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If a sample contains many singletons (single hits) the Chao1 index will estimate higher species 

richness, as it predicts a higher number of rare OTUs likely exist. Higher Chao1 values represent 

higher diversity. 

3.2.3 Metatranscriptomic Analysis 

 Duplicate samples were taken from the Biotic Control at 24 and 96 hours and from the 

Biotic Zn treatment at 24 hours for metatranscriptomic analysis. Total RNA was extracted as 

described earlier using PowerSoil Total RNA Isolation Kits. Samples were checked on an Agilent 

2100 Bioanalyzer for concentration and quality. An RNA concentration of at least 100 ng µL-1 and 

an RNA integrity value (RIN) greater than 7.0 (scale 1-10) was required for further processing. RNA 

aliquots that passed in-house quality control were sent to McGill University and Génome Québec 

Innovation Centre (http://www.genomequebec.com/en/home.html) for metatranscriptome 

preparation, consisting of an rRNA depletion, cDNA reverse transcription, and shotgun sequencing 

of resultant DNA derived from the total mRNA pool. Data outputted in a fastq file format for each 

sample was uploaded to the online bioinformatics pipeline MG-RAST (Metagenomics analysis 

server) for metatranscriptomics analysis (http://metagenomics.anl.gov/) using a minimum phred 

score of 30 for high-base confirmation. 

Functional gene analysis was performed by annotating sequences against the KEGG 

(Kyoto Encyclopedia of Genes and Genomes) database with a minimum %-identity cut off of 60%, 

e-value (expect value) of 1-e-5, and an alignment length of 15 base pairs. The number of hits for 

each protein transcript identified were normalized by dividing by the number of hits of the RNA-

polymerase subunit B, yielding a normalized % abundance value (Fortunato et al., 2015). 

Abundance values from duplicate samples were averaged and used for data interpretation. 

Additional taxonomy analysis from metatranscriptome data was performed by annotating 

sequences against the NCBI (National Center for Biotechnology Information) RefSeq database 
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easily degradable carbon from the primary breakdown of chitinous material in the mussel shell 

bioreactor (DiLoreto et al., 2016). However, chitin was not present in the experimental 

treatments, so although Serratia in enrichments were sourced from a chitinous environments, 

they’re growth in the treatments must be due to metabolism of other carbon sources (primarily 

lactate or acetate), confirming with other studies that these species possess a versatile diet 

(Shukor et al., 2008). The fact that Serratia were detected in the Zn-amended treatment and not 

the Biotic Control could be due to similar reasons as Pseudomonas; i.e., less competition from 

metal-intolerant bacteria, also implying a measure of metal resistance in Serratia.  

Coinciding with the dominance of Pseudomonas and Serratia in the Biotic Zn treatment 

at 24 hours was an abundance of TCA cycle transcripts, having significantly higher relative 

abundance than the Biotic Control (Figure 3.7). As acetogenic genes and acetogenic and sulfate 

reducing bacterial species were low in abundance, TCA cycle genes likely corresponded to the 

oxidation of lactate by the dominant species (Pseudomonas) as opposed to the modified acetate 

metabolism pathway as proposed in the Biotic Control. From 16S rRNA data, species of the 

Clostridiales became more abundant in the Biotic Zn treatment over the time periods, as was 

observed in the Biotic Control. However, this was due to an increase in the family Lachnospiraceae 

as opposed to the Clostridiaceae or SRB within the Peptococcaceae, species which were observed 

in abundance in the Biotic Control. It was confirmed from chemical data that the addition of Zn 

did not inhibit SRB species, as sulfate removal rates did not differ between the Biotic Control and 

Biotic Zn treatments. However, as SRB and dissimilatory sulfate reduction genes were not 

identified within the first 96 hours from the Zn-amended treatment, it is possible that a lag existed 

in SRB growth, but that this lag did not affect overall SRB activity. This would explain the identified 

lag in hydrogen sulfide production compared to the Biotic Control. The rebound and plateau in 

16S rRNA concentrations in the Biotic Zn treatment could have also been an indication of late SRB 
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metabolism. Pseudomonas appeared to be outcompeting most other bacteria in the metal-

amended treatment, and this species would not have been producing acetate from lactate 

oxidation via the TCA cycle, thus acetate as carbon source for recognized SRB species in the Biotic 

Control would not have been available until later time points, when acetogens could have 

persisted after the initial dominance of Pseudomonas. It does appear that an assimilatory sulfate 

reduction pathway was active at 24 hours in the Biotic Zn treatment. This pathway reduces 

inorganic sulfur for incorporation into biological components, primarily the amino acid cysteine. 

