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Nutrient availability shapes the 
microbial community structure 
in sugarcane bagasse compost-
derived consortia
Bruno L. Mello1,*, Anna M. Alessi2,*, Simon McQueen-Mason2, Neil C. Bruce2 & 

Igor Polikarpov1

Microbial communities (MCs) create complex metabolic networks in natural habitats and respond to 

environmental changes by shifts in the community structure. Although members of MCs are often 

not amenable for cultivation in pure culture, it is possible to obtain a greater diversity of species 

in the laboratory setting when microorganisms are grown as mixed cultures. In order to mimic the 

environmental conditions, an appropriate growth medium must be applied. Here, we examined 

the hypothesis that a greater diversity of microorganisms can be sustained under nutrient-limited 

conditions. Using a 16 S rRNA amplicon metagenomic approach, we explored the structure of a 
compost-derived MC. During a five-week time course the MC grown in minimal medium with sugarcane 
bagasse (SCB) as a sole carbon source showed greater diversity and enrichment in lignocellulose-

degrading microorganisms. In contrast, a MC grown in nutrient rich medium with addition of SCB had 

a lower microbial diversity and limited number of lignocellulolytic species. Our approach provides 

evidence that factors such as nutrient availability has a significant selective pressure on the biodiversity 
of microorganisms in MCs. Consequently, nutrient-limited medium may displace bacterial generalist 

species, leading to an enriched source for mining novel enzymes for biotechnology applications.

Recent interest in development of renewable energy such as biofuels has led to multiple reports exploring natural 
ecosystems for novel enzymes involved in the degradation of lignocellulose1–6. The enzymatic conversion of plant 
residues represents a major cost of biofuel production, limiting its economical competitiveness and sustaina-
bility. The isolation of lignocellulose degrading microorganisms has been reported from environments such as 
compost7–11, soil11–13, water13, animal waste slurry11, and invertebrates14,15. Metagenomics approaches and the 
rapid development of new sequencing techniques have greatly enhanced our understanding on how these com-
plex microbial communities (MCs) are structured and how they respond to environmental factors. For instance, 
amplicon based sequencing of the ribosomal RNA coding regions and other molecular markers nowadays pro-
vides quick and affordable metadata on the composition of a MC. Since microorganisms represent the majority of 
the biodiversity found in terrestrial ecosystems and are intimately involved in ecosystem functions16, metagenom-
ics is one of the key technologies used to access and investigate this genetic reservoir17. Studies on environmental 
MCs using -omics technologies, therefore, offer opportunities for improving biotechnological processes involved 
in wastewater treatment, soil remediation, agroindustrial waste degradation and second-generation biofuels 
production18–20.

Since most of metagenomics studies rely on collecting sample directly from the environment, the resulting 
data often shows a low number of target genes. In order to improve detection rate of desired properties, enrich-
ment techniques are often applied where the environmental sample is inoculated into a liquid medium with a 
supplement that will force the enrichment e.g. plant biomass, xenobiotics etc. By using this approach, recent 
metagenome studies on rumen, soil or compost derived microbial consortia showed successful enrichment of 
enzymes involved in lignocellulose degradation21,22. The resulting approach will determine predominance of 

1Instituto de Física de São Carlos, Universidade de São Paulo, Av. Trabalhador São-carlense 400, São Carlos, SP, 
13560-970, Brazil. 2Department of Biology, University of York, Wentworth Way, York, YO10 5DD, UK. *These authors 

contributed equally to this work. Correspondence and requests for materials should be addressed to I.P. (email: 
ipolikapov@ifsc.usp.br)

received: 03 June 2016

accepted: 14 November 2016

Published: 12 December 2016

OPEN

mailto:ipolikapov@ifsc.usp.br


www.nature.com/scientificreports/

2Scientific RepoRts | 6:38781 | DOI: 10.1038/srep38781

different specialized taxa in the enriched community based on availability of, demand for and consumption rate 
of nutrients in the applied growth medium23. Hence, the resource availability in those pre-set cultures will affect 
the complexity, behavior and competitive ability of microorganisms as shown initially by Tilman24. It is also 
known that a more diverse resource will sustain greater biodiversity in MCs by reducing interspecific competition 
due to better distribution of resources between species25. There is a growing interest to understand how complex 
MCs such as those present in human and animal guts, soil or oceans respond to environmental factors such as 
nutrient availability.

