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Metagenomics is the culture-independent study of genetic material obtained directly from environmental samples. It has become a realistic approach to understanding microbial communities thanks to advances in high-throughput DNA sequencing technologies over the past decade. Current research has shown that different sites of the human body house varied bacterial communities. There is a strong correlation between an individual’s microbial community profile at a given site and disease. Metagenomics is being applied more often as a means of comparing microbial profiles in biomedical studies. The analysis of the data collected using metagenomics can be quite challenging and there exist a plethora of tools for interpreting the results. An automatic analytical workflow for metagenomic analyses has been implemented and tested using synthetic datasets of varying quality. It is able to accurately classify bacteria by taxa and correctly estimate the richness and diversity of each set. The workflow was then applied to the study of the airways microbiome in Chronic Obstructive Pulmonary Disease (COPD). COPD is a progressive lung disease resulting in narrowing of the airways and restricted airflow. Despite being the third leading cause of death in the United States, little is known about the differences in the lung microbial community profiles of healthy individuals and COPD patients. Bronchoalveolar lavage (BAL) samples were collected from COPD patients, active or ex-smokers, and never smokers and sequenced by 454 pyrosequencing. A total of 56 individuals were recruited for the study. Substantial colonization of the lungs was found in all subjects and differentially abundant genera in each group were identified. These discoveries are promising and may further our understanding of how the structure of the lung microbiome is modified as COPD progresses. It is also anticipated that the results will eventually lead to improved treatments for COPD.



Table of Contents

I. Introduction	1
II. Materials and Methods	7
Analytical Workflow	7
Generation of Synthetic Data	8
Collection of COPD Data	9
III. Results	10
Synthetic Data	10
COPD Data	20
IV. Discussion	26
V. Literature Cited	33



LIST OF TABLES
Table 1. Classification accuracy of reads.	12
Table 2. Sample of genera with low classification accuracy.	14
Table 3. Genera with high false positive rates	15
Table 4. Richness mean and standard deviation for synthetic sets.	16
Table 5. performance ofchimera removal strategies	19
Table 6. t-tests on richness estimates .	23
Table 7. t-tests on diversity estimates	24
Table 8. Differentially abundant genera.	25


LIST OF FIGURES

Figure 1. Overview of a metagenomics pipeline..	3
Figure 2. estimate of genera present in synthetic samples.	16
Figure 3. Diversity estimates.	17
Figure 4. Diversity at a fixed richness level.	18
Figure 5. Richness and diversity estimates for all subjects (blind)	20
Figure 6. Richness and diversity estimates for all subjects (categorized).	21

v

[bookmark: _Toc353971634]Introduction

A major obstacle in understanding the microbial composition of any given environment is that most bacteria are difficult to culture in a laboratory and thus traditional studies fall short of accurately characterizing an environment’s microbiome (Amann and Schleifer, 1995). In the last decade, metagenomics has emerged as a promising solution to this problem. A highly interdisciplinary approach involving a combination of ecology, microbiology, computer science, and statistics, metagenomics is the culture-independent study of samples taken directly from an environment of interest. All DNA present in these samples is isolated, sequenced and used to reconstruct the microbial community structure of the source (Wooley et al., 2010). Although early metagenomic studies can be traced back to the late 1990s (Hugenholtz et al., 1998), interest in the approach increased appreciably after Craig Venter used it as part of the Global Oceanic Sampling Expedition in 2003 (Venter et al., 2004). Metagenomics has since been used in dozens of environmental studies and is now finding biomedical applications. Several studies have shown that different sites of the human body house different bacterial communities and that there is a strong correlation between an individual’s microbial profile at a given body site and specific diseases (Turnbaugh et al., 2007). Determining what differences exist between healthy and diseased individuals and identification of possible pathogens could lead to improved diagnoses and treatments.

Although the broad concept of metagenomics is fairly intuitive, in practice it remains a challenging and data-intensive approach. A major limitation of metagenomics is the fragmented nature of the sequences collected. There is no guarantee of obtaining a complete genome from any single organism in a sample. In addition, depending on the source from which it was collected, a sample could contain sequences from tens of thousands of individual organisms (Warnecke and Hugenholtz, 2007). Therefore, a great deal of care and thought needs to be put into how samples are collected, processed, and analyzed. A large number of open-source analytical tools for metagenomics have emerged since Venter’s study. These include tools used to align sequencing reads to a reference database, to remove suspected contamination, for clustering reads by similarity, for mapping reads to taxonomies, and many others. Because of the complexity of metagenomic samples, no single approach is sufficient to fully characterize the source environment. There is a growing trend towards suites of bioinformatic tools that facilitate taking raw data and producing comprehensive summaries. An example is the MG-RAST (Metagenomics Rapid Annotation using Subsystem Technology) Server which combines manually curated data with previously recovered metagenomic data as comparison points for new user-submitted data. One of its advantages is the use of a modular pipeline that allows the user to pick and choose which steps to include in an analysis (Meyer et al., 2008). MG-RAST lacks some flexibility, however, being intended for shotgun sequenced genomes. It is also not well-suited to very large jobs, and there are some privacy concerns with uploading sequences derived from human subjects to a public database. Similar concerns and limitations exist with CAMERA (Community Cyberinfrastructure for Advanced Microbial Ecology Research and Analysis) which claims to be the largest metagenomic sequence data and metadata repository available (Seshadri et al., 2007). A far more flexible suite of tools is found in mothur (Schloss et al., 2009). It lacks the more sophisticated interfaces of MG-RAST and CAMERA but makes up for it with its customizability and breadth of features. It also has the advantage of being very well documented and having a strong community of users and developers available for troubleshooting problems. It was decided to thoroughly evaluate mothur’s performance as an analytical tool and assess it suitability for metagenomic studies of disease states.
There are some common steps required for any metagenomic analysis as shown in Figure 1. 



[bookmark: _Toc353973525]Figure 1. Overview of a metagenomics pipeline. Data pre-processing filters reads by quality and length, removes contaminants, removes chimeric sequences and prepares data for additional analysis. Classification and clustering maps each read to a sequence in a reference database and groups them by taxonomy. Single-sample analysis estimates the richness and diversity of each sample, and finally multiple-sample comparisons identify patterns in related groups of samples.

A starting point for designing a workflow using mothur was identifying which tools it had available for performing these steps and whether additional tools would need to be written and incorporated. Since this pipeline is made up of a series of steps performed in sequence and because new algorithms continue to be developed that could eventually perform a given step more efficiently, it is desirable to have the ability to substitute one tool for another without disrupting the entire workflow. In other words, the pipeline should be highly modular requiring minimal modifications when steps are altered or as new steps are incorporated or removed. Additionally, the performance of all steps should be automatic requiring little or no user intervention once the analysis has begun. The mothur tool suite contains almost all of the software tools necessary to satisfy these broad steps. Because it operates from the command-line, it can be automated using Linux shell scripts. Shell scripts also allow for the use of non-mothur tools as part of the workflow without needing to interrupt data processing, thus satisfying the desire for modularity. Mothur outputs its results and logs as simple text files which are easily parsable by other programs. It does not include adequate tools for graphing or formatting results, so data interpretation requires the use of outside scripts and software. In short, mothur is suitable for handling the bulk of a metagenomic workflow but additional tools from other sources also need to be incorporated for a fully-functional pipeline.