Active bacteria at this time point (mainly Pseudomonas and/or Serratia were likely culprits for this 

metabolic pathway, as they were the dominant species present. Furthermore, an increase in 

normalized abundance of cysteine-building gene transcripts, including cysteine synthase and O-

acetyltransferase, correlate with increased assimilatory sulfate reduction pathways. 

3.3.5 Conclusions 

 Through 16S rRNA amplicon sequencing and metatranscriptomic analysis, it was observed 

that enrichments simulating early bacterial community establishment of a passive treatment 

system for Acid Mine Drainage were capable of sustaining sulfate reducing bacteria. In the 

absence of Zn, Clostridium species proved to be vital in generating acetate by primary oxidation 

of lactate, as revealed by metatranscriptomics data. Acetate could then be utilized by SRB, which 

showed an increase in abundance over time in experimental treatments. Lactate-utilizing SRB 

were also abundant across early time points, attesting to the kinetically favourable oxidation of 

lactate over acetate. The dominant SRB present were spore-forming types, a characteristic that 

would allow them to contend with acidic and metal-laden environments, such as in the mussel 

shell bioreactor.  
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This scenario differed in a Zn-incorporated setting, where SRBs exhibited a lag in growth, 

although no apparent burden in activity. More metal resistant bacteria showed abundance in 

these treatments, including those of the genus Pseudomonas. These species utilized lactate 

through non-acetogenic pathways, thus substrates for SRB were less available, and contributed 

to their low abundance at the early time points studied. 

Key enzymes involved in dissimilatory sulfate reduction were in low abundance or non-

expressed from 24-96 hours in both treatments. Thus, despite the presence of SRB, hydrogen 

sulfide production by these species was not prevalent until later time points, as indicated by 

solution chemistry data. At these later time points Zn could react with dissolved sulfide and 

precipitate as ZnS minerals, contributing to metal immobilization. Future work on this system 

could survey taxonomy and metabolic activity by metatranscriptomics throughout the entirety of 

the experiment (throughout 888 hours or longer) to resolve microbial functioning at later time 

points and identify the transition of the community from acetogenic to sulfate-reducing. Q-PCR 

investigations not included in this dissertation showed that dissimilatory sulfate reduction genes, 

such as the dsr gene, were not expressed at later experimental time points, despite the measured 

generation of hydrogen sulfide and subsequent sulfide mineral precipitation. It is suspected that 

dissimilatory sulfate reduction by bacteria occurs intermittently, as postulated in other research 

by coarsening patterns in ZnS (Moreau et al., 2004). Thus, dsr transcripts can be easily missed 

when a total RNA extraction is performed at singular time intervals, as single-stranded mRNA 

molecules are known to have a lifespan of only a few minutes (Moran et al., 2013). A more 

rigorous sampling regime (multiple sample points per day) may aid in discerning the nature of 

these cryptic pulses in sulfate reduction in both natural and experimental settings. 

In terms of the hypotheses set forth in Chapter 1: 
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1) Sulfate-reducing genera will not comprise a significantly different proportion of the 

bacterial community than any other genus.  

2) Dissimilatory sulfate reduction genes transcripts will not change significantly throughout 

the duration of the experiment. 

it is confirmed that SRB did indeed comprise a significant portion of the bacterial community in 

the Biotic Control, as select groups were represented within the top 25 most abundant genera. 

