).

Assessment of sludge bioremediation performance 
of enriched microbial consortia

The enriched hydrocarbon degrading microbial consortia 
(XLN, XHN and AHN) were further assessed in terms of 
their refinery sludge bioremediation potential by using them 
as bioaugmenting agents. Problems in culturing ALN con-
sortium led us to eliminate it for further study. TPH degrada-
tion performance of each of these cultures were monitored 
by adopting different bioremediation strategies that include 
(i) their bioaugmentation with sludge (bioremediation set-ups 
were designated as BAXLN, BAXHN and BAAHN) and (ii) 
a combination of their bioaugmentation + nitrate biostimula-
tion (BSBAXLN, BSBAXHN and BSBAAHN). The results 

of TPH biodegradation during bioremediation experiment 
have been presented in Fig. 8a. Abiotic loses accounted for 
8% TPH reduction, while unamended control (native sludge) 
accounted for 30% TPH degradation in 30 days. Within the 
same timeframe, aerobic consortia (XLN and XHN) per-
formed better than anaerobic ones (AHN). Nitrate biostimu-
lation (BS only) of native sludge could achieve up to 59% 
TPH degradation in 30 days, while only bioaugmentation 
strategy could achieve 38–58% TPH reduction (varying for 
BAXLN, BAXHN and BAAHN set-ups). Maximum TPH 
degradation could be observed in the set amended with XHN 
consortium and 30 mM nitrate (BSBAXHN). The initial TPH 
of 320 ± 25 g kg−1 was reduced to 46 g kg−1 in BSBAXHN 
set-up and 112 g kg−1in BSBAXLN. In anaerobic bioreme-
diation set-ups (BAAHN and BSBAAHN), rate and extent of 
TPH degradation was inhibited (36% in 30 days). Compared to 
other bioremediation strategies, combined biostimulation and 
bioaugmentation set-up showed faster and efficient degrada-
tion kinetics (Table 5). Survivability of the added microbial 
populations as well as the microbial community composition 
after 30 days of bioremediation treatment, were monitored 
using 16SrRNA gene amplicon sequencing of selected sludge 
microbiome (aerobic bioremediation sets BSBAXLN and 
BSBAXHN; anaerobic BSBAAHN) (Fig. 8b). The aerobic 
sets generated an average of 0.2 million reads distributed over 
1000 OTUs. Taxonomically BSBAXLN was predominated 
by γ-(83%) [Pseudomonadaceae, Xanthomonadaceae] and β- 
(16%) [Comamonadaceae] Proteobacteria, members as also 
observed in the added XLN community (Fig. 8b). Only four 
genera, viz., Pseudomonas, Pseudoxanthomonas, Paracoccus 
and Brachymonas constituted majority (covering > 80% reads) 
in the BSBAXLN community (Table 4). Similarly, after biore-
mediation, BSBAXHN community was also composed of the 
members of γ-[Xanthomonadaceae, Pseudomonadaceae] and 
β-[Comamonadaceae] Proteobacteria, covering 89% of qual-
ity filtered reads in the library, which is in line with the simi-
lar community composition of the added XHN populations 
in this set-up (Fig. 8b). Pseudoxanthomonas, Pseudomonas 
and Brachymonas were also found to be the most prevalent 
genera in BSBAXHN community (Table 4). The anaerobic 
set-up (BSBAAHN) also showed the survival of the amended 
microbial populations (AHN). After 30 days, BSBAAHN 
set-up was found to be composed of the members of Firmi-
cutes (Bacillaceae), γ-Proteobacteria (Pseudomonadaceae, 
Xanthomonadaceae), β-Proteobacteria (Comamonadaceae, 
Hydrogenophilaceae), and Bacteoidetes (Porphyromona-
daceae) (Fig. 8b). Sludge derived community after 30 days 
treatment, BSBAAHN indicated presence of similar groups 
as AHN community with marginal increase in abundance 
of Comamonadaceae members Brachymonas, Comamonas, 
Ottowia, Aquabacterium etc. Presence of β-Proteobacteria and 
Firmicutes members in the sludge samples before and after 
bioremediation has also been confirmed through qPCR study 