In order to assess its suitability for health-related studies, mothur’s performance in three specific areas has been evaluated: (1) its accuracy at classifying reads by taxonomy; (2) its ability to estimate a sample’s richness and diversity; and (3) its ability to handle possible contaminants in a sample. Creation of synthetic data sets of precisely known compositions is an obvious way to test its performance. Classification accuracy can be assessed by determining how often mothur correctly identifies a read’s source sequence, how different a read can be from that sequence and still be correctly classified, and how often a read is misclassified as stemming from a different source. This has been tested by generating simulated reads from all of the sequences in the Ribosomal Database Project’s (RDP) reference database, a curated collection of over 10,000 16S rRNA sequences classified at the kingdom (Bacteria and Archaea) through genus levels (Cole et al., 2009). Entries from the RDP were mutated in silico through increasing levels of base substitutions and reads were generated and analyzed from the results. Accuracy in richness and diversity can be assessed by determining how often the number of taxa in the source and their relative abundances are correctly estimated. Both measures are of interest for health-related studies in that they could indicate an increase in opportunistic pathogens or the dominance of a small number of taxa in either the healthy or diseased individual. Finally, a contaminant can be defined as a non-bacterial source of DNA in the sample or the presence of a DNA sequence that did not originate from the environment being studied. The first type of contamination is typically caused during handling of the sample, and is usually human, mitochondrial, or other non-microbial DNA. A more challenging type of contamination would be chimeric sequences generated during PCR. There have been several studies examining how common the problem of chimeras is and how it might affect the analysis of data. For 16S rRNA amplification, one study showed that depending on the polymerase used during PCR, the number of chimeras ranged from 2.5% to 8.7% of all amplicons produced (Qiu et al., 2001). Several additional studies show that the number of chimeras increases as the diversity and richness of a sample increases (Fonseca et al., 2012, Qiu et al., 2001, Wang and Wang, 1996). There are several tools available for filtering out chimeric sequences, and basically two approaches to identifying them. The first simply compares reads to a DNA database. If the start of one read matches one sequence in the database but the end of the read matches a different sequence, then there is a high likelihood of the read being chimeric. The problem with this approach is that it depends on finding reads in a database, but real data from a metagenomics study will likely have many reads from unclassified organisms. An alternative to comparing sequences to a reference database is the de novo approach which considers reads in the order of decreasing abundance in a dataset. Candidate parents must have abundance at least twice that of the query sequence, assuming chimeras are less abundant than their parents because they undergo fewer rounds of amplification. Reads not classified as chimeric are added to an on-the-fly database and then compared to the reference. The de novo approach is preferred when it is expected that a dataset will contain a large number of reads that would not be found in any existing database. Mothur includes several chimera-checking tools, with Chimera Uchime considered one of the most reliable (Edgar et al., 2011). A shortcoming with mothur’s implementation is that the de novo approach is limited to one processor because of the initial step of generating the on-the-fly database from the reads present in the dataset. This becomes a bottleneck in the analysis. The process can be parallelized to take advantage of computers with multiple cores by using the reference database approach. The tradeoff is between computing efficiency and better handling of unfamiliar but genuine species that are present in a sample. 

A new workflow has been designed and tested using synthetic data as described above and then applied to a study into Chronic Obstructive Pulmonary Disease (COPD). This is a progressive lung disease afflicting over 64 million people worldwide according to the World Health Organization. It is the third leading cause of death in the United States according to the Centers for Disease Control and Prevention (Miniño et al., 2011). COPD can be viewed as an umbrella term for lung diseases (such as emphysema and chronic bronchitis) that are characterized by tightening of the airways and reduced airflow to the lungs. COPD affects the overall structure of the airways, typified by a loss of elasticity in the air sacs and airways, deterioration in the walls of the air sacs as a result of thickening and inflammation, overproduction of mucus that further clogs the airways, and frequent flare-ups which may provide opportunities for bacterial growth (Martinez et al., 2006). There has been a long-held belief that healthy lungs are sterile, but that diseased lungs are colonized (Hankinson et al., 1999). Recent studies have disproven this although it is still not well understood how healthy lungs and diseased lungs differ in terms of species richness and diversity. A study from the University of Michigan (Erb-Downward et al., 2010) attempted to identify differences in microbial populations in the lungs of healthy subjects and those diagnosed with COPD. They found that healthy lungs are in fact colonized, but the lungs of subjects with decreased function had fewer microbial species present. Although interesting, the more extensive study described here is expected to better inform diagnosis and the development of future treatments. It is reasonable to expect that healthy and diseased lungs are differentially colonized. Further, given information about the microbial community structure of a human lung it should be possible to diagnose that lung as healthy or diseased. To validate these claims, the study described here compared individuals with COPD, Smokers, and Never Smokers. 
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A workflow was modeled on the Costello stool analysis performed by Schloss et al. (2009). An oligos file was manually written for each sequencing pool to group reads by subject. Pools contained a maximum of twelve samples, each with a unique barcode. One error was allowed per barcode. Primers were not removed from sequences. Cutoffs were set at 25 for the quality score and 50 bp for minimum length. Sequences were aligned using the Silva Bacteria Alignment Database as a reference and the Needleman alignment algorithm with a kmer size of 8. The reverse complement was used for the alignment if 50% or more of reads were removed during the original alignment. Chimera.uchime was used for chimera handling using reference = names. Classification was performed with a kmer size of 7 and a confidence cutoff of 60. Reads below 99% confidence at the kingdom level (Bacteria or Archaea) were considered contamination and removed as were all Eukaryota, mitochondria, and chloroplasts. Phylotyping was used to cluster reads based on taxonomy. Richness was estimated using the Chao method (Chao, 1984) and diversity using the Inverse-Simpson index (Simpson, 1949). Differentially abundant taxa were identified using Metastats (Paulson et al., 2011) and performing comparisons between all subject groups. Steps in the workflow were automated using custom shell scripts. Data were extracted for analysis in Excel using custom Python and R scripts.

[bookmark: _Toc353971637]Generation of Synthetic Data

A script for creating simulated Roche 454 pyrosequencing reads was written which takes as input a FASTA formatted file with parameters l for length and n for number of sequences. The script randomly picks a start position in each sequence in the file and generates a read of length l, processing the entire file n times. Comment lines are written to uniquely identify each read, length, and source sequence. A separate script was written to split files by total number of reads (set at a default of 2,000 sequences to maximize efficiency). The RDP database was used as the source for all simulated sequences and reads.

To test classification accuracy of the workflow, all 16S rRNA sequences were selected and subjected to various levels of base substitutions. Five replicates of 5%, 10%, 15%, 20%, and 25% of each sequence’s bases were randomly substituted. Five reads at each of four different lengths (100 bp, 200 bp, 300 bp, and 400 bp) were generated from each substituted sequence as well as from each original unsubstituted sequence. A total of 2,645 sets of 2,000 reads each were generated in this manner.