In the current study, exposing a compost-derived microbial consortium to nutrient limited minimal medium 
(MM) and nutrient rich medium was investigated. We determined how the composition of a MC and ligno-
cellulolytic activity are affected by resource availability using amplicon based metagenomics and selective plate 
screening. A nutrient rich medium supplemented with lignocellulosic biomass provides multiple energy sources 
and should allow more generalist microorganisms to thrive. In contrast, a MM, with lignocellulosic biomass and 
no additional carbon sources, should enhance growth of specialized lignocellulolytic degraders creating enriched 
MCs. Our study demonstrates that microbial consortia obtained from MM have in fact greater diversity and 
proliferation of lignocellulose-degrading microorganisms as compared with MC grown in nutrient rich medium.

Results
Screening for cellulolytic microorganisms in compost-derived microbial consortia. In order to 
estimate the number of culturable microbial cells in the in vitro composting cultures, we used agar plates inocu-
lated with a serial dilution of the MC. After one week, the PCS-grown cultures had 18 times higher cell density 
than the MM-grown cultures (Fig. 1). Two-week old cultures showed dramatic decrease in the cellular density 
compared to week 1, by having 10- and 5-fold lower number of CFU/ml in the MM and PCS cultures, respec-
tively. In contrast, the proportion of microorganisms with cellulase activity measured by the number of colonies 
displaying clearance zones on carboxymethyl cellulose (CMC) plates was significantly smaller in PCS culture than 
for those obtained from MM. This observation was confirmed by our qualitative sugarcane biomass assessment. 
The sugarcane bagasse that remained after microbial growth was filtered, dried and visually examined for its 
breakdown. Biomass obtained from MM-grown cultures (Supplementary Fig. 1) showed a reduction in particle 
size and biomass darkening. The PCS-grown cultures, which offered more accessible carbon sources than sugar-
cane bagasse, showed reduced lignocellulose breakdown even after 5-weeks incubation. Size and morphology of 
sugarcane remained unchanged in those cultures, mainly due to low abundance of specialized lignocellulolytic 
microorganisms that was observed during CMC-plate assay.

Evaluation of microbial diversity in compost-derived consortia using high-throughput sequenc-
ing. A total of 1,224,357 (n =  8, 170,000 reads per samples) 16 S rRNA sequence reads were obtained for the 
in vitro composting MCs. The minimum number of reads mapped to a sample was 46,999 with the exception of 
sample PCS-5, for which 11,603 reads were obtained. The number of sequenced reads for individual samples and 
assigned OTUs are given in Table 1.

Figure 1. Number of colony forming units (CFUs) of compost-derived consortia grown in (a) minimal 
medium and (b) PCS. Supernatant from liquid cultures after incubation for one and two weeks was collected 
and spread as serial dilutions on solid agar plates supplemented with carboxymethyl cellulose (CMC). 
Subsequently, colonies were removed and plates were stained with Congo red. The proportion of isolates 
producing clearance zones −  indicative to cellulolytic activity −  is presented in the figure.
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Taxonomic distribution of our in vitro composting liquid cultures was examined at the level of phylum 
(Fig. 2a) and class (Fig. 2b–d). Relative abundance at the phylum level varied depending on the growth medium 
used. The compost-derived consortium grown on MM was dominated by Proteobacteria (58%), Bacteroidetes 
(18%) and Actinobacteria (13%), accounting for nearly 90% of the total diversity in week 1. The OTUs assigned to 
Bacteroidetes and Actinobacteria showed gradual increase to 25% and 18%, respectively, during mid time points, 
followed by a decrease in the week 5 sample. Further, phylotypes assigned to lineages such as Acidobacteria, 
Chloroflexi, Firmicutes and Planctomycetes initially accounted for 6% of all picked OTUs. Those phyla showed a 
gradual increase in week 5 cultures, proving that the diversity of bacterial community at phylum level, increased 
over time. The phylum Actinobacteria was strongly dominated by the class Actinobacteria with relative abun-
dance higher than 87% over the 5-week time course. In contrast, phylum Bacteroidetes showed more variation 