Table 3   First order rate constant (k) and half-life (t1/2) of aerobic 
hydrocarbon degradation ability test

k (day−1) t1/2(day)

K_con 0.0116 86.2069
K_XLN 0.115 8.695652
K_XHN 0.135 7.407407
R_con 0.0091 109.8901
R_XLN 0.0495 20.20202
R_XHN 0.0586 17.06485
K + R_con 0.0091 109.8901
K + R_XLN 0.073 13.69863
K + R_XHN 0.105 9.52381
CO_con 0.0075 133.3333
CO_XLN 0.0586 17.06485
CO_XHN 0.0691 14.47178
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(Fig. 7). Overall observation showed the survivability and sta-
bility of the added microbial consortia during bioremediation 
of refinery sludge while performing very well in sludge TPH 
degradation.

Discussion

Biostimulation of oil refinery sludge microorganisms by the 
addition of nitrate showed enhanced TPH degradation with 
concomitant nitrate utilization and enhanced bacterial abun-
dance within the sample. It has been shown earlier that the 

degradation of petroleum hydrocarbons by the indigenous 
community can be enhanced by the extraneous supply of 
the required nutrients in the contaminated site (Delille et al. 
2004; Tyagi et al. 2011; Sarkar et al. 2016). Diverse types 
of hydrocarbon residues present in the refinery waste sludge 
represent a substantial source of carbon and electrons for 
the indigenous microorganisms, whereas, the presence/bio-
availability of nitrogen and phosphorous is still very lim-
ited. The refinery sludge used in this study was deprived 
of nitrogen and as soon as available nitrate was provided, 
the resident microorganisms started utilization of the same 
rapidly, which was confirmed by the depletion of the nitrate 

Fig. 5   Hydrocarbon degradation 
ability and taxonomic composi-
tion of anaerobic enrichments: 
a Hydrocarbon degradation 
and nitrate consumption at 
the end of 30 days for anaero-
bic enriched cultures (ALN 
and AHN), b Taxonomic 
composition of initial sludge 
(J0d), starter culture (HN) and 
enriched community under high 
nitrate (AHN) at family level 
with 1% cumulative abundance
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concentration. Availability of nitrogen (as nitrate) favorably 
alleviates the N deficient state of high organic carbon-rich 
sludge and helps in stimulating a plethora of biogeochemi-
cal transformations thereby allowing efficient metabolism 
and cell growth which could be evidenced by steep rise in 
bacterial cell numbers, coupled with TPH reduction (Mason 
et al. 2014; Zhang et al. 2015; Xu et al. 2018). With respect 
to the different nitrate levels used in this study, we found that 
concentration of nitrate had a marginal role on the amount 
of TPH degradation as it was slightly higher in HN set com-
pared to the LN set, which indicated that even the addi-
tion of low amount of nitrate could stimulate the growth of 
resident microorganisms within the sludge thus resulting in 
enhanced TPH degradation (Hazen et al. 2016). It has been 
reported that nitrate has two distinct functions with respect 
to microorganisms of hydrocarbon rich environments, which 

could facilitate hydrocarbon degradation: (a) nitrate medi-
ated hydrocarbon activation with concomitant growth of 
mainly β-Proteobacteria members, and (b) nitrate can act as 
terminal electron acceptor by dissimilatory nitrate reducing 
bacteria during oxidation of organic compounds (Zedelius 
et al. 2011; Dashti et al. 2015; Sarkar et al. 2016).

Previous studies on petroleum contaminated samples have 
demonstrated the efficacy of biostimulation as a remedia-
tion strategy (Atlas and Hazen 2011; Wu et al. 2016; Liu 
et al. 2020). Taxonomic composition of these biostimulated 
communities were ascertained to identify the members, 
which have been active in achieving enhanced degradation 
as compared to native sludge community (Lamendella et al. 
2014; Singleton et al. 2016; Roy et al. 2018a). Among the 
abundant families detected in the unamended native sludge 
(J0d) of the present study, Pseudomonadaceae members 