To test the workflow’s ability to estimate richness and diversity, ten replicates of sets of 10, 30, 50, 70, and 90 sequences (50 sets total) were randomly selected from the database. From each of these sets, 10%, 30%, 50%, 70%, and 90% of sequences were randomly selected and their relative abundances increased to ten times greater than the other sequences in the set (resulting in 250 total sets). Sequences were then duplicated until each set contained 2,000 reads while maintaining relative abundance levels. A set of unclassifiable sequences (substitution rate above 50%) was created. From this set, 10, 30, 50, 70, and 90 sequences were randomly selected and added to each of the previous sets, producing a total of 1,250 datasets of complete sequences. Sets of 400 bp reads (one read per sequence) were then created.

Simulated chimeric sequences were generated by first randomly selecting 5,000 pairs from the database. For each sequence in the pair, a start point was randomly selected from somewhere in the first half and an end point selected between 25 and 175 bp away from the start point. The selection from the second sequence was then appended to the end of the selection from the first. This constituted one chimeric read. The read simulator was used to add a unique identifier to each read and comment lines were written to track the two source sequences. To produce datasets for analysis, a set of reads 200 bp in length was generated from unaltered sequences in the database. Sets of 2,000 reads were generated which consisted of 10%, 30%, 50%, 70%, and 90% randomly selected chimeric reads and the balance from those randomly selected from the unaltered sequence set for a total of 125 sets. Each set was run through the workflow using the de novo method in Chimera Uchime and again using the reference database method with the Silva Gold Alignment set dated July 23, 2010. 

[bookmark: _Toc353971638]Collection of COPD Data

All samples were collected by bronchoalveolar lavage (BAL) at the University of Miami’s Division of Pulmonary and Critical Care Medicine. Study participants were recruited on a volunteer basis and grouped into three broad categories (COPD, Smoker, Never Smoker) and further subdivided into five specific categories (COPD – Active Smoker, COPD – Former Smoker, Smoker – Active Smoker, Smoker – Former Smoker, and Never Smoker). BAL samples were taken to the lab of Dr. Kalai Mathee at Florida International University Herbert Wertheim College of Medicine for DNA isolation, amplification, and purification (IRB: 062810-0). Standard protocols for the FastDNA® Spin Kit (MP Biomedicals, Santa Ana, CA) was used to isolate DNA. Newly designed primers for amplification of hypervariable regions 6-8 of 16S rRNA were used as were primers developed by the Human Microbiome Project for regions 3-5. PCR was performed using Qiagen HotStarTaq® (Qiagen, Novato, CA)  followed by the Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI). 454 pyrosequencing was performed by the University of Florida’s ICBR Genomics Division using a Roche GS FLX+ Titanium XL sequencer (Roche, Indianapolis, IN).
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Table 1 lists classification accuracy at different taxonomic levels using reads of different lengths and different levels of base substitutions. The expected pattern was that accuracy would decrease in three ways: (1) from kingdom to genus; (2) from longer read lengths to shorter read lengths; and (3) from lower levels of base substitution to higher levels of substitution. The broader the taxonomic level, the easier it is to have confidence in a classification. For example, distinguishing a bacterium from an eukaryote should not be challenging, but distinguishing two members of the same family should be more difficult. Likewise, the longer the read length the less ambiguity there should be in a classification. Take the extreme case of having a read that is a single bp in length, 5’-A-3’. This sequence will be found in every entry in the database and so cannot be mapped unambiguously. As length increases, ambiguity necessarily decreases as long as mutations have not altered the sequence being compared. It follows that as base substitutions increase, the number of comparisons that unambiguously match entries in the database will decrease and classification accuracy should decline. 

[bookmark: _Toc353973421][bookmark: _Toc353973526]Table 1. Classification accuracy of reads generated from all of the sequences in the RDP database. Accuracy is simply a measure of how often the identity of the originating sequence reported by the classifier matches the actual originating sequence and is assessed at the six taxonomic levels listed (kingdom through genus). 
	Classification Accuracy

	 
	0% Substitution
	5% Substitution
	10% Substitution
	15% Substitution
	20% Substitution
	25% Substitution

	 
	Mean
	St. Dev.
	Mean
	St. Dev.
	Mean
	St. Dev.
	Mean
	St. Dev.
	Mean
	St. Dev.
	Mean
	St. Dev.

	Kingdom

	400 bp
	100.00%
	0.00%
	99.99%
	0.01%
	99.57%
	0.09%
	95.09%
	0.28%
	75.07%
	4.64%
	43.68%
	12.88%

	300 bp
	100.00%
	0.00%
	99.97%
	0.01%
	99.16%
	0.13%
	91.06%
	4.66%
	66.47%
	17.82%
	39.57%
	26.71%

	200 bp
	100.00%
	0.00%
	99.84%
	0.11%
	96.51%
	3.07%
	80.63%
	17.16%
	55.46%
	34.64%
	37.50%
	39.21%

	100 bp
	99.91%
	0.10%
	96.96%
	3.71%
	81.04%
	22.63%
	59.84%
	43.62%
	46.06%
	51.46%
	38.65%
	50.81%

	Phylum

	400 bp
	99.84%
	0.66%
	92.89%
	13.58%
	59.34%
	35.74%
	27.12%
	29.90%
	7.48%
	14.03%
	1.40%
	4.45%

	300 bp
	99.78%
	0.91%
	88.48%
	18.80%
	50.96%
	34.70%
	18.96%
	22.63%
	4.40%
	9.50%
	0.79%
	2.38%

	200 bp
	99.26%
	1.93%
	78.72%
	24.79%
	36.37%
	28.39%
	9.64%
	13.57%
	1.74%
	4.30%
	0.31%
	0.98%

	100 bp
	92.13%
	12.13%
	44.99%
	23.50%
	12.96%
	13.51%
	2.57%
	4.50%
	0.48%
	1.18%
	0.08%
	0.26%

	Class

	400 bp
	99.58%
	1.51%
	88.25%
	19.87%
	49.69%
	38.62%
	21.06%
	28.06%
	4.90%
	10.40%
	0.57%
	2.63%

	300 bp
	98.96%
	3.06%
	82.88%
	24.47%
	41.47%
	35.65%
	13.96%
	20.45%
	2.42%
	6.33%
	0.31%
	1.41%

	200 bp
	98.10%
	4.60%
	71.32%
	28.95%
	28.31%
	27.14%
	6.38%
	10.61%
	0.97%
	2.71%
	0.09%
	0.53%

	100 bp
	88.35%
	14.39%
	36.76%
	22.76%
	8.79%
	10.26%
	1.33%
	2.72%
	0.22%
	0.65%
	0.01%
	0.05%

	Order

	400 bp
	99.50%
	1.90%
	89.75%
	18.52%
	53.72%
	35.54%
	20.82%
	25.87%
	3.85%
	7.61%
	0.32%
	1.29%

	300 bp
	99.06%
	2.94%
	84.89%
	22.23%
	43.34%
	32.99%
	12.81%
	17.77%
	1.79%
	4.22%
	0.18%
	0.84%

