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Abstract

Polyhydroxyalkanoates (PHAs) are biopolymers produced naturally by bacteria. They are of
considerable scientific interest as fundamental components of bacterial carbon metabolism
and have biotechnological applications as potential bioplastics. To date, studies of PHA
metabolism have focused on a restricted set of PHA-producing bacterial species. Therefore,
the diversity of PHA-producing taxa and gene sequences, and the efficiency of existing
primers to recognize PHA marker genes, is unclear. In this thesis, I report the first large-scale
metagenomic analysis of PHA producing taxa through taxonomic and functional profiling of
45 soil metagenomes from a broad range of soil types (bulk and rhizosphere). From a total of
229,070 detected class I-II PHA synthase (phaC) genes, PHA-producing microbial
communities were inferred and compared between soil environments, and the sequence
diversity and primer efficiency for different classes of phaC genes was analyzed. Analysis
revealed several main findings: 1) both known and novel PHA-producing taxa were inferred
to contribute high proportions of phaC genes in environmental samples; 2) distinct shifts in
the PHA-producer communities were observed both between soil types and between phaC
classes; 3) phaC-containing species were detected at relatively higher abundance in
rhizosphere soils implying a significant role for PHA storage in rhizobacteria; 4) existing
primers did not adequately cover the sequence diversity of environmental homologs, and

metagenomic diversity can be used to suggest modification that improve primer efficiency.
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Chapter 1 — Introduction

Polyhydroxyalkanoic acids (PHAs) are an extensively studied class of biodegradable, non-toxic,
water-insoluble polyesters that accumulate intracellularly within a large number of microbial
species ranging from bacteria to archaea to fungi (Jendrossek et al., 1996, Weiner 1997;
Steinbuchel et al., 1998; Steinbuchel and Fuchtenbusch, 1998; Kim and Lenz, 2001; Hermann-
Krauss et al, 2013; Cheng and Charles, 2016). PHA polymers accumulate as energy storage
compounds by these microbial species in response to stress conditions where carbon is in excess
relative to other nutrients such as nitrogen, sulfur and oxygen (Anderson and Dawes 1990).
PHA’s unique characteristics have been exploited for numerous industrial applications such as
packings, medicine, pharmacy, and cosmetics (Anderson and Dawes, 1990; Braunegg et al.

1998; Zinn et al., 2001).

PHASs can be classified into different types based on the number and composition of
repeating monomers. Polymers that contain three to five carbons such as polyhydroxybutyrate
(PHB) or polyhydroxyvalerate (PHV) are short chain length (scl) PHAs. Polymers with six to
fourteen carbon chains are considered medium chain length (mcl) PHAs. Short chain length
PHASs are more commonly found in nature than mcl PHAs (Kim et al., 2007). Species of bacteria
known to produce PHB include Cupriavidus necator (previously known as Ralstonia eutropha)
and Rhizobia such as Sinorhizobium, Rhizobium, Bradyrhizobium, Mesorhizobium, and
Azorhizobium (Trainer and Charles, 2006). The ability to accumulate mcl PHAs has been studied
extensively in Pseudomonas oleovorans, P. putida and related species (Timm and Steinbuchel,

1990; Fuchtenbusch and Steinbuchel, 1999).



The PHB biosynthetic pathway is a 3-step-pathway starting from the precursor,
Acetyl Coenzyme A (Acetyl-CoA) (Figure 1). Key enzymes in this pathway include [-
ketothiolase, Acetoacetyl-CoA reductase, and PHA synthase/polymerase, which are products of
the genes phaA, phaB, and phaC, respectively. The enzyme B-ketothiolase creates a carbon-
carbon linkage for two Acetyl-CoA molecules through a Claisen condensation process to form
AcetoAcetyl-CoA (Dawes, 1988; Steinbuchel and Schlegel, 1991). The enzyme Acetoacetyl-
CoA reductase then reduces the compound formed in the previous step to D(-)-3-
hydroxybutyryl-CoA, a monomeric precursor of PHA. The last step is the polymerization of
PHB by PHB synthase, which catalyzes the release of Coenzyme A from the PHA monomeric
precursor and forms an ester bonding between the new precursor and an existing polyester

molecule (Steinbuchel and Schlegel, 1991) (Figure 1).

The microbial production of mcl PHAs has been investigated by numerous studies,
which have resulted in the identification of two synthetic pathways (Huijberts et al., 1994;
Langenbach et al., 1997; Qi et al., 1998 and 2000; Fiedler et al., 2000) (Figure 1). One route
diverts the intermediates of the beta oxidation (Acyl-coA) to PHA synthesis when fatty acids are
the main carbon sources. A second pathway, observed in some strains of Pseudomonas species
such as P. putida and P. aeruginosa involves the incorporation of intermediates of de novo fatty
acid synthesis (R-3-hydroxyacyl-ACP) to PHA when grown on non-related carbon sources such

as gluconate (Hoffman et al., 2000a and b).
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Figure 1. Biosynthesis pathways for the production of short chain length and medium chain length PHAs.

Currently, four different classes of PHA synthases exist, each forming a distinct protein family
with a unique substrate specificity, domain and subunit composition. Class I PHA synthases
form a single polypeptide chain possessing an N-terminal domain of unknown function as well
as a C-terminal catalytic domain (Wittenborn et al., 2016), and possess activity against (R)-
hydroxyacyl-CoA (3HAscl). As demonstrated by a recently solved crystal structure of a class I
PHA synthase from Cupriavidus necator (Wittenborn et al., 2016), the catalytic domain of PHA
synthase belongs to the o/p hydrolase fold super family (Rehm et al., 2003), similar to that seen
in lipases. Class II synthases appear homologous to class I synthases but possess activity only

against mcl (R)-3-hydroxyacyl-CoA (3HAmcl) and have been found in many members of
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Pseudomonas. Class 11l PHA synthases are unique from both class I and II synthases by
possessing a two-subunit structure (phaC and phaFE), and have activity against both scl and mcl
PHAs (Liebergesell and Steinbuchel, 1992; Liebergesell et al., 1994; Amara et al., 2002).
Allochromatium vinosum which is formerly known as Chromatium vinosum is the representative
species for class III PHA synthases (McCool and Cannon, 2001). Class IV PHA synthases also
consist of two subunits (phaC and phaR) but have activity against scl PHAs only (Qi et al., 2000;
Rehm 2003 and 2007). PHA synthase genes of class IV are commonly found in members of
Bacillus genus and the representative species are Bacillus megaterium and Bacillus cereus

(Tsuge et al., 2015).

Historical approaches for identifying PHA production activity have relied on
phenotypic detection (e.g., staining with Sudan black B (Schlegel et al. 1970)), Nile blue A
(Ostle and Holt 1982), or Nile red (Gorenflo et al. 1999; Spiekermann et al. 1999). Despite the
sensitivity of these methods, they consume more time and require more effort to ensure that the
testing environment is suitable for PHA to be built-up in bacterial cells. To overcome these
problems, faster genotypic detection methods were developed. Two examples are polymerase
chain reaction (PCR) technique used to develop degenerate primers for class I and class II
synthase genes in studies of Sheu et al., 2000 and Solaiman et al., 2000, respectively. These
primers were used to detect PHA synthase genes and screen for PHA producers in the
environment. In their studies, primers from Sheu et al., 2000 were able to detect all 19 known
PHA-positive bacteria and primers from Solaiman et al, 2000 demonstrated their ability to

confirm P. corrugata to contain phaC1/C2 genes and can accumulate mcl PHA.
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In addition, numerous studies have attempted to identify novel genes involved in
PHA metabolism, with the goal of exploring organisms beyond more typically studied,
culturable bacteria. For example, Aneja et al. (2004) used phenotypic complementation to reveal
novel PHB synthase genes (Aneja et al., 2004). In this study, phenotypic expression of mucoid
colony morphology of Sinorhizobium meliloti strain Rm1021 on Yeast Mannitol Agar and
heterologous complementation of a Sinorhizobium meliloti phbC mutant was used to confirm the
presence of PHB synthase genes in Bradyrhizobium japonicum. This functional screening
approach has been used to identify novel PHA metabolic genes in both soil and activated sludge
(Wang et al., 2006). Metagenomic libraries constructed from these microbial communities were
also used to complement a Sinorhizobium meliloti bdhA (3-hydroxybutyrate dehydrogenase)
mutant, resulting in the identification of many clones that had regained PHA degradation
activity. In a more recent study, Schallmey et al. (2011) used the same approach to identify and
characterize novel PHA synthesis genes in a soil metagenomic library (Wang et al., 2006).