Table 4   List of most abundant (abundance > 0.5%) genera in samples

J0d LN HN XLN BSBAXLN XHN BSBAXHN AHN BSBAAHN

Pseudomonas Pseudoxan-
thomonas

Pseudoxan-
thomonas

Pseudomonas Pseudomonas Pseudomonas Pseudoxan-
thomonas

Bacillus Bacillus

Sphingopyxis Smithella Smithella Brachymonas Brachymonas Pseudoxan-
thomonas

Pseudomonas Pseudomonas Pseudomonas

Methyloversa-
tilis

Brachymonas Brachymonas Pseudoxan-
thomonas

Pseudoxan-
thomonas

Brachymonas Brachymonas Proteiniphi-
lum

Brachymonas

Rhodanobac-
ter

Geobacter Geobacter Candidatus
Babela 

massiliensis

Paracoccus Candidatus 
Babela 
massiliensis

Thiomonas Pseudoxan-
thomonas

Proteiniphilum

Pseudarcic-
ella

Methanolinea Proteiniphi-
lum

Ottowia Cellulosimi-
crobium

Candidatus 
Babela 
massiliensis

Brachymonas Pseudoxan-
thomonas

Sediminibac-
terium

Methanosaeta Longilinea Ottowia Tepidiphilus Tepidiphilus

Acinetobacter Coprothermo-
bacter

Methanolinea Thiomonas Thiomonas

Enhydrobac-
ter

Longilinea Coprothermo-
bacter

Ottowia

Staphylococ-
cus

Proteiniphi-
lum

Caldisericum

Fluviicola Klebsiella Saccharofer-
mentans

Pseudoxan-
thomonas

Caldisericum Methanosaeta

Emticicia Pseudomonas Pseudomonas
Smithella Saccharofer-

mentans
Leptolinea

Flavobacte-
rium

Methanobac-
terium

Ralstonia Leptolinea
Corynebacte-

rium 1
Desulfitibac-

ter
Limnohabit-

ans
Methanocella

HgcI clade Syntropho-
bacter
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have been ubiquitously reported from other hydrocarbon 
contaminated environments, while members of Sphingo-
monadaceae have been found to be oligotrophic and able 
to utilize a wide range of recalcitrant aromatics under a 
wide range of temperature and nutrient regimes (Yang et al. 
2014; Wang et al. 2016; Zhou et al. 2016; Lee et al. 2019). 
Betaproteobacteria members Rhodocyclaceae and Coma-
monadaceae, which constitute a part of the native com-
munity, have also been previously reported from petroleum 
affected environments and their function in nitrogen cycle 
was noteworthy (Yergeau et al. 2012; Bell et al. 2013; Sin-
gleton et al. 2016). Chitiniphagaceae members, detected 
in our sample (Sedimentibacterium), have been reported to 
degrade recalcitrant crude oil components like tar (Llado 

et al. 2015). Thus, our observation suggested presence of 
potent hydrocarbon degrading microbial community in 
the native refinery sludge, which was comparable to that 
reported from such site previously (Roy et  al. 2018b). 
Biostimulation with low nitrate level led to proliferation of 
metabolically diverse microorganisms known to be involved 
in hydrocarbon degradation, nitrate and sulfate reduction, 
syntrophic and methanogenic activities (Rhodocyclaceae, 
Xanthomonadaceae, Comamonadaceae, Anaerolineaceae, 
Geobacteraceae, Syntrophaceae, Porphyromonadaceae, 
Coriobacteraceae, Methanoregulaceae members (Gray 
et al. 2011; Zedelius et al. 2011; An et al. 2013; Dashti et al. 
2015; Tan et al. 2015; Fowler et al. 2016). With high nitrate 
incubation (HN), similar trend was also noticed along with 