	200 bp
	98.40%
	4.05%
	72.30%
	26.02%
	28.14%
	25.19%
	5.75%
	8.80%
	0.73%
	1.91%
	0.07%
	0.45%

	100 bp
	86.30%
	14.27%
	34.48%
	19.94%
	7.75%
	8.41%
	1.14%
	2.19%
	0.18%
	0.67%
	0.01%
	0.09%

	Family

	400 bp
	98.87%
	5.69%
	85.21%
	23.25%
	48.00%
	35.67%
	16.96%
	24.22%
	2.96%
	7.53%
	0.23%
	1.25%

	300 bp
	98.33%
	6.64%
	79.10%
	25.84%
	37.35%
	31.87%
	10.11%
	16.67%
	1.29%
	3.81%
	0.10%
	0.79%

	200 bp
	95.89%
	9.83%
	64.77%
	27.93%
	23.10%
	23.66%
	4.51%
	8.17%
	0.47%
	1.62%
	0.04%
	0.39%

	100 bp
	76.71%
	20.75%
	28.51%
	19.11%
	5.75%
	7.11%
	0.74%
	1.69%
	0.13%
	0.68%
	0.00%
	0.07%

	Genus

	400 bp
	92.65%
	19.55%
	81.99%
	28.57%
	49.03%
	38.96%
	15.99%
	23.13%
	2.05%
	6.25%
	0.08%
	0.74%

	300 bp
	88.84%
	22.60%
	74.29%
	30.31%
	36.45%
	32.66%
	8.62%
	14.84%
	0.94%
	3.50%
	0.04%
	0.53%

	200 bp
	82.06%
	26.21%
	56.87%
	30.29%
	19.91%
	21.47%
	3.65%
	7.11%
	0.30%
	1.40%
	0.01%
	0.21%

	100 bp
	56.21%
	29.54%
	20.82%
	16.77%
	4.24%
	5.83%
	0.51%
	1.53%
	0.06%
	0.50%
	0.00%
	0.03%




In general, the data are consistent with the expected trends. It was surprising that at 0% base substitution classification accuracy was not higher at the genus level. In particular, the drop in accuracy between 200 bp and 100 bp reads was quite steep. Standard deviation was also very high at the genus level. Accuracy varied considerably by taxon at every taxonomic level except kingdom but was especially variable at the genus level. Out of 1,945 genera in the database, 446 were not correctly classified at read lengths of 400 bp and 0% substitution. This was unexpected and indicated a classification bias in the tools used. Table 2 is a sample listing of genera with which the classifier performed poorly. It is curious to note that some of these genera did not follow expected trends as base substitution increased. Note the increases in accuracy for Angiococcus from 0% to 10% base substitutions, and increases for Thermoproteus, Pseudidiomarina, Cedecea and others from 0% to 5% base substitutions. 



[bookmark: _Toc353973422][bookmark: _Toc353973527]Table 2. Sample of genera with classification accuracy below 80% from 400 bp reads. This shows that for these specific genera, the classifier performs poorly. In general, accuracy decreases as base substitutions increase but in some cases there is an improvement between 0% and 5% base substitutions.
	Sample of Poorly Classified Genera

	Genus
	0% Substitution
	5% Substitution
	10 % Substitution
	15% Substitution
	20% Substitution
	25% Substitution

	Koreibacter
	0.00%
	0.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Phycicola
	0.00%
	16.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Angiococcus
	0.00%
	37.50%
	40.00%
	4.00%
	0.00%
	0.00%

	Leclercia
	0.00%
	56.00%
	32.00%
	4.00%
	0.00%
	0.00%

	Cedecea
	0.00%
	64.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Adlercreutzia
	20.00%
	12.00%
	12.50%
	0.00%
	0.00%
	0.00%

	Hoyosella
	20.00%
	24.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Rhodopseudomonas
	20.00%
	25.00%
	1.00%
	0.00%
	0.00%
	0.00%

	Thermoproteus
	28.57%
	82.67%
	48.00%
	5.33%
	0.00%
	0.00%

	Kluyvera
	40.00%
	15.15%
	0.00%
	0.00%
	0.00%
	0.00%

	Hafnia
	40.00%
	32.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Pelosinus
	50.00%
	52.00%
	24.00%
	0.00%
	0.00%
	0.00%

	Agreia
	50.00%
	54.00%
	10.00%
	0.00%
	0.00%
	0.00%

	Asticcacaulis
	50.00%
	59.00%
	7.00%
	0.00%
	0.00%
	0.00%

	Enterobacter
	54.43%
	0.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Pseudidiomarina
	55.56%
	100.00%
	44.00%
	0.00%
	0.00%
	0.00%

	Planococcaceae_incertae_sedis
	60.00%
	10.57%
	0.00%
	0.00%
	0.00%
	0.00%

	Eubacterium
	65.88%
	7.08%
	0.00%
	0.00%
	0.00%
	0.00%

	Raoultella
	66.67%
	36.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Tateyamaria
	66.67%
	74.00%
	2.00%
	0.00%
	0.00%
	0.00%

	Natrinema
	66.67%
	76.51%
	8.90%
	0.00%
	0.00%
	0.00%

	Lachnospiracea_incertae_sedis
	68.24%
	2.36%
	0.00%
	0.00%
	0.00%
	0.00%

	Klebsiella
	70.00%
	10.67%
	0.00%
	0.00%
	0.00%
	0.00%

	Cryobacterium
	70.00%
	21.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Clostridium_XI
	70.91%
	5.66%
	0.00%
	0.00%
	0.00%
	0.00%

	Citrobacter
	71.11%
	1.33%
	0.00%
	0.00%
	0.00%
	0.00%

	Asanoa
	73.33%
	36.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Zimmermannella
	73.33%
	39.19%
	0.00%
	0.00%
	0.00%
	0.00%

	Ruminococcus
	73.33%
	39.33%
	0.68%
	0.00%
	0.00%
	0.00%

	Aquaspirillum
	73.33%
	46.67%
	4.00%
	0.00%
	0.00%
	0.00%

	Ochrobactrum
	74.67%
	4.53%
	0.00%
	0.00%
	0.00%
	0.00%

	Nitrobacter
	75.00%
	56.00%
	3.00%
	0.00%
	0.00%
	0.00%

	Actinopolyspora
	75.00%
	71.00%
	5.00%
	0.00%
	0.00%
	0.00%

	Sagittula
	75.00%
	100.00%
	76.00%
	4.00%
	0.00%
	0.00%

	Achromobacter
	76.67%
	40.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Pelobacter
	77.14%
	32.57%
	0.57%
	0.00%
	0.00%
	0.00%



Reads from the poorly classified genera in Table 1 are normally reported as “unknown” by the classifier. There are other poorly classified genera in which reads are actually misclassified. These can be considered false positives or instances in which a particular genus is being over reported due to classification errors. A total of 691 genera had some level of false positive reporting at read lengths of 400 bp, 758 at 300 bp, 747 at 200 bp, and 634 at 100 bp. Table 3 lists some of the genera with the highest false positive rates at 400 bp.
[bookmark: _Toc353973423][bookmark: _Toc353973528]Table 3. Genera with high false positive rates at 400 bp. These tend to be over reported by the classifier.
	Sample of Genera with High False Positives