In addition to functional metagenomics approaches, bioinformatic data-mining of
metagenomic datasets has also been an effective approach for identifying novel PHA synthases
and circumventing the limitations of traditional isolation methods. Such approaches facilitate the
study of both culturable and un-culturable bacteria from a large multitude of ecological niches
(Sturgeon et al., 2013; Bibby and Peccia, 2013; Foong et al., 2014). One of the metagenomic
approaches used in recent studies includes the use of degenerate primers in whole genome
amplification to identify novel PHA synthase genes and subsequent genome walking to

determine full-length coding sequences. The functionality of these novel genes has been



confirmed via the restoration of PHA accumulating ability in PHB-negative mutant strains of
Cupriavidus necator. In 2014, Foong et al. (2014) applied this method to detect novel class I and
IT phaC genes from Japan Trech and Nankai Trough seawater. More recently, Tai et al. (2016)
discovered novel class I and class II PHA synthases from metagenomes collected from
Malaysian limestone hills and outcrops also by using the same technique.

The applications of PHAs as biodegradable thermoplastics with potential to replace
conventional plastics provide strong motivations to search for novel PHA producing bacteria and
biosynthetic enzymes. However, to date, no studies have made use of the large variety of existing
soil metagenomic datasets to screen for novel PHA synthase genes. A large-scale bioinformatic
survey of soil metagenomes is needed to characterize the taxa involved in PHA production in
terrestrial environments, determine the biological differences between the PHA-producing
community in different conditions, and also examine the effectiveness of existing PHA synthase
primers.

In this study, we have conducted a bioinformatic survey and comparative analysis of
novel class I, IT and III PHA synthase genes in 45 available soil metagenomes. We identified and
taxonomically classified PHA synthase genes, and compared their taxonomic profiles between
bulk soils and rhizosphere soils to identify potential biologically meaningful differences in
microbial PHA production. In addition, we compared the functional gene (PHA synthase)
contribution from different taxa with their estimated community abundance based on a
commonly used taxonomic marker gene (rpoB). Together this data revealed species that likely

play a role in PHA production within the microbial community and their relative community



abundance. Finally, we examined the metagenomic data to measure the efficiency of existing
degenerate primers for class I (Sheu et al., 2000) and class Il PHA synthase genes (Solaiman et
al., 2000). We hypothesized that the metagenomic data may help guide the design of improved
primers that better represent that natural diversity of sequences present in soils and overcome
biases of earlier primer designs based on PHA synthase genes from culturable bacteria, which
potentially account for only a small fraction of environmentally prevalent bacteria. We then use
metagenomics-guided primer design to optimize existing primers and improve their similarity to

PHA synthase sequence diversity present in the environment.



Chapter 2- Materials and Methods

2.1 Bioinformatic prediction of PHA synthase classes

For the bioinformatic strategy to detect PHA synthases, hmmsearch and hmmscan from the
HMMER package was used to search for matches to profile Hidden Markov Models (HMMs)
representing class I-III PHA synthases. Profile HMMs were obtained from the TIGRFAM
database (class IV was unavailable) as query models for metagenomic homology searches.
TIGRFAM models were selected because, as demonstrated by a Conserved Domain Database
(CDD) scan of representative class I-III sequences, they mapped effectively to the full-length
multi-domain sequences of PHA synthases unlike single domain models (i.e., PFAM HMMs)

(Figure 2A).
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Figure 2. Bioinformatic analysis of representative class I, II, and III PHA synthases. Nine known PHA synthases
from classes I-III were analyzed for their protein domain architecture (A) using the NCBI Conserved Domain
Database. As shown above, TIGRFAM models mapped effectively to the representative full-length sequences. (B) A
phylogenetic analysis of these representative sequences subdivided them into three subfamilies. As revealed in (C),
classes I-IIT are homologous but show distinct patterns such an apparent deletion in the N and C-terminal domain of
class IIT synthases relative to class I and II. NCBI accession numbers for the protein sequences labeled 1-9 are as
follows: 1 - WP _007038931.1; 2 - WP 011712836.1; 3 - WP 011037305.1; 4 - WP 025340912.1; 5 -

WP_070345320.1; 6 - WP_013974534.1; 7 - WP_053029769.1; 8 - AAL77053.1; 9 - WP_019384922.1.



Despite the phylogenetic relationship (Figure 2B) and clear pattern of sequence homology
(Figure 2C) between class I-III sequences, the TIGRFAM models successfully differentiated
sequences of the three classes of PHA synthases. To further investigate this, we examined the
ability of TIGRFAM HMMs to accurately assign the correctly PHA synthase class to a test set of
18 known class I-II PHA synthases obtained from (Lu et al., 2008). TIGRFAM HMM
identifiers for class I-IIl PHA synthases were TIGR01838, TIGR01839 and TIGRO1836,
respectively. To determine whether hmmsearch can accurately distinguish the overlapping
domains in the HMM models for class I, II and III synthases, we ran a reciprocal search in which
hmmscan was used to search for the identities of all the hits obtained from hmmsearch and
confirmed how many of them were correctly identified. These 1-1 matches were used to assign
PHA synthase class. In addition, we randomly sampled different fragment lengths (100, 50, 30,
20 and 10 amino acids) from this test set to better simulate the short reads obtained in
metagenomic sequencing and their effect on accuracy. Table 1 lists the fraction of correctly
assigned “reads” for known class I-III PHA synthases. The results show that hmmsearch and
hmmscan were no longer able to correctly detect hits with short simulated read lengths of 10
amino acids per sequence at an E-value threshold of 0.001. When the alignment length was
increased to 20, 30, 50, 100 amino acids per sequence, the predictions were confirmed by
hmmscan at 100% accuracy. In addition, we observed a dependence on the conservation of the
region that the reads mapped to, in which in more conserved regions hmmsearch predictions

were 100% accurate when the minimum length of the alignment is 20 amino acid per sequence.
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In less conserved regions, the 100% accuracy of the predictions can only be obtained when the

length of each sequence in the alignment is equal to or greater than 30 amino acids.

Table 1. Precision and sensitivity of HMM-based PHA synthase predictions using simulated read datasets

of varying read lengths.

Precision Sensitivity
Read Length Conserved Variable Conserved Variable
regions regions regions regions
100 100% 100% 100% 100%
50 100% 100% 100% 100%
30 100% 100% 100% 100%
20 100% No hits 100% 0%
10 No hits No hits 0% 0%

2.2 Metagenomic datasets

Twenty-five bulk soil metagenomic datasets from MG-RAST and 20 rhizosphere metagenomic
datasets from EBI metagenomics database were selected to search for novel PHA synthase
genes. These bulk soil metagenomes were collected from different locations ranging from
grasslands, temperate coniferous forest, tundra, desert and xeric shrubland and mangroves. The
MG-RAST identifications of these soil metagenomic datasets are: 4477803.3, 4477872.3,
4477875.3, 4477877.3, 4477900.3, 4477902.3, 4477904.3, 4539064.3, 4541642.3, 4541645.3,
4541647.3, 4541649.3, 4541651.3, 4477805.3, 4477873.3, 4477876.3, 4477899.3, 4477901.3,
4477903.3, 4539063.3, 4541641.3, 4541644.3, 4541646.3, 4541648.3, 4541650.3. Wheat and

cucumber rhizosphere metagenomes collected from the EBI metagenomics database are

11



SRR908275a and b, SRR908281a and b, SRR358565a and b, SRR908272a and b, SRR908276a
and b, SRR908290a and b, SRR358608a and b, SRR908208a and b, SRR908273a and b,

SRR908279a and b, SRR908291a and b.

2.3 Metagenomic taxonomic and functional profiling

The MetAnnotate bioinformatics pipeline (see Figure 3) was used to analyze all metagenomic
datasets, and infer both their taxonomic and functional profiles. The Transeq program within the
EMBOSS package (Rice et al., 2000) was used to first translate metagenomic reads into all six
possible opening reading frames (ORFs). Subsequently, translated ORFs were searched using
profile Hidden Markov Models (HMM search) from the HMMER package (Finn et al., 2011) to
find homologs to query proteins of interest (i.e., PHA synthase protein families). The profile
HMMs are more reliable than other methods such as BLAST (Altschul et al., 1997) because they
are built from a collection of homologs and are therefore not biased by a single sequence query.
They are also more sensitive than PSI-BLAST (Altschul et al., 1997) as they include

insertion/deletion event probabilities, and not only position-specific scoring frequencies.

Profile HMMs for these enzymes were obtained from the TIGRfam database protein
family (Haft et al., 2003). HMM searches were also performed against the NCBI RefSeq
(Tatusova et al.,, 2013) database of non-redundant annotated reference sequences. The
USEARCH program was then used to obtain the best RefSeq match to each metagenomic hit,

and RefSeq hits were used to assign taxonomic information.