Community
Number 
of reads

Number of reads used 
for OTU picking

Number of 
picked OTUs

Number of 
rarefied OTUs

MM-1 444,182 405,578 411 195

MM-2 211,159 191,892 373 194

MM-3 87,256 78,782 347 238

MM-5 55,113 50,223 322 237

PCS-1 46,999 42,216 235 169

PCS-2 290,779 272,638 303 158

PCS-3 77,266 72,558 228 155

PCS-5 11,603 10,480 183 162

Table 1.  Number of raw and filtered 16 S rRNA reads used for OTU clustering from compost-derived 
consortia.

Figure 2. Relative abundance of bacterial (a) phyla and (b) classes for phylotypes identified in compost-derived 
consortia grown on minimal medium and PCS using 16 S rRNA sequencing. Number next to the medium 
abbreviation represents week when sample was collected. y-axis =  relative abundance [%].
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over time, and was dominated by the representatives of class Cytophagia, Flavobacteria and Saprospirae. Further, 
members of Alphaproteobacteria and Gammaproteobacteria were recovered in all the samples with a relative 
abundance higher than 88% of all Proteobacteria during the tested time points.

The MC grown on PCS medium was dominated by OTUs belonging to Bacteroidetes (49%) and Proteobacteria 
(41%) accounting for 90% abundance in the week 1 culture. The phylum Bacteroidetes accounted for more 
than 44% abundance at all time points taken, showing a clear dominance in the cultures. Other two phyla that 
showed an increase in the relative abundance were Chloroflexi (from 0.3% to 14%) and Firmicutes (from 1% to 
5%). Within Bacteroidetes phylum, members of Saprospirae dominated PCS cultures at the class level, however 
Cytophagia and Flavobacteria showed increasing abundance over time. Proteobacteria were strongly dominated 
by Alphaproteobacteria and Gammaproteobacteria similarly to MM cultures.

To further analyze which phyla were primarily responsible for the differences between the MM and PCS grown 
communities, we applied a SIMPER test (Table 2). The OTUs classified to genus level were grouped to phylum 
and class level after analysis. The phyla Bacteroidetes (classes Saprospirae and Sphingobacteria), Proteobacteria 
(classes Gammaproteobacteria and Alphaproteobacteria) and Actinobacteria (class Actinobacteria) were respon-
sible for nearly 60% of the observed dissimilarity between the MM and PCS consortia based on Bray-Curtis 
distance. Those linages were the most abundant in our cultures and accounted for 37% to 83% relative abundance 
depending on the sample. The major contributors to community differences were also analyzed using SIMPER 
test at genus level. Amongst the twenty most abundant OTUs in each medium (Supplementary Table 1), five 
phylotypes were present in both consortia. In both MM and PCS cultures, 70% of OTUs could not be classified 
at genus level, indicating presence of microorganisms belonging to previously non-described genera. The twenty 
most abundant OTUs accounted for 57% and 75% of all assigned OTUs in MM and PCS cultures, respectively. 
This result shows that few species dominated the cultures and reveals that the microbial diversity in PCS-grown 
culture was lower than in MM consortia. The higher complexity of MM cultures was confirmed by a presence 
of more unique OTUs accounting for 41% of total identified phylotypes (Fig. 3a). In addition, SIMPER analysis 
showed that 17 OTUs observed in MM cultures accounted for 50% of the total sequenced reads. When PCS con-
sortia were investigated, 8 OTUs represented the same number of reads (Supplementary Table 1).

Diversity analysis. Alpha diversity rarefaction curves (Fig. 3b) show a small decrease in microbial species 
richness with incubation time. Even with 40,000 sequences per sample, the curves did not reach an asymptote, 
indicating a high microbial diversity in the samples and that a larger sequencing effort would need to be employed 
to identify all the microbes present. The Shannon index (Fig. 3c) confirmed those observations with a greater 
microbial diversity in MM- than PCS-grown cultures.