	Genus False Positives
	0% Substitution
	5% Substitution
	10 %Substitution
	15% Substitution
	20% Substitution
	25% Substitution

	Microterricola
	100.00%
	58.06%
	64.29%
	0.00%
	0.00%
	0.00%

	Thermococcoides
	100.00%
	45.24%
	50.00%
	46.15%
	0.00%
	0.00%

	Acetoanaerobium
	80.00%
	80.00%
	81.15%
	82.93%
	0.00%
	0.00%

	Bryobacter
	66.67%
	71.91%
	32.43%
	0.00%
	0.00%
	0.00%

	Bhargavaea
	60.00%
	68.57%
	50.00%
	0.00%
	0.00%
	0.00%

	Anaerobacillus
	57.14%
	45.61%
	14.29%
	0.00%
	0.00%
	0.00%

	Hallella
	50.00%
	62.12%
	75.00%
	63.64%
	75.00%
	0.00%

	Halovibrio
	50.00%
	51.92%
	42.50%
	28.57%
	0.00%
	0.00%

	Entomoplasma
	48.78%
	71.86%
	54.84%
	0.00%
	0.00%
	0.00%

	Blautia
	45.45%
	35.77%
	0.00%
	0.00%
	0.00%
	0.00%

	Flavonifractor
	44.44%
	41.86%
	38.24%
	54.55%
	0.00%
	0.00%

	Sinomonas
	44.44%
	35.53%
	12.50%
	0.00%
	0.00%
	0.00%

	Asaccharobacter
	44.44%
	21.74%
	40.00%
	50.00%
	0.00%
	0.00%

	Serpens
	42.86%
	90.31%
	84.62%
	37.50%
	0.00%
	0.00%

	Clostridium_XIX
	42.86%
	86.26%
	91.44%
	80.00%
	57.14%
	0.00%

	Blastomonas
	42.86%
	72.83%
	65.63%
	62.50%
	0.00%
	0.00%

	Kitasatospora
	40.72%
	24.32%
	0.00%
	0.00%
	0.00%
	0.00%

	Lysinibacillus
	40.48%
	15.00%
	0.00%
	0.00%
	0.00%
	0.00%

	Paraoerskovia
	40.00%
	52.63%
	57.69%
	100.00%
	0.00%
	0.00%

	Butyricicoccus
	37.50%
	37.50%
	18.52%
	0.00%
	0.00%
	0.00%




Figure 2 lists richness estimates for synthetic data samples with mean values listed in Table 4. Considerable variability was observed from set to set but no outliers (observations more than 3 standard deviations from the mean) were observed and results did trend around the actual number of genera present in the set. In general it appeared that the calculator slightly overestimated the number of genera present in low-richness sets and underestimated the number at higher richness levels. Results from different taxonomic levels (not shown) had similar accuracy and reduced variability.

[bookmark: _Toc353973529]Figure 2. An estimate of the genera present in each synthetic sample was calculated as represented by the blue lines. The red lines indicate the number of genera actually present in the sample. Estimates are generally close to the actual number of genera present.


[bookmark: _Toc353973424][bookmark: _Toc353973530]Table 4. Richness mean and standard deviation for synthetic sets. Standard deviation increases with the number of genera.
	Actual Genera Present
	Mean Richness Estimate
	Standard Deviation

	10
	12
	2.60

	30
	25
	4.05

	50
	53
	4.67

	70
	70
	6.08

	90
	86
	5.46




The variation observed within each group is fairly random and may in part be due to the randomization employed by the classification tool and in part due to how well the classification tool handles the specific genera present. Richness and diversity estimates necessarily depend on the number of taxa identified and unclassified reads will skew the results. As shown in Table 4, richness estimates do seem to be most accurate at the actual level of 70 genera present, but standard deviation is somewhat higher at that level. 

Figure 3 shows diversity estimates at five different richness levels. The data suggested that diversity was very sensitive to the richness of the set with very sharp transitions evident as the number of genera present changed. Variability in diversity estimates also increased as richness increased. 

[image: ]
[bookmark: _Toc353973531]Figure 3. Diversity estimates at different levels of richness. The number of actual genera present in the sample increases from 10 to 90. The greater the genera present the greater the variability in the diversity estimate.

The diversity index tends to flatten the data. From Figure 3 it can be seen that at each richness level diversity varies from high to low as expected in a seemingly smooth and nearly linear manner. This indicates considerable variability in estimates between sets having identical levels of diversity and thus high deviation from the actual diversity of the sets. Again, taxa that do not classify well could very easily skew the result. Figure 4 focuses on the diversity estimates at richness 50. 


[bookmark: _Toc353973532]Figure 4. Diversity at a fixed richness level shows clusters of datasets which depend on the relative abundance and taxa of the sequences in the sample.

Very clear clusters are evident, and although the relative abundance of sequences in each set accounts in part for this pattern, the taxa present play an equally important role. This points to the importance of accurate classification for estimating diversity.

Chimera identification and removal was accomplished 29% more quickly using the reference database strategy compared to the de novo strategy thanks to being able to parallelize the computations. The effectiveness of the two methods is shown in Table 5. The false negative rate indicated the number of chimeras present in the set that were not removed by Chimera Uchime. The method using a reference database consistently failed to remove between 41% to 45% of the chimeras in a set no matter how many total chimeras were present. By contrast, the de novo method did a better job of identifying and removing chimeras as the percentage of chimeras present increased. The false positive rate indicated the number of non-chimeric reads that were removed. This value was unacceptably high using the reference method but tolerable using the de novo method. It should be observed that for both methods the false positive rate decreased as the number of chimeras present increased. This was expected since the number of non-chimeric reads available decreased. The tool simply has fewer reads available to be confused as chimeric.

[bookmark: _Toc353973425][bookmark: _Toc353973533]Table 5. Breakdown of performance on identical sets using reference and de novo chimera removal strategies. The Silva Gold reference database was used for the reference strategy.
	Reference
	 
	 
	 

	Percent Chimeras
	Avg. Chimeras Removed
	Avg. Chimeras Classified
	False Negative Rate
	False Positive Rate

	10
	129.32
	89.64
	44.82%
	10.56%

	30
	336.28
	261.48
	43.58%
	2.73%

	50
	529.84
	432.20
	43.22%
	1.19%

	70
	719.76
	588.44
	42.03%
	0.49%

	90
	899.56
	739.84
	41.10%
	0.13%

	De Novo
	 
	 
	 

	Percent Chimeras
	Avg. Chimeras Removed
	Avg. Chimeras Classified
	False Negative Rate
	False Positive Rate

	10
	4.92
	194.16
	97.08%
	0.62%

	30
	12.40
	571.24
	95.21%
	0.38%

	50
	30.44
	922.36
	92.24%
	0.27%

	70
	51.84
	1,252.52
	89.47%
	0.21%

	90
	94.44
	1,545.08
	85.84%
	0.13%


[bookmark: _Toc353971641]COPD Data

Figure 5 shows richness and diversity estimates of bacterial flora for 56 subjects using newly designed primers for 16S rRNA amplification. This was contrasted by Figure 6, which shows the same results for 55 out of the 56 subjects using universal primers designed for the Human Microbiome Project. Insufficient DNA from sequencing was obtained from one subject (MIC_018) using HMP primers. The scale of each graph is maintained to aid in comparisons. It should be immediately evident that richness and diversity estimates were appreciably lower when the HMP primers were used. Also, there was no obvious grouping of subjects based on either estimate.