However, this was not the case in the metal-amended Biotic Zn treatment, where no sulfate 

reducing bacterial genera made up a significant portion of the community, at least not over early 

experimental time points (0 to 96 hours). Thus, the 1st null hypothesis may be rejected for the 

Biotic Control, but not the Biotic Zn treatment. As for the 2nd hypothesis, dissimilatory sulfate 

reduction genes were not detected during the sampling period in both the Biotic Control or Biotic 

Zn treatment. Although these genes may be detected under a heavier sampling effort over later 

time points, the 2nd null hypothesis cannot be rejected with respect to the data presented here.  
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 E.C. number 
Bio Control 24 to 96 hours 
p-value 

Bio Control 24 to Bio Zn 24 
p-value 

3’-phosphoadenosine 5’-phosphosulfate synthase 2.7.7.4 2.7.1.25 ↑                 0.004386 0.4126 

Acetyl-CoA Synthase 
1.2.7.4 1.2.99.2 
2.3.1.169 ↓              0.0005638 ↓                0.00054 

Aconitase 4.2.1.3 4.2.1.99 ↑                0.002161 ↑              0.000569 

adenylylsulfate reductase 1.8.99.2 0.13 0.8832 

assimilatory sulfite reductase (ferredoxin) 1.8.7.1 ↓                0.008662 ↓                0.00175 

assimilatory sulfite reductase (NADPH) 1.8.1.2 ↑                0.008989 ↑              0.002723 

carbonmonoxide dehydrogenase (acceptor) 1.2.99.2 ↓              0.0007327 ↓                0.00062 

citrate (Si)synthase 2.3.3.1 ↑                0.001264 ↑              0.000569 

cysteine synthase 2.5.1.47 ↑                    0.0193 ↑              0.000545 

dihydrolipoyllysineresidue succinyltransferase 2.3.1.61    ↑                0.007535 ↑              0.000585 

formate dehydrogenase 1.2.1.2 ↑                  0.02383 ↑              0.000515 

fumarate hydratase 4.2.1.2 ↑                0.001495 ↑              0.000755 

isocitrate dehydrogenase (NADP+) 1.1.1.42 ↑                0.001293 ↑              0.000667 

Table 3.1: Significance values acquired through Tukey’s pairwise comparisons for differences in key transcript normalized abundance. P-

values are displayed for changes in normalized abundance of transcripts between 24 and 96 hours in the Biotic Control and between 24 

hours in the Biotic Control and 24 hours in the Biotic Zn treatment. Significant comparisons (p-value <0.05) are shaded, with an up arrow (↑) 

indicting an increase in normalize abundance and a down arrow (↓) indicating a decrease in normalized abundance over the respective time 

intervals or treatments.  
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methyl coenzyme M reductase  2.8.4.1   
oxoglutarate dehydrogenase 
(succinyltransferring)(sucA) 1.2.4.2 ↑             0.0009524 ↑              0.000515 

phosphoadenylylsulfate reductase (thioredoxin) 1.8.4.8 0.822 ↑              0.000517 

serine Oacetyltransferase 2.3.1.30 ↑                  0.03848 ↑              0.000515 

succinate dehydrogenase sdh 1.3.99.1 ↑             0.0002808 ↑                0.03625 

SuccinateCoA ligase (ADPforming) 6.2.1.5 ↑                    0.0091 ↑              0.000515 

sulfate adenylyltransferase 2.7.7.4 ↑                 0.01506 ↑              0.001062 
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Figure 3.1: Shannon H (A) and Chao1 (B) diversity index values for Biotic Control and Biotic Zn 

treatments  
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Figure 3.2: Filtered Operational Taxonomic Unit (OTU) relative abundance data at the 

phylum level. Values based off 16S rRNA amplicon sequences from total RNA extraction 

over 24 to 96 hours. A) Biotic Control B) Biotic Zn  
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Figure 3.3: Filtered Operational Taxonomic Unit (OTU) relative abundance data at the 

family level. Values based off 16S rRNA amplicon sequences from total RNA extraction 

over 24 to 96 hours. A) Biotic Control B) Biotic Zn  

 