Fig. 6   OTU level distribution of 
enriched microbial communi-
ties: a Percentage of total reads 
covered by 23 most abundant 
OTUs across enriched samples; 
b Taxonomic affiliation of 23 
most abundant OTUs across the 
enriched samples
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the increase in abundance of other organisms including 
Hydrogenophilaceae, Hyphomonadaceae, Bradyrhizobi-
aceae, Thermodesulfobacteraceae and Microbacteriaceae 
members. Phylogenetic interpretation of the abundant OTUs 
of nitrate stimulated communities (LN and HN) clearly indi-
cated close phylogenetic relation of the members with previ-
ously reported hydrocarbon degrading microorganisms. The 
phylogenetic study in particular revealed the close lineage 
of biostimulated members to organisms not only inhabiting/
degrading hydrocarbons, but also creating physical/chemical 
ambience to other members of the community, thus, favor-
ing an overall enhanced community performance. For exam-
ple, the most abundant OTU of both the samples indicated 
its close similarity to Rhodocyclales member Azovibrio as 
well as to Dechloromonas, which have also been reported 
to create niches for aerobic hydrocarbon degrading bacteria 
to function (Wolterink et al. 2005). Detection of syntrophic 
groups such as Syntrophaceae, Anaerolineaceae, Porphy-
romonadaceae and Coriobacteriaceae indicated that they 
could provide organic acid intermediates like acetate or for-
mate, which in turn could act as substrates for methanogenic 
archaeal members (Sutton et al. 2013; Noguchi et al. 2014; 
Fowler et al. 2016). An organism reported to have diverse 
hydrocarbon degradation capacity, Pseudoxanthomonas, was 
detected as the second most abundant OTU confirming their 
presence in the nitrate stimulated sludge samples. These 
organisms have also been previously reported from nitrate 
associated hydrocarbon contaminated environments (Young 
et al. 2007; Al-Mailem et al. 2019). Presence of anaero-
bic, acetogenic, syntrophic organisms related to Smithella 
indicated towards the presence of anaerobic niches in the 
sludge. Abundance of Comamonadaceae members, which 

have been previously reported to be involved in hydrocarbon 
degradation under nitrate stimulated conditions, ascertained 
their possible role as major players in the hydrocarbon deg-
radation process (Qiu et al. 2015). The shift in community 
composition after nitrate stimulation of native sludge cor-
roborated very well with OTU level analysis. OTU level 
analysis of biostimulated samples (both LN and HN) clearly 
indicated stimulation of a specific microbial community with 
nitrate amendment in sludge. The data reaffirmed the effect 
of nitrate biostimulation on shifting of microbial commu-
nity composition, which could be linked to corresponding 
enhanced TPH degradation as has also been suggested by 
previous investigators (Roy et al. 2018a; Siles and Margesin 
2018). Overall observation also suggested that aerobic and 
anaerobic microbes could work together to facilitate hydro-
carbon degradation under biostimulated condition.

Enrichment of hydrocarbon degrading microbial popula-
tions through repeated subculturing of these nitrate biostim-
ulated communities in crude oil amended basal medium 
under aerobic and anaerobic conditions resulted in four 
microbial communities (aerobic: XLN and XHN; anaerobic: 
ALN and AHN). Biodegradation of a range of hydrocarbon 
compounds by the four enriched consortia indicated that 
aerobic consortia (XLN, XHN) were superior to anaerobic 
ones. Under both the conditions, alkanes were preferred 
over aromatics. Microbial hydrocarbon degradation ability 
has been reported to be affected by the chemical structure 
of the hydrocarbons and several studies have reported the 
order of preference as follows: linear alkane > branched 
alkane > aromatics > cyclic compounds > PAHs (Varjani 
2017). Aerobic degradation of hydrocarbons has been 
reported to be faster and more metabolically efficient than 

Fig. 7   Quantitative estima-
tion of microbial abundance 
in samples using qPCR. 
Quantitative real time based 
estimation of bacteria, archaea, 
β-Proteobacteria and Firmicutes 
members in the native sludge 
(J0d), stimulated sludge (LN, 
HN), enriched consortia (XLN, 
XHN, AHN) and selected 
sludge samples after bioreme-
diation experiment (BSBAXLN, 
BSBAXHN, BSBAAHN)
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anaerobic degradation (Rojo 2009; Brzeszcz and Kaszycki 
2018; Xu et al. 2018). Repeated sub-culturing of hydrocar-
bon degrading populations in the basal medium with nitrate 
showed a prominent effect on the composition of microbial 
communities obtained from original biostimulation. Aerobic 
enrichments (XLN, XHN) showed preponderance of certain 
taxons, viz., γ- and β-Proteobacteria and Candidate divi-
sion TM6, specifically Pseudomonas, Pseudoxanthomonas 
and Comamonadaceae members, Brachymonas, Ottowia, 