12
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Figure 3. The MetAnnotate framework for taxonomic and functional profiling of metagenomes. Figure

adapted from Petrenko et al. (2015).
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2.4 Metagenomics-guided primer analysis and design

In order to identify and align primer regions for detected PHA synthases in soil metagenomes, a
script (BackToDNA) was developed in the GO programming language. BackToDNA converts
an amino acid alignment to its corresponding nucleotide alignment using the raw metagenomic
reads. BackToDNA reads tabular output from BLASTp searches (protein queries) against the
DNA reads (database) and selects hits with 100% identity and the maximum bit score. The script
then processes the BLAST result to reverse translate the amino acid sequence (with gaps) into its
corresponding DNA sequence. To accomplish this, the strand and frame must be accounted for,

and gaps are replaced with three dash characters (see Figure 4).

| Protein Alignment I

| Blastn |

BACKTODNA pipeline v
Highest bit score &
100% ldentity

Sequence
Non Matching Regions | | Matching Regions I
Replace each amino | Positive Frame (+) l | Negative Frame (-) |
acid with (---) y y
l Replace amino acids Reverse complement
Replace (-)with () | with corresponding matching segment
codons J
{ Replace amino acids
I Replace (-)with (---) l with corresponding
codons
v

| Replace (-)with (---) |

Figure 4. Flowchart of the BackToDNA method for generating metagenomics-guided primer alignments.
The method begins with a protein alignment, and reverse translates it to a DNA-based alignment based on

the original raw metagenomic reads.
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Chapter 3 - Results

3.1 Taxonomic profiling of PHA synthases in soils

To detect novel class I, class II and class III PHA synthases, we retrieved 25 bulk soil
metagenomic datasets from MG-RAST and 20 rhizosphere metagenomic datasets from the EBI
metagenomics database. The bulk soil metagenomes span a broad range of environments
including grasslands, desert and forest soils. Using the MetAnnotate pipeline (Petrenko et al.,
2015), unassembled metagenomic reads were scanned for matches to class I-III PHA synthases
and all hits were taxonomically annotated by sequence comparison to a reference protein
database. Specifically, reads were translated into 6 possible open reading frames (ORFs) using
EMBOSS Transeq (Rice et al., 2000), ORF datasets were scanned for matches to TIGRFAM
profile HMMs of class I-III PHA synthases (see Methods) using hmmsearch from the HMMER
package (Finn et al., 2011), and the hits were taxonomically classified based on the top RefSeq
matches computed using usearch (Edgar, 2010). Metagenomic hits that could not be matched to

any Refseq sequences were labeled as “Unclassified”.

The metagenomic annotation pipeline identified 128,006 metagenomic reads
associated with class I PHA synthase genes, 72,364 reads associated with class II PHA synthase
genes and 28,700 reads associated with class III PHA synthase genes. However, there was some
prediction overlap between different PHA synthase classes (see Figure S). Therefore, to improve
prediction accuracy, all PHA synthase hits were scanned against the full TIGRFAM HMM
library (Haft et al., 2003), which either verified the initial class prediction or disambiguated the

class in cases where a read matched multiple classes (Figure 5). After reciprocal match filtering,
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110,872 (86.6%) of class I genes, 32,575 (45.0%) of class II genes, and 23,165 (80.7%) of class
IIT genes were verified. Consistent with a phylogenetic tree of representative PHA synthases
(Figure 2B), the largest extent of overlapping hits occurred between class 1 and class II genes
(Figure 5). Only these reads verified through reciprocal matches were selected for further

analyses.

MetAnnotate
hmmsearch
PhaC synthase Metagenomic hits
Hmmscan
TIGRFAM
library
Class | Class Il Class Il
Hmmsearch
128,006 72,364 28,700
Class | 110,872 39,476 5,257
Hmmscan Class I 14,813 32,575 278
Class Il 2,321 313 23,165

Figure 5. Number of hits and confusion matrix for predicted class I-III PHA synthases in soil
metagenomes. As shown above, TIGRFAM HMMs were used to search metagenomic reads for
hits to class I-III synthases and hits were in turn scanned with the full TIGRFAM HMM library

in order to detect “top reciprocal matches”.
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Next, the taxonomic profiles of the metagenomic PHA class I-III synthases were inferred using
MetAnnotate (Petrenko et al., 2015). Figures 6-8 illustrate the most abundant taxa contributing
class I, I and III PHA synthase genes in bulk soil and rhizosphere metagenomes (also see
Tables 2-4). Below, we explore these taxa and compare predictions to existing literature on

known class I-III PHA synthase producers.

3.1.1 Class | PHA synthases

In rhizosphere metagenomes, detected class I PHA synthase reads affiliated most with the
Sphingomonadaceae (18.3%), Rhizobiaceae (11.6%), Caulobacteraceae (8.3%), and
Comamonadaceae (7.1%) (Figure 6, Table 2). In bulk soils, however, Bradyrhizobiaceae
(13.2%), Rhodospirillaceae (7.7%), Burkholderiaceae (7.4%), and Rhodocyclaceae (6.2%) were

the most dominant phyla contributing class I PHA synthases (Figure 6, Table 2).

These results are largely consistent with existing literature on known PHA
producers. For example, the accumulation of PHB as an energy storage polymer is well
established in members of the Rhizobiaceae and Bradyrhizobiaceae families (Tombolini and
Nuti, 1989; Tombolini et al., 1995; Quelas et al., 2013). In addition, PHB biosynthetic activity
has been demonstrated in Caulobacteraceae (Poindexter 1981; Qi and Rehm, 2001), in
Rhodobacter and Rhodospirilum (Hustede et al., 1992; Liebergesell et al., 1991), and in the

Comamonadaceae (Sudesh et al., 1998; Yee et al., 2012).
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Rhodospirillaceae
Phyllobacteriaceae

Figure 6. Taxonomic distribution of class I PHA synthases detected in 45 rhizosphere and bulk soil

metagenomes.

At the same time, the abundance of phaC class I genes affiliated with the Sphingomonadaceae,
which dominated the contribution of phaC genes in rhizosphere soils, is surprising since they
have been relatively understudied in the context of PHA production. One study by Godoy et al.
(2003) has shown that members of the Sphingomonadaceae (Sphingopyxis species) are capable
of accumulating scl PHA. More recently Cheng and Charles (2016) identified by functional
metagenomics a Sphingomonas-related sequence that complemented a phaC negative strain of
Pseudomonas putida. The considerable abundance of Sphingomonadaceae-related phaC class 1
genes in metagenomes suggests an underappreciated role for these taxa in the production of PHA

compounds in the rhizosphere environment.
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Table 2. Per-taxa abundance of class I phaC genes and rpoB genes detected in 45 rhizosphere

and bulk soil metagenomes.

Fraction
Rhizosphere Raw Data phaC Fraction rpoB Raw Data rpoB Class
phaC
Closest Homolog Family
Sphingomonadaceae 0.183475 5878 0.084985 38029 Alphaproteobacteria
Rhizobiaceae 0.116178 3722 0.05188 23215 Alphaproteobacteria
Bradyrhizobiaceae 0.038799 1243 0.03635 16266 Alphaproteobacteria
Rhodobacteraceae 0.040672 1303 0.025872 11577 Alphaproteobacteria
Caulobacteraceae 0.08306 2661 0.024359 10900 Alphaproteobacteria
Comamonadaceae 0.071105 2278 0.020139 9012 Betaproteobacteria
Phyllobacteriaceae 0.036333 1164 0.014533 6503 Alphaproteobacteria
Rhodospirillaceae 0.03858 1236 0.010535 4714 Alphaproteobacteria
Burkholderiaceae 0.042763 1370 0.010461 4681 Betaproteobacteria
Methylobacteriaceae 0.040703 1304 0.005596 2504 Alphaproteobacteria
Fraction
Bulk Soil Raw Data phaC Fraction rpoB Raw Data rpoB Class
phaC
Closest Homolog Family
Bradyrhizobiaceae 0.132553 8817 0.051804 32518 Alphaproteobacteria
Sphingomonadaceae 0.038246 2544 0.016468 10337 Alphaproteobacteria
Rhodospirillaceae 0.076777 5107 0.016302 10233 Alphaproteobacteria
Rhodobacteraceae 0.037224 2476 0.015236 9564 Alphaproteobacteria
Caulobacteraceae 0.033931 2257 0.009071 5694 Alphaproteobacteria
Burkholderiaceae 0.074101 4929 0.00683 4287 Betaproteobacteria
Rhodocyclaceae 0.061849 4114 0.006627 4160 Betaproteobacteria
Nocardiaceae 0.044079 2932 0.005268 3307 Actinobacteria
Methylobacteriaceae 0.046018 3061 0.005146 3230 Alphaproteobacteria
Nakamurellaceae 0.053415 3553 0.00116 728 Actinobacteria
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3.1.2 Class Il PHA synthases

Among the Class Il PHA synthases, members of the Pseudomonadaceae, Geodermatophilaceae,
and Nocardiaceae dominated the metagenomics hits detected, and these top three taxa were

consistent between rhizosphere and bulk soils, although they differed in relative abundance.