Principal coordinate analysis (PCoA) using weighted UniFrac distances (Fig. 3d) was used to estimate the 
phylogenetic differences between samples. PCoA showed that the consortia derived from MM and PCS medium 
were classified into two distinct clusters. The principal coordinate 1 (PCO-1) was sufficient for total separation of 
those two groups based on the growth medium used for culturing. Within each cluster, the PCO-2 allowed the 
samples to be grouped based on their growth time showing demarcation of early and later time points.

Discussion
Bacteria that can grow in pure culture under laboratory conditions represent a small fraction of the total micro-
bial diversity that can be found in nature. Studies have estimated that only up to 1% of the soil microorganisms 
could proliferate in standard growth media26–28. Many bacteria have specific nutrient or chemical requirements, 
naturally present in their environment29,30 but difficult to replicate in the laboratory. In addition, syntrophic rela-
tionships in complex MCs are a limiting factor in culturing many microbes. However, this uncultured part of the 

Phylum Class
Mean abundance 

in MM(%)
Mean abundance 

in PCS(%)
Contribution to 
dissimilarity(%)

Cumulative contribution 
to dissimilarity(%)

Bacteroidetes

Saprospirae 4.4 26.9 22.4 22.4

Sphingobacteria 0.4 8.5 8.1 30.4

Cytophagia 3.3 8.7 6.4 36.9

Flavobacteria 4.6 5.5 4.2 41.1

Other 2.9 2.8 3.0 44.1

Proteobacteria

γ -proteobacteria 15.1 6.0 9.4 53.5

α -proteobacteria 19.9 19.3 7.8 61.2

Other 3.5 2.3 2.2 63.5

Actinobacteria
Actinobacteria 13.2 1.5 11.6 75.1

Other 0.8 0.7 0.6 75.6

Acidobacteria — 7.4 1.6 6.5 82.2

Planctomycetes — 7.3 1.5 5.8 88.0

Chloroflexi — 5.2 4.8 5.2 93.2

Firmicutes — 3.7 2.0 2.3 95.5

Table 2.  SIMPER analysis showing which phyla and classes of microorganisms were primarily responsible 
for Bray-Curtis dissimilarity between MM and PCS compost-derived communities. The cumulative 
contribution to dissimilarity represents the summed contribution to dissimilarity of afore presented taxa.
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MC is capable of synthesizing novel unknown natural products and plays a critical role in carbon, nitrogen and 
nutrient recycling31 such as lignocellulose breakdown.

Microbial consortia have been demonstrated to enhance lignocellulose degradation compared to monocul-
tures32–35 that often display lower biodegradation rates36. Previous studies on employing microbial consortia for 
lignocellulose breakdown utilized both complex37–39 and defined media40–42.

In the present work, we evaluated the changes in compost-derived MCs cultured in a presence of nutritionally 
rich and minimal growth medium. A complex PCS medium provided a rich set of nutrients from yeast extract 
and peptone such as vitamins and amino acids to sustain microbial growth to a high density. In contrast, ligno-
cellulose degradation was suppressed due to availability of other more accessible energy sources. The proportion 
of microorganisms degrading lignocellulose as assessed by CMC-screening was low and visual inspection of SCB 
biomass lacked morphological changes at the end of experiment. We expected to induce lignocellulolytic MC 
using a defined MM supplemented with sugarcane bagasse as a sole carbon source. This medium contains basic 
components for bacterial growth such as ions, electrolytes (provided as trace elements mixture) and nitrogen, but 
no carbon source. The MM grown consortia displayed a higher proportion of cellulolytic microorganisms than 
the PCS cultures and efficiently degraded SCB over five-week trial as observed in our qualitative assessment of 
weekly-collected biomass. Quantitative biomass analysis that relies on saccharification using hydrolysis with acid, 
followed sugar separation by a high performance anion exchange chromatography has been previously used to 
evaluate compositional changes in lignocellulose residues43,44. However, in our study we were unable to remove 
all the microbial biomass from the plant residues, these cells also underwent hydrolysis during the acid treatment 
releasing amino sugars from the bacterial cell wall and neutral sugars from the extracellular bacterial matrix. 
These microbially derived sugars affected the accuracy of the HPLC method showing inconsistent results.