[bookmark: _Toc353973534]Figure 5. Richness and diversity estimates for two types of COPD patients, two types of smokers, and never smokers using newly designed 16S rRNA primers. Subjects were sorted by richness with each bar representing the total number of genera present. Bars are color-coded by subject group. The gold line represents the estimated diversity for each subject.


[bookmark: _Toc353973535]Figure 6. Richness and diversity estimates for two types of COPD patients, two types of Smokers, and Never Smokers using universal HMP primers. Subjects were sorted by richness with each bar representing the total number of genera present. Bars are color-coded by subject group. The gold line represents the estimated diversity for each subject.

The distributions of richness and diversity at the genus level for each set of primers are provided in Figures 7 through 10. For the MJ primers, the richness distribution was skewed to the right but otherwise has a generally normal shape. For HMP primers, the richness distribution did not appear normal but it also cannot reasonably be categorized as bimodal. 
 
Figures 7 (left) and 8 (right). Distribution of richness estimates for each population of subjects using either the newly designed MJ primers or the HMP primers. Average richness is estimated to be higher when using the MJ primers compared to the HMP primers. 

The distribution of diversity across subjects using the MJ primers takes the shape of a flattened curve which constrasted sharply with the highly skewed curve observed using the HMP primers.

 
Figures 9 (left) and 10 (right). Distribution of diversity estimates for each population of subjects using either the newly designed MJ primers or the HMP primers. Average diversity is estimated to be higher using the MJ primers than the HMP primers and is also much more broadly distributed.

Using Grubb’s test for outliers, from the MJ primer set one COPD-Former Smoker, one Never Smoker and two Active Smokers were identified as outliers for richness, and from the HMP primer set one COPD-Active Smoker was found to be an outlier. No outliers in diversity were found using the MJ primers, but two COPD-Former Smokers and one Never Smoker were identified from the HMP set. Student t-tests were performed to identify significant differences between subject groups in richness and diversity. Tables 6 and 7 list the results with outliers removed.

[bookmark: _Toc353973426][bookmark: _Toc353973536]Table 6. Two-sided paired student t-tests comparing mean richness between the designated groups with subjects deemed to be outliers removed. No significant differences were observed between groups.
	Statistical Significance Between Groups - Richness

	Group
	p-value MJ Primer
	p-value HMP Primer

	COPD - Active vs. COPD - Former
	0.19
	0.41

	COPD - Active vs. Smoker - Active
	0.05
	0.09

	COPD - Active vs. Smoker - Former
	0.44
	0.11

	COPD - Active vs. Never Smoker
	0.18
	0.44

	COPD - Former vs. Smoker - Active
	0.39
	0.38

	COPD - Former vs. Smoker - Former
	0.76
	0.42

	COPD - Former vs. Never Smoker
	0.91
	0.96

	Smoker - Active vs. Smoker - Former
	0.39
	0.97

	Smoker - Active vs. Never Smoker
	0.50
	0.46

	Smoker - Former vs. Never Smoker
	0.72
	0.50

	COPD vs. Smoker
	0.34
	0.09

	COPD vs. Never Smoker
	0.34
	0.69

	Smoker vs. Never Smoker
	0.98
	0.42






[bookmark: _Toc353973427][bookmark: _Toc353973537]Table 7. Two-sided paired student t-tests comparing mean diversity between the designated groups with subjects deemed to be outliers removed. Statistically significant differences are highlighted in red. Some statistically significant differences are observed using the HMP primer set but the results are not validated by the MJ primer set.
	Statistical Significance Between Groups - Diversity

	Group
	p-value MJ Primer
	p-value HMP Primer

	COPD - Active vs. COPD - Former
	0.89
	0.99

	COPD - Active vs. Smoker - Active
	0.31
	0.06

	COPD - Active vs. Smoker - Former
	0.43
	0.00

	COPD - Active vs. Never Smoker
	0.93
	0.04

	COPD - Former vs. Smoker - Active
	0.35
	0.07

	COPD - Former vs. Smoker - Former
	0.48
	0.00

	COPD - Former vs. Never Smoker
	0.99
	0.04

	Smoker - Active vs. Smoker - Former
	0.86
	0.25

	Smoker - Active vs. Never Smoker
	0.48
	0.95

	Smoker - Former vs. Never Smoker
	0.59
	0.19

	COPD vs. Smoker
	0.21
	0.00

	COPD vs. Never Smoker
	0.96
	0.03

	Smoker vs. Never Smoker
	0.49
	0.37




Table 8 lists a summary of genera that were differentially abundant to a statistically significant extent when comparing groups of subjects. Genera that did not appear in at least 20% of the subjects of each group were not considered. The analysis was conducted separately for sets using the MJ and HMP primers. This table lists only those genera that were significant in both analyses. Green cells indicate increased abundance in the less-affected group and red cells indicate increased abundance in the more-affected group. Genera in green text appear in more than one comparison. The results show clear differences in abundance of specific genera in certain groups. Especially notable is Tropheryma, which is more abundant in COPD than Smokers and more abundant in Smokers than Never Smokers suggesting its populations increase with damage to the lungs.

[bookmark: _Toc353973428][bookmark: _Toc353973538]Table 8. Differentially abundant genera as identified by Metastats. Genera in green are present in more than one comparison.
	Differentially Significant Abundance By Group 

	Genus
	COPD - Active Smoker
	Smoker - Former Smoker
	p-value

	Granulicatella
	
	X
	0.04

	Parvimonas
	
	X
	0.02

	Fusobacterium
	
	X
	0.04

	Genus
	COPD - Active Smoker
	Never Smoker
	p-value

	Tropheryma
	X
	
	0.00

	Sulfuricurvum
	X
	
	0.04

	Neisseria
	
	X
	0.05

	Genus
	COPD - Former Smoker
	Smoker - Active Smoker
	p-value

	Streptobacillus
	X
	
	0.00

	Genus
	COPD - Former Smoker
	Smoker - Former Smoker
	p-value

	unclassified (Family Oxalobacteraceae)
	X
	
	0.01

	Parvimonas
	
	X
	0.03

	Genus
	COPD - Former Smoker
	Never Smoker
	p-value

	unclassified (Family Propionibacteriaceae)
	X
	
	0.01

	Genus
	Smoker - Active Smoker
	Smoker - Former Smoker
	p-value

	Naxibacter
	X
	
	0.00

	Genus
	Smoker - Active Smoker
	Never Smoker
	p-value

	Sneathia
	X
	
	0.01

	Brevibacterium
	X
	
	0.02

	Genus
	COPD
	Smoker
	p-value

	Modicisalibacter
	X
	
	0.01

	Phocaeicola
	
	X
	0.00

	Gemella
	
	X
	0.02

	Parvimonas
	
	X
	0.00

	Streptococcus
	
	X
	0.03

	Fusobacterium
	
	X
	0.01

	Genus
	COPD
	Never Smoker
	p-value

	unclassified (Family Propionibacteriaceae)
	X
	
	0.00

	Tropheryma
	X
	
	0.00

	Genus
	Smoker
	Never Smoker
	p-value

	Sneathia
	X
	
	0.00

	Tropheryma
	X
	 
	0.02


 