Pseudomonadaceae contributed the majority of genes in rhizosphere soils (55%) and
roughly 1/6 (16.1%) of the genes in bulk soils (Figure 7). Indeed, members of the
Pseudomonadaceae are well known mcl PHA producers (Timm and Steinbuchel, 1992).
Pseudomonas spp. are known to possess two medium chain length PHA synthase genes, phaCl
and phaC2, (Huisman et al., 1989 and Timm et al., 1994) and these genes in conjunction with the
flanking phaZ gene encoding PHA depolymerase, have been shown to confer the ability to

synthesize mcl PHA (Timm and Steinbuchel, 1992).

Rhizosphere Bulk

Pseudomonadaceae Nocardiaceae

Geodermatophilaceae

Pseudomonadaceae

Methylobacteriaceae

Rhodobacteraceae .
Caulobacteraceae Burkholderiaceae

phingomonadaceae
Dermatophilaceae

Nocardiaceae Burkholderiaceae Mycobacteriaceae
Erythrobacteraceae Dermatophilaceae

Geodermatophilaceae

Tsukamurellaceae
Nakamurellaceae

Gordoniaceae
Rhodobacteraceae

Figure 7. Taxonomic distribution of class II PHA synthases detected in 45 rhizosphere and bulk soil

metagenomes.
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Members of the Nocardiaceae family were also detected as major contributors to class Il phaC
genes in both rhizosphere (5.6%) and bulk soil (17.3%) (Figure 7). Indeed, previous studies have
demonstrated mcl PHA producing activity by the phaC gene (phaCNc) of Nocardia corallinia
(Timm and Steinbuchel, 1992; Hall et al., 1998).

Interestingly, several phyla contributing class II PHA synthases are relatively
understudied in the context of PHA production. The families Geodermatophilaceae (13.1% in
rhizosphere, 20.1% in bulk soil) and Dermatophilaceae (3.6% in rhizosphere, 4.2% in bulk soil)
contributed significant proportions of class Il PHA genes (Figure 7, Table 3), and yet the ability
of these taxa to accumulate mcl PHAs is to our knowledge less well known. In one study, Liu et
al. (2002) discovered a novel species (Kineosphaera limosa) within the Dermatophilaceae that
was demonstrated to accumulate PHA. Our analysis identified phaC class I reads affiliated with
Kineosphaera as well as three additional genera (Modestobacter, Blastococcus,
Geodermatophilus), suggesting that mcl PHA production may be more environmentally
abundant and widespread within the Dermatophilaceae family than currently thought.
Metagenomic hits for these taxa had identities to reference sequences ranging from 55%-100%
percentage similarity. Similarly, although of lower abundance, the families Nakamurellaceae,
Tsukamurellaceae, and Gordoniaceae were all predicted to contribute class II phaC gene
homologs in soil metagenomes, but there is little if any literature knowledge on mcl PHA

production in these species.
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Table 3. Per-taxa abundance of class II phaC genes and rpoB genes detected in 45 rhizosphere and bulk

soil metagenomes.

Rhizosphere Fraction Raw Data phaC Fraction rpoB Raw Data rpoB Class
phaC
Closest Homolog
Family
Sphingomonadaceae 0.014112 86 0.084985 38029 Alphaproteobacteria
Rhodobacteraceae 0.013784 84 0.025872 11577 Alphaproteobacteria
Caulobacteraceae 0.013784 84 0.024359 10900 Alphaproteobacteria
Pseudomonadaceae 0.550706 3356 0.023733 10620 Gammaproteobacteria
Burkholderiaceae 0.042501 259 0.010461 4681 Betaproteobacteria
Nocardiaceae 0.055793 340 0.007594 3398 Actinobacteria
Methylobacteriaceae 0.01083 66 0.005596 2504 Alphaproteobacteria
Geodermatophilaceae 0.130784 797 0.005377 2406 Actinobacteria
Erythrobacteraceae 0.048572 296 0.003097 1386 Alphaproteobacteria
Dermatophilaceae 0.036101 220 0.00147 658 Actinobacteria
Bulk Fraction Raw Data phaC Fraction rpoB Raw Data rpoB Class
phaC
Closest Homolog
Family
Rhodobacteraceae 0.026233 653 0.015236 9564 Alphaproteobacteria
Mycobacteriaceae 0.053833 1340 0.008099 5084 Actinobacteria
Geodermatophilaceae 0.201149 5007 0.007002 4395 Actinobacteria
Burkholderiaceae 0.128154 3190 0.00683 4287 Betaproteobacteria
Nocardiaceae 0.173108 4309 0.005268 3307 Actinobacteria
Gordoniaceae 0.0231 575 0.004618 2899 Actinobacteria
Pseudomonadaceae 0.161337 4016 0.001995 1252 Gammaproteobacteria
Dermatophilaceae 0.04158 1035 0.001818 1141 Actinobacteria
Nakamurellaceae 0.022055 549 0.00116 728 Actinobacteria
Tsukamurellaceae 0.019163 477 0.000421 264 Actinobacteria
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Lastly, Burkholderiaceae is unique in its apparent contribution of both class I and class II
synthases in soil metagenomes (Figure 6, Figure 7). This is consistent with previous literature,

which has demonstrated Burkholderiaceae to possess both types (Cheng and Charles, 2016).

3.1.3 Class lll PHA synthases

Metagenomic hits to class III PHA synthases show more dramatic patterns in terms of extreme
taxonomic abundance and variation between environments (Figure 8, Table 4).
Xanthomonadaceae dominated the contribution of class III genes in rhizosphere soils, making up
66.3% of class Il reads. In bulk soils, Bradyrhizobiaceae (18.6%), and Methylobacteriaceae

(11.6% in bulk soil) contributed the most class III genes.

The extreme abundance of Xanthomonadaceae-associated class II1 PHA synthases is
surprising given the almost complete lack of literature on PHA production in this family. Many
members of Xanthomonadaceae are well known as plant pathogenic and industrial producers of
the exopolysaccharide, xanthan gum (Poli et al., 2011). A phaC gene from Xanthomonas
campestris has been annotated computationally and included in a few previous studies (Aneja et
al., 2009 and Amara and Moawad (2011). In addition, as shown in Figure 9, a gene cluster
containing phaC and other PHB synthesis genes can be identified within the genomes of
Xanthomonas species. However, experimental work to demonstrate PHA production and

characterize this putative PHA synthase and the production pathway in this taxon is incomplete.
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Figure 8. Taxonomic distribution of class III PHA synthases detected in 45 rhizosphere and bulk soil

metagenomes.

NC_003902.1 - Xanthomonas campestris pv. campestris str. ATCC 33913

2,552K 2,545K
O o m e e o
hbdH1 phaE XCC2158 XCC2156
« > 4+
XCC2165 PHB dehydrogenase phbC
mutT pSssA . XCC2157

Figure 9. A gene cluster from Xanthomonas campestris pv. campestris str. ATCC 33913 containing

putative phaC, phaE and bdhA genes.

The soil-associated archaeal family Nitrososphaeraceae also contributed a moderate amount of
class III genes in both bulk (3.5%) and rhizosphere (4.8%) samples (Figure 8, Table 4). Most
members of Nitrososphaeraceae from phylum Thaumarchaeota phylum possess genes that

encode PHA synthases (Spang et al., 2012; Poli et al., 2011). In Zhalnina et al. (2014) the
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presence of class III PHA synthase encoding genes (phaC and phaE) in Candidatus
Nitrososphaera evergladensis was also confirmed.

Table 4. Per-taxa abundance of class Il phaC genes and rpoB genes detected in 45 rhizosphere and bulk

soil metagenomes.