To evaluate the complexity of our composting communities, we applied amplicon sequencing of V4 region 
of 16 S rRNA gene using methods and standards recommended by the Earth Microbiome Project45. Amplicon 
sequencing of 16 S rRNA is widely used approach to estimate the relative abundance of microorganisms in the 
MCs. However, since the method is based on PCR amplification, multiple factors have been reported to affect its 
performance including the DNA extraction procedure, primer design, DNA polymerase and number of ampli-
fication steps46. Based on alpha diversity measurements we found that bacterial diversity and richness was sig-
nificantly higher in MM grown consortia. As reported by Mitri et al.47, nutrient limitation is a key mechanism 
underlying the maintenance of diversity in cell groups. This observation is in agreement with our study. The 
number of cells in the nutrient rich medium was higher than in MM-grown cultures leading to expansion of fast 

Figure 3. Diversity analysis of compost-derived consortia. (a) Venn diagram presenting number of unique 
and shared OTUs for MM- and PCS-grown compost derived consortia. (b) Rarefaction curves showing the 
calculated rarefaction using phylogenetic diversity (PD) versus the number of reads sequenced per sample. 
Other diversity indices, such as chao1 and observed_species, were also tested showing similar results.  
(c) Box-whisker plot of the calculated Shannon’s diversity index. The results were grouped by the medium used 
for growth. The asterisk (*) denotes a significant difference (p ≤  0.05, Student’s t-test) between MM- and PCS-
grown cultures diversity indexes. (d) PCoA of weighted UniFrac distances. Consortia obtained from the same 
growth medium clustered together, as presented in the figure.
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diving cells, which promoted the loss of culture’s diversity. Based on our results, we conclude that MM is more 
suitable medium to study MCs in the laboratory setting because it mimics natural conditions where cell densities 
and growth rates can be much lower than using nutrient rich medium.

The phylogenetic distances using UniFrac showed separation of MM and PCS grown cultures and clustering 
of early and late time points. Both consortia showed presence of phylotypes from the phylum Proteobacteria 
whose members are known for metabolic diversity48. Members of Bacteroidetes and Actinobacteria present in 
both communities have been linked to degradation of complex polymers in compost1,6 and have been reported in 
composting piles previously49,50. Interestingly, MM community was enriched in phylotypes including known and 
characterized genera such as Cellulomonas, Paenibacillus and Cellvibrio. Isolates from latter genera were shown 
to be involved in degradation of various plant materials49,51,52. MM grown consortia also showed high relative 
abundance of unknown OTUs from diverse families. PCS most abundant OTUs were species that assimilate sim-
ple carbon sources such as Sphingobacterium and Asticcacaulis. Shinogobacterium sp. was reported as prevalent 
producer of glycosyl hydrolases from the CAZy families 2 and 3 in metagenomic studies of soil-derived microbial 
consortia and major contributor to deconstructing the hemicellulosic part of plant cell wall in soil21. In our PCS 
cultures the degradation of SCB was limited based on the visual evaluation of the remaining biomass. High rela-
tive abundance of Sphingobacterium sp. indicates the presence of short oligosaccharides in the medium, probably 
derived from the components of yeast extract.

In conclusion, our work tested the hypothesis that nutrient resources in the growth medium used in 
laboratory-based experiments, shapes MCs structure. Using amplicon sequencing of 16 S rRNA genes, we showed 
significant differences in dominant microbial taxa of compost-derived consortia grown in a nutrient limited 
and rich conditions. We conclude that a number of microbes are required to effectively break down recalcitrant 
substrates such as sugarcane bagasse, leading to a selective enrichment of specialized group of microorganisms. 
Consequently, nutrient-limited media can be used to attend diverse biotechnological needs when displacement 
of bacterial generalist species and enrichment of specific MCs is desired.