[bookmark: _Toc353971642]Discussion

The analytical workflow described here does a reasonable job with the tasks assigned it but there remains considerable room for improvement. Classification accuracy remains a point of great concern depending on the taxon. Consider the genera Phocaeicola, Ferroplasma, and Caldivirga all of which have above 90% classification accuracy even at 15% base substitutions for long reads, and above 60% accuracy for short reads. Confidence in any reports of the presence of those genera in a sample should always be high. Contrast this with Koreibacter, an extreme case in which classification was always wrong even with an unsubstituted read. This is a much more difficult case because the genus may never be reported no matter how abundant it may be in a sample. For most taxa, classification accuracy was very good up to about levels of 5% base substitution, but some specific taxa classify poorly. The apparent taxon-specific bias cannot be explained by insufficient representation in the reference databases. Many genera have a single sequence in the RDP database and yet have high classification accuracy. An example would be Microvirgula which is accurate 100% of the time at up to 5% base substitutions and still accurate 76% of the time at 10% substitution. There are at least three potential avenues for compensating for the poor performance of certain taxa: (1) develop an improved classification tool; (2) better train existing tools; or (3) develop a taxon-specific weighting system. The third option was the simplest, and could use a simple scheme like the following:




where  is the weighted score,  is the reported number of reads for a taxon,  is the false 
negative rate, and  is the false positive rate. For example, suppose the classifier reports there are 500 reads from genus Zimmermannella in a dataset. At 0% substitution and 400 bp, Zimmermannella has a false negative rate, , of 73.33% and a false positive rate, , of 15.38%. The weighted score for Zimmermannella would be:




Contrast this to genus Vibrio, which at 0% substitution and 400 bp has a  of 96.36% and a  of 3.64%. The weighted score of Vibrio would be:




Reads that have a 100% false negative rate would be multiplied by 1 (remain unchanged) as would reads with a 0% false positive rate. The trick with this method is choosing the correct  and . It is a relatively simple matter to take the four read length data points for each taxon, find the best fitting curve and adjust  and  values according to the average read length of one’s data. Picking the right substitution rate, however, is a judgment call. Choosing 0% substitution is simply not realistic and neither is 20% substitution (one would hope). It might be useful to conduct some controlled tests with samples of known concentration to determine realistic levels of read damage, and work on this is currently being planned. Once appropriate values are determined for  and , the weighting formula could be applied to all the reads, removing unclassified reads from the dataset, and the appropriate analysis performed. Problems would still remain with this approach, the biggest one being the example of Koreibacter given above. If a taxon does not appear at all in the results, a weighting scheme will not make it magically appear. Therefore, better training of the classification tool might be a good short-term solution with development of a better classification tool being a better long-term solution. Lan et  al. (2012) have suggested limiting a training set to genera that are well-represented in the reference database but several alternative strategies might be employed, such as including some of the poorer performing genera identified here. Whole-genome shotgun sequencing of a limited number of samples in this study is being considered which could help in selecting genera to be included in a training set, although this might result in improved performance only for respiratory samples.

Neither of the methods employed for chimera checking performed optimally. The de novo approach produced very few false positives, but the false negative rate in this experiment was much too high. This could be due in part to the nature of the synthetic sets since there are no abundant sequences present. Sequences were just chosen randomly and as such are probably singly present in most cases. So in essence the tool may not have a useful reference to use for comparing the reads. Alternative designs for the synthetic sets need to be explored and the experiment repeated. Using Silva Gold as the reference gives a much better result for removing chimeras, but the false positive rate is unacceptably high. So based on the tests performed, one can either choose a method that is not aggressive enough in removing chimeras but which also does not throw out much good data, or one can choose a method that does a better job of removing actual chimeras but which is too aggressive towards otherwise good data. Zajec et al. (2012) have found no consensus on how to approach this problem, and their study comparing different chimera removal tools found no consistency on which putative chimeras were removed by the different approaches. To be fair, most of the chimeric reads, which were classified (i.e. were false negatives) using either method, did map correctly to one of the two parents of the chimera. It is possible the synthetic chimeras were too simple for the tool to effectively differentiate. Cole et al. (2007) and Ashelford et al. (2005) recommend manually inspecting putative chimeras before being discarded, but no reasonable recommendation exists for inspecting false negatives. It should be noted that the decrease in the false positive rate as the percent chimeras in the set increases was simply due to there being fewer unaltered sequences available and does not suggest an improvement in performance.

In the COPD study, as shown in Figures 4 and 5 and Tables 6 and 7, there did not appear to be any clear correlation between subject group membership and richness or diversity measures. This was true no matter which set of primers were used for amplification. If a statistically significant difference was found between groups using one set of primers, it was not validated using the other set. In one instance, it was actually contradicted with the mean being higher in COPD-Active compared to Smoker-Active using the MJ primers but higher in Smoker-Active than in COPD-Active using the HMP primers. Several comparisons in diversity showed statistically significant differences using the HMP primers but not the MJ primers. Those point to lower diversity in COPD subjects compared to other groups, but the lack of validation makes it difficult to draw any meaningful conclusions. There was also no consistency between richness and diversity levels when comparing individual subjects using different primers, meaning that in some cases a subject that is high in richness using the MJ primers may be low in richness using the HMP primers or vice versa. Part of the intent behind using two sets of primers was simple validation of results, but there was also an expectation that the newly designed primers would do a better job of finding and amplifying the sequences that were present in the sample compared to commonly used primers. It is possible that this goal was accomplished. Mean richness was 60% higher for the MJ set compared to the HMP set. However, there are also 8.76 times as many unclassified reads in the MJ set compared to the HMP set. It is unclear whether this was due to amplification of sequences from species not present in the RDP database or some other factor. When unclassified reads were not considered, the total number of genera distinguished by each primer was almost identical (296 for MJ primers vs. 295 for HMP primers), but the average number of reads per genus was 28% higher for the HMP primer set. This suggested that many of the unclassified reads from the MJ primer set were not from new species but rather that the reads produced do not map as well to the reference sequences in the RDP compared to reads produced by the HMP primers.