Fraction

Rhizosphere Raw Data phaC Fraction rpoB Raw Data rpoB Class
phaC
Closest Homolog Family
Xanthomonadaceae 0.662931 5383 0.052604 23539 Gammaproteobacteria
Rubrobacteraceae 0.031773 258 0.007381 3303 Actinobacteria
Chromatiaceae 0.01798 146 0.004541 2032 Gammaproteobacteria
Bacillaceae 0.022414 182 0.003526 1578 Bacilli
Ectothiorhodospiraceae 0.031158 253 0.003066 1372 Gammaproteobacteria
Thiotrichaceae 0.036453 296 0.001124 503 Gammaproteobacteria
Nitrososphaeraceae 0.047783 388 0.000447 200 Nitrososphaeria
Magnetococcaceae 0.013793 112 0.000364 163 Alphaproteobacteria
Cyanothece 0.012685 103 0.000051 23 Cyanobacteria
Halobacteriaceae 0.021675 176 0.000011 5 Halobacteria
Bulk Fraction Raw Data phaC Fraction rpoB Raw Data rpoB Class
phaC
Closest Homolog Family
Bradyrhizobiaceae 0.186574 2807 0.051804 32518 Alphaproteobacteria
Xanthomonadaceae 0.069724 1049 0.009203 5777 Gammaproteobacteria
Geodermatophilaceae 0.03104 467 0.007002 4395 Actinobacteria
Methylobacteriaceae 0.116251 1749 0.005146 3230 Alphaproteobacteria
Gordoniaceae 0.035294 531 0.004618 2899 Actinobacteria
Bacillaceae 0.032768 493 0.001819 1142 Bacilli
Dermatophilaceae 0.044001 662 0.001818 1141 Actinobacteria
unclassified 0.044001 662 0.001276 801 NA
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Nitrososphaeraceae 0.035427 533 0.00073 458 Nitrososphaeria

Halobacteriaceae 0.032303 486 0.000003 2 Halobacteria

3.2 Sequence novelty of metagenomic phaC genes

To explore the novelty of phaC sequences identified in the soil metagenome survey, we
examined their protein sequence identities to their top database (NCBI RefSeq) matches. In
general, class I metagenomic hits possessed the highest similarity to reference proteins (Figure
10), with some clear skew towards culturable organisms that have been widely studied and
sampled such as the Rhizobiaceae and Bradyrhizobiaceae. In rhizosphere soils, the average
percentage identities to Rhizobiaceae ranged from 80-90% and in bulk soil, and the percentage
identity of tops hits to Bradyrhizobiaceae ranged from 70-90%.

Analysis of sequence novelty for class II and III hits however, revealed more interesting patterns
(Figure 11, Figure 12). That is, large variation in sequence novelty was observed both in taxa
associated with PHA production as well as those that have not been as highly studied in this
functional context. For example, in bulk soil, detected class II synthases affiliated with the
Pseudomonadaceae were quite novel in sequence (~50-65% identities to the database), even
though members of the Pseudomonadaceae are well known medium chain length PHA
producers (Figure 11). On the other hand, the detected genes from taxa that are less commonly
associated with PHA production such as Dermatophilaceae and Geodermatophilaceae were
more similar to database sequences. Similarly, in rhizosphere soils, class III hits affiliated with

the Xanthomonadaceae, which is not a widely studied taxa in terms of its PHA synthase
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potential, were the least novel (the most similar to database sequences, ~75-85% identity)
(Figure 12).

Ultimately, the sequence novelty analysis reveals that existing RefSeq genomes encode
uncharacterized and potentially unnoticed PHA synthases in organisms that may not yet be
associated with PHA synthesis. The identification of these organisms in soil metagenomes as
dominant contributors of PHA synthase genes in soil environments places them into a functional
context and provides motivation for future experimental work investigating the role of these

species in PHA synthesis.
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Figure 10. Sequence novelty of detected class I PHA synthases in 45 soil metagenome. The boxplots
above show the distributions of sequence identities of detected class | PHA synthase genes for each taxa
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Interestingly, the novelty level of phaC metagenomic sequences from the bulk soil metagenomes
is significantly higher than that in the rhizosphere as shown in Figure 13, which is consistent

with the idea that soil metagenomes contain enormous diversity and community richness (Howe

etal., 2014).
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Figure 13. Distributions of sequence novelty of detected class I, IT and III PHA synthases in rhizosphere

versus bulk soil.

3.3 Comparison of PHA producer taxonomic profiles between bulk soil and
rhizosphere metagenomes

Next, we compared phaC taxonomic profiles between bulk soil and rhizosphere metagenomes to
identify biologically relevant differences. Using the pheatmap package within R, heat maps were

generated to visualize the relative abundance of PHA synthases affiliated with different
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taxonomic groups (family level) for classes I-11I and for both rhizosphere and bulk soils (Figures

14, 15, 16).

3.3.1 Class | PHA synthases

Comparative analysis revealed a considerably higher abundance of class I genes affiliated with
Sphingomonadaceae, Rhizobiaceae, Caulobacteraceae and Comamonadaceae families in
rhizosphere soil than bulk soil (Figure 14). On the other hand, class 1 synthase gene
contributions by Bradyrhizobiaceae, Methylobacteraceae, Burkhoderiaceae, Rhodospirilaceae
were significantly higher in bulk soil (Figure 14). Taxonomic profiles of class I PHA synthases
also subdivided further into distinct patterns according to soil region/type. For example,
grassland and forest soils showed subtle differences between each other and desert soils showed
the most dramatically different pattern (Figure 14). On the other hand, very little difference was
observed between the phaC taxonomic profiles from cucumber and wheat-associated rhizosphere

soils.
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Figure 14. Taxonomic abundance heat map of detected class I PHA synthases assigned to each taxa in
45 metagenomes from rhizosphere versus bulk soils. Heatmaps were generated using the pheatmap()

package in R and the y-axis (taxonomy) was clustered by Euclidean distances using the hclust() function.

The higher enrichment of PHA synthase class I gene in rhizosphere by Rhizobiaceae,
Comamonas and Sphingomonas can potentially be explained by their roles as plant growth
promoting bacteria in soil (Liu et al., 2006; Glick 2012, Ahemad and Kibret, 2014). The close

associations of these genera with plant hosts may also explain their relative increase in the
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rhizosphere. Their relative increase may be tied to the role of the host plants in supplying these
bacteria with a carbon source for PHB accumulation.

Many members of Bradyrhizobium have also been mentioned in existing literature as
plant growth promoting bacteria (Ahemad and Kibret, 2014). It was hypothesized that a higher
PHA synthase gene enrichment by this genus will be found in rhizosphere soil than bulk soil.
However, the comparative taxonomic profile of class I synthase genes demonstrates otherwise
(Figure 14). There are a few possible explanations for this result. First of all, Bradyrhizobium
species are slow growing bacteria in terms of carbohydrate consumption (Jordan 1982).
Although fast growing rhizobia such as Sinorhizobium meliloti or R. leguminosarum can
metabolize a wide range of carbohydrates, slow growing bacteria such as Bradyrhizobium
Jjaponicium and B. lupini can not use disaccharides, trisaccharides and organic acids for growth
(Stowers 1985). Jordan (1982) suggested that slow-growing rhizobia seem to have the ability to
consume large quantities of aromatic growth substrates. Therefore, slow growth rhizobia may be
less dependent on plant roots in the rhizosphere soil for a carbon supply. In addition, some
Bradyrhizobium strains are non-nodulating rhizobia, whose ability to survive and flourish in bulk
soil has been documented previously (Gano-Cohen et al., 2016). In the same study, non-
nodulating Bradyrhizobium strains demonstrated an ability to compete with nodulating strains
for nodule interior and perhaps carbon supply. This might imply that they can use their phaC
genes to accumulate PHAs in the rhizosphere soil region and continue to thrive after migrating to

the bulk soil.
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The abundance heat map (Figure 14) reveals a higher relative abundance of class |
synthase genes affiliated with Burkholderia in bulk soil than in rhizosphere soil. A possible
explanation for this result is that many members of the beta-proteobacteria have free living
lifestyles, are tolerant to pH fluctuations or high salt extremes, and have loose relationship with
plants (Gyaneshwa et al., 2011). It is possible that they can accumulate PHB in the rhizoshere
soil region and continue to grow in bulk soil environments where there are less threat from other
nodulating competitors and predators such as protozoa.

The accumulation and degradation of PHB by Rhodospirillum rubum from the
Rhodospirillaceae family has been studied extensively. As a nitrogen fixer and producer of
cytokinins, R. rubum is a well-established plant growth promoting bacteria (Glick 2012). The
abundance heat map illustrates that members of this family contribute more class I phaC genes in
bulk soil than in rhizosphere (Figure 14). There are several possible explanations for this result.
R. rubum 1is a highly versatile organism and can grow both aerobically and anaerobically and has
many ecological preferences (Cohen-Bazire and Kunisawa, 1963; Madigan et al., 2004 ;
Reslewic et. al, 2005;). In addition, R. rubum is capable of photosynthesis under low oxygen
conditions thanks to the presence of bacteriochlorophylls and carotenoids in the cell membrane.
The fact that bacteriochlorophylls can absorb higher wavelength (800-925 nm) than plant’s
chlorophyll a (660-680 nm) means that R. rubum can use more energy from the light spectrum to
accumulate energy compound by itself. This strain of bacteria has been shown to be energy-
independent from plants and therefore, can thrive in bulk soil where there are less competitions

and threats from other species present in rhizosphere soil.