Comamonas, Extensimonas, Acidovorax and Paracoccus, 
all of them have been known to be capable of hydrocar-
bon degradation and nitrate reduction (Rotaru et al. 2010; 
Al-Mailem et al. 2019; Ali et al. 2020). Low nitrate levels 
stimulated Pseudomonadaceae members (Pseudomonas), 
while high nitrate stimulated Comamonadaceae mem-
bers (Comamonas, Brachymonas). OTU level analysis of 
the enriched aerobic hydrocarbon degrading communities 
reiterated the effect of nitrate enrichment, irrespective of 

Fig. 8   Assessment of refinery 
sludge bioremediation potential 
and stability of enriched micro-
bial consortia during bioreme-
diation trial: a TPH degrada-
tion during refinery sludge 
bioremediation using nitrate 
biostimulation, bioaugmenta-
tion with XLN, XHN or AHN 
and a combination of nitrate 
biostimulation + bioaugmenta-
tion (XLN, XHN or AHN) over 
30 days; b Microbial commu-
nity composition in microcosms 
after 30 days of bioremediation 
experiment using combined 
biostimulation + bioaugmen-
tation strategy (BSBAXLN, 
BSBAXHN and BSBAAHN) 
and comparison with starter 
cultures (XLN, XHN and AHN) 
at family level covering > 90% 
of reads in each library
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the concentration, wherein most abundant OTUs in both 
the samples were shared covering majority of reads in each 
of the libraries. The most abundant OTU of XLN showed 
closest taxonomic match with Pseudomonas, which is well 
known for its hydrocarbon degradation capability in diverse 
environments. The second most abundant OTU of XLN and 
the most abundant OTU of XHN was assigned to Coma-
monadaceae family member, which showed similarity to 
Alicycliphilus member reported to be capable of degrading 
hydrocarbons under both aerobic and anaerobic conditions 
(Mechichi et al. 2003). Members of Betaproteobacteria have 
been implicated in hydrocarbon removal under nitrate reduc-
ing conditions (Zedelius et al. 2011; Dashti et al. 2015), 
which was also observed in this study and a significant 
increase was confirmed through both amplicon and quan-
titative PCR analysis. Thus, this study reaffirms the role 
of β- and γ-Proteobacteria in rapid aerobic degradation of 
hydrocarbons in presence of nitrate. Anaerobic enrichment 
(AHN) resulted in a distinct community with preponderance 
of Firmicutes (Bacillus) members along with few common 
members as also observed in aerobic sets (Pseudomona-
daceae, Porphyromonadaceae, Hydrogenophilaceae snd 
Comamonadaceae). Bacillus members have been reported 
ubiquitously in diverse hydrocarbon contaminated environ-
ments and are known to have strong role in hydrocarbon 
attenuation (Das and Kazy 2014; Tao et al. 2017; Roy et al. 
2018a) under anaerobic condition. Several members are 
capable of hydrocarbon degradation followed by fermenta-
tion thus producing intermediates useful for other organisms.

Sludge bioremediation experiments were set up to 
investigate the TPH biodegradation efficiency of the 
enriched microbial consortia. Compared to other biore-
mediation strategies tested, a combined nitrate biostimula-
tion and bioaugmentation (addition of enriched microbial 
consortia) approach was observed to be most effective 
emphasizing the importance of nutrient availability as 
well as presence of capable degraders in order to achieve 