The current study identified 363 additional genera not found by Erb-Downward et al. (2010), although there were four previously identified genera that were not found. Overall, the results obtained do verify some conclusions about what are thought to be core bacteria found in most human lungs, which include Streptococcus, Prevotella, Fusobacterium, Haemophilus, Veillonella, and Porphyromonas, although not every genus appeared in every subject. Tropheryma is also present in both studies and its importance will be discussed momentarily. Notable absences in the previous study include Ralstonia, Propionibacterium, Delftia, Methylobacterium, Capnocytophaga, and Azomonas, all of which are highly prevalent among the entire population of subjects. Another genus, Halomonas, appears at unreasonably high abundance in all but one of the subjects from the present study no matter which primer was used. Out of 825,514 total reads used in the analysis, 224,194 (over 27%) came from either Halomonas or an unclassified read at the genus level from the family Halomonadaceae meaning it was likely Halomonas. An early hypothesis to explain this had to do with classification error, but after checking the results obtained with synthetic data this does not seem to be the case. If it were classification error, one would expect Halomonas to have a very high false positive rate and a very low false negative rate. As it turns out, Halomonas has a false positive rate of 0 and a high false negative rate at most read lengths and substitution levels. In other words, the classifier was likely underreporting the presence of Halomonas in the COPD samples. Although Halomonas has been identified as part of the oral flora in mice (Chun et al., 2010) and in the lungs of drowning victims (Kakizaki et al., 2012) a review of the literature has not turned up any reference to it being part of the normal microbial community of the lung[footnoteRef:1]. This suggested that this genus is a contaminant and work is ongoing to determine how and where the contamination occurred. It is a simple matter to filter out the genus as part of the analysis, but it is unclear how its presence would have affected the amplification and sequencing processes. In addition, at this point there is limited information on treatments patients may have previously received. For example, if patients had been on antibiotic regimens within a few months prior to samples being collected their microbial profiles would be affected. The analysis showed that Streptococcus was differentially more abundant in Never Smokers than in COPD subjects. This seems unlikely since Streptococci are implicated in several respiratory diseases such as pneumonia and pharyngitis. Garcha et al. (2012) note approximately a 12% increase in Streptococcus species during periods of exacerbated COPD. One has to question whether COPD patients in this study have been on antibiotics or other treatments. If so, additional analyses could be challenging. [1:  Michael G. Surette of McMaster University has done extensive work on characterizing the lung microbiome in cystic fibrosis patients. He reports that Halomonas has occasionally been observed in airways samples but rarely in significant numbers.] 


When attempting to pinpoint specific taxa that are differentially abundant between subject groups, there is some validation using the different primers. Thus, there is high confidence that the taxa listed in Table 8 are of importance. Of the ones listed, Tropheryma is of particular interest because there appears to be a gradient to its presence when doing comparisons among groups. It is significantly more abundant in the COPD group than the Smoker group, and more abundant in the Smoker group than the Never Smoker group. This might suggest that its abundance will tend to increase as the damage to the lungs due to smoking progresses. Tropheryma whipplei is known to cause Whipple’s Disease, which is primarily a gastrointestinal disorder but has also been implicated in pulmonary hypertension and other diseases of the heart and lungs (Peschard 2001). It is treatable with a long-term antibiotic regimen. Along with the other differentially abundant genera, this is a promising starting point for further study.
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Estimated Genera
Inverse Simpson Diversity Index
Richness vs. Diversity (HMP Primers)
Richness	MIC_013	MIC_010	MIC_006	MIC_028	MIC_039	MIC_016	MIC_040	MIC_049	MIC_054	MIC_025	MIC_023	MIC_014	MIC_030	MIC_050	MIC_027	MIC_009	MIC_055	MIC_026	MIC_034	MIC_052	MIC_031	MIC_066	MIC_063	MIC_029	MIC_020	MIC_019	MIC_047	MIC_053	MIC_036	MIC_065	MIC_012	MIC_033	MIC_058	MIC_057	MIC_064	MIC_042	MIC_024	MIC_015	MIC_011	MIC_062	MIC_032	MIC_037	MIC_017	MIC_045	MIC_043	MIC_022	MIC_007	MIC_003	MIC_044	MIC_021	MIC_059	MIC_056	MIC_067	MIC_005	MIC_001	161.0625	160.76923099999999	146.25	144.64705899999998	143.066667	140.4	140.375	138.42857100000001	131.58823500000076	130.07142900000076	129.30000000000001	129.25	128	128	125.75	125.14285699999998	122.75	122.35294099999965	122.11111100000002	121.3	113	111.11111100000002	109	106	105.363636	102.07142900000002	99.111111000000022	95.5625	93.5	93.111111000000022	91.5	90.6	88.3	84.75	83.6	83.374999999999986	82.055555999999982	79.111111000000022	73	72.428570999999948	71	67.428570999999948	66.352940999999859	65.124999999999986	64.111111000000022	61	60.6	59.75	56	55.875	55	54	43.5	35.333333000000003	23	Diversity	5.9399170000000003	2.4312949999999987	9.6992990000000017	4.0981449999999846	5.7803530000000034	12.426897	5.8554680000000001	12.112023000000001	5.316465	8.2069659999999995	6.6131479999999856	9.1556450000000247	3.9829940000000001	10.076172	2.594484	1.694698	3.6361879999999998	6.2643519999999846	1.9456570000000053	5.2839359999999855	8.1198610000000002	1.5294079999999999	2.4873190000000012	6.9894810000000014	3.5062869999999977	1.954925	2.3060899999999873	5.1552889999999856	4.9694880000000001	2.1929310000000002	6.4174539999999975	1.4963199999999999	8.9752780000000012	2.7563449999999987	2.0348729999999868	3.38883	6.6846359999999745	4.8436900000000014	1.6905490000000001	4.1019490000000003	1.2645919999999946	5.8182809999999856	2.5077120000000002	2.4438070000000001	3.0144039999999968	3.699716	2.0437260000000088	2.3332019999999987	1.5039069999999946	2.1748089999999967	3.259925	5.9695499999999999	2.2278290000000012	3.2852900000000012	2.6817410000000002	Patient ID
Estimated Genera
Inverse Simpson Diversity Index
Richness Distribution - MJ Primers
Frequency	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	More	0	0	0	0	2	8	12	10	8	6	4	1	2	1	0	1	0	Estimated Genera
Frequency
Richness Distribution - HMP Primers
Frequency	20	40	60	80	100	120	140	160	180	200	220	240	260	280	300	320	More	0	2	6	10	11	6	13	5	2	0	0	0	0	0	0	0	0	Estimated Genera
Frequency
Diversity Distribution - MJ Primers
Frequency	1	2.7	4.4	6.1	7.8	9.5	11.2	12.9	14.6	16.3	18	19.7	21.4	23.1	24.8	26.5	More	0	0	1	3	7	5	5	6	4	4	8	5	1	4	0	2	0	Inverse Simpson Diversity Index
Frequency
Diversity Distribution - HMP Primers
Frequency	1	2.7	4.4	6.1	7.8	9.5	11.2	12.9	14.6	16.3	18	19.7	21.4	23.1	24.8	26.5	More	0	18	11	10	5	4	2	2	0	0	0	0	0	0	0	0	0	Inverse Simpson Diversity Index
Frequency
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