35



3.3.2 Class Il PHA synthases

The heat map for class II synthase genes (Figure 15) illustrates a much lower taxonomic
diversity than that seen for class I genes (Figure 14), with only a few species dominating class II
gene contribution in bulk soils and even fewer in rhizosphere. In general, the detected abundance
of class II phaC genes from the Pseudomonadaceae family is much higher in rhizosphere soils,
while the abundance of class II genes from Geodermatophilaceae, Burkhoderiaceae and
Norcardiaceae are much higher in bulk soil.

Members of the Pseudomonadaceae are well known for their ability to accumulate
medium chain length PHA, a product of the class II phaC genes. Many species of
Pseudomonadaceae are also widely established as plant growth promoting bacteria.
Pseudomonads play roles in helping plants obtain iron under iron-limiting conditions
(Raaijmakers et al., 1994; Sharma and Johri, 2003; Masalha et al., 2000; Schalk et al., 2001),
benefit plants during drought (Sandhya et al., 2010), and other conditions. The important roles of
Pseudomonas species in promoting plant growth provides a potential explanation for the relative

abundance of Pseudomonas class II synthase genes in rhizosphere soils.
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Figure 15. Taxonomic abundance heat map of detected class II PHA synthases assigned to each taxa in

45 metagenomes from rhizosphere versus bulk soils. Heatmaps were generated using the pheatmap()

package in R and the y-axis (taxonomy) was clustered by Euclidean distances using the hclust() function.

As mentioned earlier, the ability of accumulating PHAs by members of genus Geodermatophilus

has not been reported. Our study implies that these bacteria contribute a significant proportion of

class II synthase genes in natural soil environments. In general, a greater abundance was

observed in grassland and desert bulk soil (Figure 15), but a subset of individual rhizosphere
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metagenomes, both from cucumber- and wheat-associated soils, soils also showed elevated
abundance. Previous studies suggest that members of this genus can tolerate harsh environments
such as arid soil, rock vanish in desert, UV light, and heavy metals, although some can be found
in rhizosphere soil and lake sediments as well (Hezbri et al., 2015; Ivanova et al, 2010, Gtari et
al., 2012; Rainey et al., 2005; Montero-Calasanz et al., 2014). This environmental versatility
explains why this species was found to contribute class II genes in high abundance across a range
of environmental soil types. A similar explanation has been provided for genera Burkholderia

with regards to PHA synthase gene earlier in this section.

3.3.3 Class lll PHA synthases

The taxonomic distribution of metagenomic class III PHA synthases (Figure 16) is perhaps even
more restricted than that for class II genes. Class III PHA synthases from the Xanthamonadaceae
family dominated all rhizosphere soils (both cucumber and wheat-associated), while
Bradyrhizobiaceae and a few additional taxa dominated bulk soils, which also showed more
variable patterns (Figure 16).

The Xanthomonas genus is known for its numerous species that cause plant diseases
such as the phytopathogen, X. campestris. Their strong association with plant hosts provides an
explanation for their relative abundance in rhizosphere soils. However, interestingly, in addition
to dominating the rhizosphere soils, class III PHA synthases affiliated with Xanthomonas were
also detected at high abundance in a subset of desert and forest metagenomes (Figure 16),
suggesting a more widespread ecological niche.
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Members of the Rubrobacteraceae family belongs to phylum Actinobacteria. They
can be thermophilic, radio-tolerant and halo-tolerant (Suzuki et al., 1988; Carreto et al., 1996;
Chen et al., 2004) . Consistent with an ability to survive in extreme environments, class [II PHA
synthases affiliated with the Rubrobacteraceae were detected at high abundance particularly in
desert soils (Figure 16). At the species level, Rubrobacter xylanophilus was detected as the
closest homolog for these metagenomic hits. However, there is no existing literature describing

the presence of PHA synthase genes in these bacteria.
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Figure 16. Taxonomic abundance heat map of detected class III PHA synthases assigned to each taxa in
45 metagenomes from rhizosphere versus bulk soils. Heatmaps were generated using the pheatmap()

package in R and the y-axis (taxonomy) was clustered by Euclidean distances using the hclust() function.

Allochromatium vinosum 1s a well-studied anoxygenic purple sulfur bacteria from the phylum,
gammaproteobacteria, and family, Chromatiaceae. 1t is both a sulfide and thiosulfate oxidizer.
Because this family is primarily associated with aquatic environments (freshwater, brackish
water or marine), it is quite interesting that our MetAnnotate analyses detected Allochromatium
vinosum as the closest homolog for many of our soil metagenomes. As members of purple sulfur
bacteria group, bacteria of Chromatiaceae are capable of doing photosynthesis, which can mean
they are less dependent on plant for carbon supply. Perhaps, this can also imply their ability to
survive well in bulk soil and contribute a higher enrichment of PHA synthase gene here than in

rhizosphere soil.

3.4 Analysis of the community abundance of top PHA synthase contributors

In previous sections, the taxonomic distributions of PHA synthases (classes I-III) have been
explored. However, how do these functional gene-based taxonomies correspond with the
community abundance of the same organisms? To investigate this question, the per-taxon phaC

gene abundance was compared with 7poB (housekeeping taxonomic marker) gene abundance.
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Figure 17. Proportion of rpoB genes (relative community abundance) and proportion of class I (A), class
Figure 17 illustrates the top ten most abundant bacteria based on rpoB proportional abundance

IT (B), and class III (C) PHA synthase genes for the top PHA synthase contributing taxa in soil and

rhizosphere metagenomes.

of synthase genes. For instance, in rhizosphere soils, abundant community members (taxa with
41
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high rpoB abundance) such as Sphingomonadaceae and Rhizobiaceae also show high PHA
synthase class I abundance. In bulk soil, however, this pattern is less pronounced. Class I
contributors in bulk soils tend to be at relatively lower community abundance, as indicated by the
high level of class I genes contributed by rare taxa such as Methylobacteriaceae and
Nakamurellaceae. In addition, the class I producer community is similar between bulk and
rhizosphere, sharing many of the same taxonomic groups. Together, this suggests that although
class I PHA producing species exist in bulk soil, the same organisms become enriched in
rhizosphere environments, and that the rhizosphere may therefore select more strongly for scl
producers than bulk soils. This pattern is quantified in Figure 18, and is statistically significant
according to a Wilcoxon Rank Sum test (P = 0.043). Since this analysis was restricted to the top
ten families associated with PHA production may be biased. Therefore the analysis was repeated
by examining the community abundance (estimated as the total proportion of »poB genes) for all
genera contributing phaC genes (Figure 19). In these plots, the community abundance of PHA-
producing taxa as consistently higher in the rhizosphere than in bulk soil. This pattern is
consistent for all three classes of PHA synthases. The detection of significant differences in PHA
producing communities between bulk and rhizosphere is consistent with a large body of
literature on the role of scl and mcl PHAs in plant-associated microbes (see Thesis Discussion).
In contrast to class 1 genes, the community abundance versus class II gene
abundance in rhizosphere showed some unique patterns. For instance, the major class II
contributors are not necessarily the most abundant organisms. Pseudomonadaceae is the main

contributor of class II synthase genes. Although it is the fourth most abundant organism in the
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community, its functional gene proportion vastly outweighs its proportional abundance in the
community. In bulk soil, the community of class II synthase contributors is more diverse and
spread out among several taxonomic groups including the Geodermatophilaceae,
Burkhoderiaceae, Norcadiaceae, Pseudomonadaceae and other taxa with lower rpoB fractions.
Ultimately, the weaker correspondence between class II abundance and community abundance
suggests that there may be a relatively weaker role for class II genes in determining the growth
or abundance of an organism both in soils and rhizosphere communities than that of class I
genes.

Class III synthase gene analyses show similar patterns to class II analyses with
differences in PHA contributing taxa. In rhizosphere soil, Xanthomonadaceae is the main class
IIT synthase contributor and also has an extremely high PHA synthase fraction of almost 70%.
However, again the class Il gene contribution for Xanthomonadaceae vastly outweighs its
community abundance (5.3%). Following from this, one may speculate whether scl PHA
production by class III phaC genes gives Xanthomonas a competitive advantage in the
rhizosphere community. In bulk soil, the class III gene contributing microbial community shows
more diversity with a wider range of taxa including Bradyrhizobiaceae, Xanthomonadaceae,
Methylobacteriaceae, Gordoniaceae, Dermatophilaceae and other taxa with lower community

abundance.
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summing the proportional abundance of all genera associated with predicted phaC genes in each

metagenome sample.