efficient bioremediation of refinery sludge. However, 
the sludge bioremediation performance of aerobically 
enriched microbial consortia (XLN and XHN) was supe-
rior over the anaerobic populations (AHN), which cor-
roborated with very well-known fact about the efficacy of 
aerobic system on hydrocarbon degradation. It should be 
noted that the performance of anaerobically enriched con-
sortium (AHN) was tested for its sludge bioremediation 
ability under anaerobic condition only. Although anaero-
bically enriched community performed poorly compared 
to the aerobic enrichments, anaerobic regimes deep inside 
the sludge pit, might support the activities of anaerobic 
populations in subsequent degradation of hydrocarbons. 
In order to validate the maintenance of added microbial 
consortia (through bioaugmentation), we assessed the tax-
onomic composition of the three bioremediation set-ups 
(BSBAXLN, BSBAXHN and BSBAAHN) after the com-
pletion of sludge TPH biodegradation experiment. It was 
clearly evident that the major bacterial taxa, augmented 
to the refinery sludge with XLN and XHN communities, 
could survive and flourish satisfactorily as the same OTUs, 
as found in the XLN, XHN and AHN communities before 
treatment, constituted the major proportions in the sludge 
bioremediation set-ups after the completion of experi-
ment. Predominance of gamma (Pseudomonadaceae, 
Xanthomonadaceae) and beta- (Comamonadaceae) pro-
teobacterial members emphasized on their role in efficient 
TPH biodegradation in refinery sludge under aerobic con-
ditions (Bargiela et al. 2015; Singleton et al. 2016; Duarte 
et al. 2017). It was noticeable that augmented microbial 
communities could successfully survive and establish a 
stable and efficient hydrocarbon degrading community 
within refinery sludge. Although, anaerobic bioremedia-
tion experiment could not yield satisfactory result in terms 
of efficient TPH degradation within 30 days, taxonomic 
analysis, however, revealed the survival of the added 
microbial community (AHN) after the treatment period, 
verifying the members as active participants of hydrocar-
bon degradation process. Although anaerobic enrichment 
could not perform comparably to aerobic consortia but 
adaptability within sludge bioremediation environment 
was comparable, which strongly supported the use of 
native microbial populations as bioaugmenting agents for 
accelerating refinery sludge bioremediation under aero-
bic as well as anaerobic conditions. The survival, stabil-
ity and performance of enriched microbial community 
members within sludge bioremediation set-ups could be 
attributed to their capability to survive and flourish within 
their native environment, wherein these microbes have 
been already adjusted with the harsh conditions. Thus the 
approach of bioaugmentation of autochthonous microbial 
populations could be successfully used for the enhanced 

Table 5   First order rate constant (k) and half life (t1/2) of biodegrada-
tion in sludge bioremediation microcosms

Sample k (day−1) t1/2(day)

Killed 0.004 227.272
Unamended 0.011 86.957
BS only 0.03 33.784
BAXLN 0.02 51.02
BAXHN 0.028 36.49635
BAAHN 0.0273 36.63004
BSBAXLN 0.033 30.30303
BSBAXHN 0.0692 14.45087
BSBAAHN 0.0149 67.11409
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bioremediation of petroleum hydrocarbon contaminated 
refinery waste.

Conclusion

This study allowed enrichment and characterization of 
hydrocarbon degrading microbial consortia from a highly 
contaminated refinery waste sludge. The enriched hydrocar-
bon degrading populations were predominantly composed 
of bacteria and these cultures were successfully tested for 
their application as bioaugmentation agent for refinery 
waste remediation. Our work confirmed that catabolically 
superior, hydrocarbon degrading mixed bacterial culture 
can be enriched from refinery waste sludge. Nitrate reduc-
ing, hydrocarbonoclastic aerobic genera Comamonas, Bra-
chymonas, Pseudomonas and Pseudoxanthomonas were 
obtained as aerobic consortia under both high and low nitrate 
condition. The anaerobic consortium obtained through high 
nitrate amendment was constituted by anaerobic, fermen-
tative, members affiliated to Bacillus, Proteiniphilum, etc. 
The study successfully demonstrated that nitrate utiliza-
ing, hydrocarbon degrading microbial consortia obtained 
from refinery sludge can be used as potent bioaugmentation 
agent for efficient remediation of such complex waste. An 
advanced bioremediation strategy was developed by com-
bining biostimulation and bioaugmentation approaches for 
superior hydrocarbon degradation. This microbial consortia 
obtained and advanced bioremediation strategy developed 
could be implemented for attenuation of petroleum hydro-
carbon pollution.
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