Materials and Methods
Sample collection and culture. Composting samples were collected between January and April 2013 from 
the São Paulo University Recycling Project (São Carlos campus). The samples were collected during the final 
mesophilic phase at locations 30 cm below the surface. A homogenized composting sample (250 mg) was used 
to inoculate 25 mL of either complex PCS (0.1% yeast extract, 0.5% peptone, 0.5% CaCO3, 0.5% NaCl pH 8.0)39 
or MM (KCl 0.52 g/L, KH2PO4 0.815 g/L, K2HPO4 1.045 g/L, MgSO4 1.35 g/L, NaNO3 1.75 g/L, Hutner’s trace 
elements53). Cultures were supplemented with 2% (w/v) sugarcane bagasse and incubated at 30 °C with 150 rpm 
agitation for five weeks. Sugarcane bagasse was kindly provided by the Cosan Group (Ibaté, São Paulo, Brazil). 
Prior to use, it was washed with hot water (50 °C) and dried in a 50 °C oven.

Cellulase screening on solid media. A ten-fold serial dilution of the composting cultures was spread on 
agar plates containing the PCS or MM supplemented with 1% (w/v) carboxymethyl cellulose (CMC). MM was 
also supplemented with 1% (w/v) dextrose to facilitate growth of microorganisms unable to degrade CMC. Plates 
were incubated at 30 °C for one week and the number of colony-forming units (CFUs) was counted. Subsequently, 
colonies were removed from plates with water followed by staining with 1% (w/v) Congo red dye for 15 min and 
destaining with 1 M NaCl for 20 min. The cellulolytic microorganisms that secrete endocellulases cause cleavage 
of the CMC backbone resulting in formation of a clearance zone around colonies upon staining with Congo red.

16 S rRNA gene sequencing. The whole microbial culture was centrifuged at 2,000 ×  g for 10 min and the 
pellet was used for DNA extraction. DNA was extracted from 50 mg pellet using the FastDNA Spin Kit for Soil (MP 
Biomedicals, Solon, OH, USA) according to the supplier’s recommendations. The V4 hypervariable region of the 
bacterial 16 S rRNA gene was amplified using 50 ng of metagenomic DNA as template and modified universal bacte-
rial primers 515 F (5′ -TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA-3′ )  
and 806 R (5′ -GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT-3′ ), 
with Illumina adapter overhang sequences indicated by underline. Amplicons were obtained by PCR using the 
following condition: initial denaturation at 94 °C for 2 min, followed by 25 cycles of 94 °C for 30 sec, 57 °C for 
60 sec, 72 °C for 40 sec, and a final elongation step at 72 °C for 10 min. The fragments were cleaned using the 
Wizard SV gel and PCR Clean-Up System (Promega, Madison, WI, USA). Samples were indexed with the Nextera 
DNA Library Prep Kit (Illumina, Carlsbad, CA, USA). DNA concentration was measured with the KAPA Library 
Quantification Kit (Kapa Byosystems, Wilmington, MA, USA) according to the manufacture’s recommendations. 
Samples were pooled in equimolar amounts and sequenced on a MiSeq (Illumina, Carlsbad, CA, USA) producing 
2 ×  150 bp paired-end reads.

Bioinformatics and data analysis. The paired-end reads were merged using Fast Length Adjustment of 
SHort reads (FLASH, v1.2.7)54. The Quantitative Insights Into Microbial Ecology (QIIME, v1.8.0)55 was used 
to perform data analysis. Reads were quality filtered (at Phred score >  Q20) and operational taxonomic units 
(OTUs) were picked at 97% identity using the UCLUST algorithm56. The UCHIME algorithm57 was used to 
detect and filter chimeras. OTU was assigned to taxonomic groups using the GreenGenes database58 released on 
May 2013 and RDP Classifier. Singleton reads were filtered to reduce noise and variability. QIIME was also used 
to calculate the alpha and beta diversity after data sets were rarefied to 40 k and 10 k reads per sample, respec-
tively. PCoA was used to visualize clustering of samples based on their weighted UniFrac distance matrices. PAST 
(v3.11)59 was used to calculate Shannon’s diversity index (with the 10 k reads rarefied sample) and similarity 
percentage analysis (SIMPER) to determine which OTUs contribute more to dissimilarity between communities.
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