3.5 Primer comparisons and improvement using metagenomic data

Although common PCR primer sets targeting all PHA synthase classes have not yet been
developed (Yang et al., 2013), class II phaC primers (Solaiman et al., 2000; Zhang et al., 2001)
have been developed as well as class I primers (Sheu et al., 2000). Primers from Sheu et al., 2000
have been validated based on successful detection of the phaC gene in all 19 known PHA-
positive bacteria, and primers from Solaiman et al., 2000 were used to identify phaC1/C2 genes
within P. corrugate, which was verified to accumulate mcl PHA.

The degenerate primers developed in these two studies have been used by many
subsequent studies (Ciesielski et al., 2006; Tzu et al., 2012). However, because these primers
have been designed based on culturable species which may account for as little as 1% of
microbial species (Amann et al., 1995 and Tai et al., 2014), it is conceivable that they do not
reflect the sequence diversity of phaC genes that exists in the natural environment.

To examine the extent to which existing primers cover the sequence diversity of
natural phaC genes and also potentially redesign/optimize them using environmental phaC
sequences, we compared primers from Sheu et al., 2000 (phaCF1 and phaCR4) and from
Solaiman et al., 2000 (I-179L and I-179R) to aligned regions obtained from our metagenomic
phaC homologs. The primer-associated sequence profiles for metagenomic class I and class 11

genes were separately calculated and compared to existing primers, from which we identified
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similarities and differences that may be useful to optimize primers and improve future detection

of novel PHA synthase genes.

3.5.1 Back-translation of metagenomic protein alignments for analysis of primer

efficiency

To convert the protein alignment of all metagenomic hits for class I and II back to their
corresponding nucleotide alignments, a script was developed and also made publicly available at
github (https://github.com/pvah88/BackToDNA). The program takes as input an aligned fasta
file of metagenome-derived protein sequences, and replaces each amino acid with the
corresponding codon triplet identified in the corresponding DNA sequence read (see Methods).
Alignments were visualized using Aliview (Larsson 2014) and Jalview (Waterhouse et al., 2009)
and primer region were determined manually by identifying the best sub-alignment matches to
Sheu and Solaimon’s primers. The percentage similarity between a primer and each
corresponding DNA sequence in the aligned primers region was calculated using the

compareToPrimer.pl scripts located at https://github.com/doxeylab/metannotateScripts (Petrenko

et al, 2015). This script allows for the IUPAC nucleotide ambiguity code
(http://www.bioinformatics.org/sms/iupac.html) and therefore accounts for primer degeneracy
when available. To visualize the sequence profile for each primer-aligned region, sequence logos
were constructed. In addition, to examine the efficiency of each primer in detecting metagenomic
PHA synthases, histograms of percentage identity distributions were constructed (Figure 19,
Figure 20).
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Figure 19. Comparison of metagenomic logos for class I phaC genes against aligned primers. Class I

forward (phaCF1) and reverse (phaCR4) primers are shown above the metagenomic logos. Positions that

have been selected for primer optimization are indicated by red circles (big circles, degenerate positions;

small circles, non-degenerate positions). The histograms on the right show the distributions of

metagenomic phaC sequence identity to the previous primers and optimized primers.

Overall, class I forward and reverse primers from Sheu et al. (2000) were remarkably consistent

with the sequence diversity observed in the metagenomic consensus logos (Figure 19). Although
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the logos reveal hidden sequence diversity not present within the primer, the consensus
nucleotides from the metagenomic alignment match the primer in almost all positions. In
general, class I primers performed better than class II primers from Solaiman et al. (2000) in
terms of their congruency with metagenomic sequences (Figure 20). The metagenomic class II
sequences showed lower similarities to the established class II synthase forward primer (I-179L)
with a median percentage identity of 78.6%, and the reverse primer (I-179R) behaved similarity

with a median percentage identity of 76.7%.

Despite a high median identity for the majority of metagenomic homologs of class I1
genes, a surprising number of metagenomic hits aligned very poorly to existing primers. 9.2%
and 14.7% of metagenomic hits for class I fw and rv primers were less than 65% identity to the
primers and 20.7% and 12.1% of metagenomic hits for class II fw and rv primers were less than
65% identity to the primers. This implies that a sizeable fraction of environmental phaC genes

will be undetected using existing PCR primers.

To design potential improvements to existing primers, metagenomic phaC sequence
logos were compared with the primers to identity position-specific inconsistencies in nucleotide
values (Figure 20). Because primer sequence similarities were already high for class I genes
(median forward primer %ID = 86.5%, median reverse primer %ID = 84.6%), there was
relatively little room for optimization (Figure 20, Table 5). Nevertheless, optimization of the
class I reverse primer (phaCR4) through a few substitutions increased the median %ID from
84.6% to 88.5% and resulted in the detection of 4,391 sequence hits above 85% ID versus an

original 2,949 (a substantial 48.9% increase). Suggested modification for this primer includes
48



five degenerate positions and three non-degenerate positions (Figure 19). The five degenerate
positions are A to any of the four nucleotides (A/G/T/C) at position 4, keeping position 5 and 12
as A/C and C/G respectively, and changing both position 21 and 24 from C to C/T. The three
non-degenerate positions are modifications of position 10 and 11 from G/T to G and T

respectively, and position 16 from A/G to A.

Because previous class Il primers showed weaker congruency with metagenomic
phaC genes, there was more room to improve their efficiency in detecting environmental
sequences. For example, for the forward primer I-L179 from Solaiman et al. (2000) the
metagenomic alignment suggested modifications for five degenerate positions and two non-
degenerate positions (Figure 20). The five suggestions for degenerate positions for class I
forward primer were modification of position 19 from C to C/T, modification of position 22 from
C to C/G, modification of position 23 from T to any of A/T/C/G, modification of position 25
from C to C/G, and modification of position 28 from C to C/T. The two suggested modifications
for the non-degenerate positions were A to G at position 1 and A to G at position 20. Suggestions
for modification of the reverse primer I-179R including five degenerate positions and three non-
degenerate positions. The five modifications for degenerate positions were: C to G/C, A to any
of A/T/C/G, C to C/G, C to C/G and C to C/G at positions 9, 11, 21, 27 and 30, respectively.
The three suggestions for non-degenerate positions were A to G, A to C, and A to C at positions
19, 20 and 27 respectively. These modifications to class II degenerate primers resulted in
significant improvements in the distribution of percentage similarity of primers (Figure 20,
Table 5). The median percentage primer identities of metagenomic phaC genes increased from
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78.6% to 89.3.% (class II forward primer), and 73.6% to 90% (class II reverse primer). For the
class II reverse primer, the modified primer is estimated to detect almost seven times as many

matches with 85% identity or higher.
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Figure 20. Comparison of metagenomic logos for class II phaC genes against aligned primers. Class II
forward (I-179L) and reverse (I-179R) primers are shown above the metagenomic logos with big red
circles (degenerate positions) and small red circles (non-degenerate positions) indicating positions that
have been modified in the optimized primer designs. The histograms on the right show the distributions of

metagenomic phaC sequence identity to the previous primers and optimized primers.

50



Table 5. Abundance of metagenomic phaC sequences matching previous primers versus designed primers

CLASS 1

Sheu Forward primers

NEW Class I forward primer

Less than 65%
More than 65%
More than 85%
More than 95%
mean

median

Less than 65%

More than 65%
More than 85%
More than 95%

1150 segs, 9.2%
11407 seqgs, 90.8%
8951 seqgs, 71.3%
4491 seqs, 35.8%

86.5%
92.3%

1143 seqgs, 9.1%
11414 seqgs, 90.9%
9176 seqs, 73.1%
4918 seqs, 39.2%

87.1%
92.3%

Sheu reverse primers

NEW Class I reverse primer

1228 seqs, 14.7%

7108 seqs, 85.3%

2949 seqs, 35.4%
681 seqs, 8.2%

1113 seqs, 13.4%

7223 seqs, 86.6%

4391 seqs, 52.6%
999 seqs, 12%

mean 77.7% 85.2%
median 84,6% 92.3%
CLASS 11 Solaiman Forward primers NEW Class II forward primer

Less than 65%
More than 65%
More than 85%
More than 95%
mean

median

Less than 65%
More than 65%
More than 85%
More than 95%
mean

median

117 seqs, 20.8%
446 seqs, 79.2%
142 seqs, 25.2%
3 seqs, 5.3%
73.8%
78.6%

53 seqs, 9.4%
510 seqs, 90.6%
380 seqgs, 67.5%
104 seqs, 18.5%

84.1%
89.3%

Solaiman reverse primers

NEW Class II reverse primer

398 seqs, 12.1%
2898 seqs, 87.9%
310 seqs, 9.4%
5seqs, 1.5%
73.6%
76.7%

237 seqs, 7.2%
3059 seqs, 92.8%
2161 seqs, 65.6%
821 seqs, 24.9%

85.8%
90%
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Chapter 4- Discussion

This thesis reports the first large-scale metagenomic analysis of environmental PHA synthase
genes and taxa from diverse soil environments. The analyses reveal new insights with regards to
several areas: 1) Taxonomic profiling of metagenomic PHA homologs revealed the identity and
abundance of PHA producing taxa in natural environments, which confirmed an important role
for PHA production in existing PHA-associated taxa, and also predicted environmentally
abundant PHA-producing taxa that are unknown or less well known in this context. 2)
Comparison of PHA producer communities between different classes of phaC synthases revealed
differences (sometimes dramatic) in the taxa that are likely synthesizing mcl and scl PHAs in the
environment. 3) Comparison of PHA producer communities between bulk and rhizosphere soils
revealed distinct differences in taxonomic structure that are consistent with the bacteria
ecological behaviour and further subdivided by soil and plant host type. In addition, an
enrichment in the proportional abundance of PHA-producing organisms was detected in
rhizosphere metagenomes, which suggests a relatively important role for scl and mcl PHAs in
rhizosphere-associated species. 4) Finally, analysis of the sequence novelty of detected
metagenomic PHA synthases as well as aligned primer regions suggests that there exists
environmental phaC genes that are highly unique from reference sequences and existing primers.
The metagenomic data can be used to optimize and redesign existing models for phaC genes and
primers for future studies, as we have demonstrated through several in silico primer

modifications.
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4.1.1 Identification of known and novel taxa associated with PHA production in

soil metagenomes

Using reciprocal HMM-based homology search, which was validated to have high accuracy
based on a set of positive controls, we identified 229,070 total metagenomic sequences affiliated
with phaC genes encoding class I-III PHA synthases. Most taxa predicted to contribute high
amount of phaC genes in soil metagenomes affiliated are well-established PHA producers such
as Rhizobiaceae for class 1, Pseudomonas for class Il and Methylobacteriacea for class III.
However, interestingly, metagenomic data predicted additional taxa (e.g., Class I:
Sphingomonadaceae, Class 1lI: Geodermatophilacea, Class Ill: Xanthomonadaceae), whose
phaC genes are relatively understudied, as major environmental PHA producers.

The under-appreciation of these taxa is further emphasized by the somewhat
counterintuitive result of the sequence novelty of phaC sequences detected from selected soil
metagenomes. As expected, class I metagenomic hits, especially the well known taxa (i.e.,
Rhizobiaceae and Bradyrhizobiaceae), demonstrated high similarity identity to the sequences in
NCBI RefSeq database. However, class II and I1I metagenomic hits from relatively understudied
taxa (e.g., Class II: Geodermatophilaceae, Class Ill: Xanthomonadaceae) were surprisingly
similar to database sequences, and more so than taxa whose phaC genes have been widely
studied (e.g., Class II: Pseudomonadaceae, Class IlI: Chromatiaceae). This suggests that
existing reference genomes already encode the potential for PHA synthesis, but that these taxa
have not been widely recognized for this function. The prediction of these organisms as

dominant environmental producers of PHA places them into the content of PHA metabolism and
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provides motivation for future work characterizing their PHA pathways and PHA-related end
products in more detail. As a similar example from previous literature, despite the existence of
several Thaumarchaeota genomes, it was not known that 7Thaumarchaeota were cobalamin (B,)
producing phyla until they were detected as dominant contributors of B, genes in aquatic

metagenomes (Doxey et al., 2015).

4.1.2 Changes in PHA producer communities between environments

The association between PHA production and rhizobacteria has been widely discussed in
previous literature, and there has been quite a range of results on the topic (Chen et al., 2010)
Although some studies have reported weak or no phenotypic effects observed in phaC mutants of
rhizobacterial species such as (Povolo et al. 1994; Lodwig et al., 2005), others have found strong
support for a link between PHA production and both root colonization and plant-growth
promoting activity (Aneja et al., 2004; Lodwig et al., 2005, Fibach-Paldi et al., 2012). For
example, coinoculation experiments have shown that wild-type Sinorhizobium meliloti strains
have a competitive advantage against phaC mutants when co-inoculated with their host (alfalfa)
plants (Willis and Walker, 1998). In addition, plants inoculated with phaC deficient mutants
have been found to have reduced rates of nitrogen fixation, root nodulation, and shoot dry weight
(Wang et al., 2007). Thus, intracellular stores of PHA may support processes such as nitrogen
fixation during periods of carbon starvation, and enable cell division and growth during root

colonization (Trainer and Charles, 2006).
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One potential reason for the discrepancy in previous experimental results on the
effect of PHA production on rhizobacterial fitness and plant interactions is that these interactions
may be highly dependent on the particular plant-host system. By directly detecting and
characterizing the PHA-producing community in a soil, as done in this thesis using metagenomic
analysis, we were able to circumvent these issues and quantify the relative importance of PHA
synthesis in the rhizosphere. In doing so, we detected a significant difference in both the
taxonomic community structure and community abundance of PHA producers in the rhizosphere
versus bulk soil. The community abundance of all taxa contributing class I, class I and class III
PHA synthase genes in particular, showed a significant increase in the rhizosphere (Figure 18
and 19), which provides further evidence that short chain length and medium chain chain length
PHA production provides a competitive advantage to rhizosphere-associated bacteria.

The specific PHA-producing taxa enriched in the rhizosphere tend to be plant growth
promoting or plant pathogenic species (e.g., Class I: Rhizobiaceae, Sphingomonadaceae; Class
Il: Pseudomonadaceace; Class 1ll: Xanthomonadaceace). On the other hand, taxa that are less
dependent on host plant carbon sources contributed more to the phaC gene pool bulk soils than
in the rhizosphere. These species include slow growing species (e.g., Bradyrhizobiaceae),
photosynthetic species (e.g., Rhodospirillaceae), and species known to survive harsh

environments (e.g., Burkhoderiaceae and Geodermathophilaceae).
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4.1.3 Sequence and primer novelty of metagenomic phaC genes

Based on sequence similarities between metagenomic phaC genes and reference
sequences from NCBI Refseq, as well as analysis of primer-aligned regions, it can be concluded
that there are many novel PHA synthase sequences present in the soil metagenomes that would
likely escape detection using traditional (i.e., PCR-based) approaches. Because our metagenomic
hits includes novel PHA synthase sequences and cover genomes from both culturable and non-
culturable bacteria, an alignment of the metagenomic phaC hits provides an excellent guide to
optimize existing degenerate phaC primers. By comparing class I degenerate primers from Sheu
et al., 2000 and class II degenerate primers from Solaiman et al., 2000 to the sequence logos of
soil metagenomic phaC genes, two new class II (forward and reverse) primers were developed
and shown shown to increase efficiency in recognizing metagenomic phaC homologs with
higher percentage identity. These primers will be used and further tested in future work.

Several computational tools exist for designing primers from multiple sequence
alignments (Brodin et al., 2013; Yoon and Leitner, 2015), and previous studies have also used
metagenomic sequences to either design or test designed primers. For example, Varaljay et al.
(2009) used marine metagenomic data to design primers for the Dimethylsulfoniopropionate
Degrading Gene (dmdA) and study the diversity and abundance of marine demethylating
bacteria. In addition, Coyotzi et al. (2016) used soil metagenomic data to evaluate the efficacy of
existing primers for the nirK gene. The methodology used here and the application to phaC genes

however is different from previous work and thus is a highly novel aspect of this work.
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4.1.4 Conclusion and Future Work

Ultimately, analysis of 45 soil metagenomes from a diverse group of soils has provided a
broad view of the soil PHA-producer community, how it changes by class (medium chain length,
short chain length, PHA synthase class I-I1I) and environment (bulk versus rhizosphere), as well
as the taxonomic and sequence novelty of phaC genes in soil environments. From this data,
dominant PHA-producing taxa were observed at significantly increased community abundance in
the rhizosphere, which provides strong quantitative support of previous hypotheses regarding the
role of PHA in plant-microbe interactions. In addition, the metagenomic data has guided the
design of improved primer that should increase the coverage of environmental sequences in

future studies.
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