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RESUMO 
 

FRIAS, U. A. Bioinformática e biogeografia para buscar produtos naturais em 
metagenomas. 2017. 123 p. Tese de doutorado, Faculdade de Ciências 
Farmacêuticas de Ribeirão Preto – Universidade de São Paulo, Ribeirão Preto, 
2017.  
 
Os produtos naturais microbianos (NP) tem demonstrado ser inestimáveis pontos de 
partida na descoberta e desenvolvimento de medicamentos aprovados pelo FDA. A 
abordagem tradicional para a identificação de produtos naturais microbianos exige a 
cultura em laboratório. Infelizmente, os métodos convencionais baseados nesta 
metodologia foram desestimulados devido a altas taxas de redescoberta de 
moléculas. Os métodos independentes de cultura que se baseiam no 
sequenciamento do metagenoma microbiano sugerem a ocorrência de um enorme 
reservatório inexplorado de clusters biossintéticos de produtos naturais (BGCs) no 
meio ambiente. Neste trabalho utilizamos uma metodologia baseada em PCR e 
barcoding amplicon-sequencing para buscar importantes famílias de produtos 
naturais como peptídeos não ribossomais (NRP), ácido 3-amino-5-hidroxibenzóico 
(AHBA), dímeros de triptofano (TD), policetídeos, aminoglicosídeos e outros. Para 
isto desenvolvemos um script chamado SecMetPrimer que nos permitiu 
bioinformaticamente desenhar conjuntos de primers contendo um gradiente de 
degenerâncias. No total, desenhamos 165 conjuntos de primers. Os amplicons 
foram obtidos por PCR padrão, tendo sido concatenados barcodes específicos por 
amostra e sequenciados através de Illumina MiSeq. Para validar, utilizamos eDNA 
(environmental DNA) de bibliotecas metagenômicas, totalizando 223 milhões de 
clones. Através das análises bioinformáticas, as curvas de rarefação foram 
calculadas e a diversidade para cada família foi determinada. Foi realizada uma re-
amplificação dos domínios de adenilação de peptídeo não ribossomal e domínios de 
cetosintase de policetídeos utilizando eDNA isolado de 25 amostras diferentes 
coletadas em Mata Atlântica, Cerrado e ambiente marinho. Nossos dados indicaram 
a correlação entre distância geográfica e o tipo ecológico dos biomas. Deste modo, 
foi possível assim atribuir genes relacionados à clusters biossintéticos que codificam 
importantes produtos naturais à informações taxonômicas e metabólicas. Deste 
modo identificamos os melhores hotspots para busca de diversidade biossintética 
dentre as amostras analisadas. 
 
Palavras-chave: Produtos naturais, Metagenômica, Bioinformática 
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ABSTRACT 
 

FRIAS, U. A. Bioinformatics and biogeography to mine natural products in 
metagenomes. 2017. 123 p. Doctoral Dissertation. School of Pharmaceutical 
Sciences of Ribeirão Preto – University of Sao Paulo, Ribeirão Preto, 2017. 
 
Microbial natural products (NP) have proven to be invaluable starting points in the 
discovery and development of many drugs approved by FDA. The traditional 
approach to identify microbial natural products requires the culturing in the laboratory. 
Unfortunately, conventional culture-based methods have been deemphasized due to 
high rediscovery rates. Culture-independent methods applying microbial 
(meta)genome sequencing suggest the occurrence of an enormous untapped 
reservoir of natural-product-encoding biosynthetic gene clusters (BGCs) in the 
environment. Here we have used a PCR-based approach and barcoding amplicon-
sequencing derived from important families of microbial natural products such as 
nonribosomal peptides (NRP), polyketides (PK), 3-amino-5-hydroxybenzoic acid-
containing NPs (AHBA), tryptophan dimmers (TD), aminoglycosides, phosphono-
containing NPs and others. We have written an internal script called SecMetPrimer 
that allowed us to bioinformatically design sets of primers containing a range of 
degeneracy to amplify these genes. At the total, we designed 165 different sets of 
primers. The amplicons were obtained by standard PCR containing double-barcoded-
target primers and sequenced by Illumina MiSeq platform. The validation process 
was conducted using eDNA from metagenomic libraries containing a 223 millions of 
clones. The rarefaction and diversity analyses were assigned, and the best-hit primer 
for each family was chosen. We have re-amplified the nonribosomal peptide 
adenylation domains and polyketide ketosynthase domains, using as substrate 
environmental DNA isolated from 25 different samples collected in Atlantic Forest, 
Cerrado and marine environment. Our data indicate a correlation between 
geographic distance and biome-type, and the biosynthetic diversity found in these 
environments. Thus, by assigning reads to known BGCs against taxonomic and 
metabolic profiles, we have identified the hotspots of relevant biosynthetic diversity 
among the analyzed samples. 
 
Keywords: Natural Products, Metagenomics, Bioinformatics 
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1 Introduction  

1.1 The Importance of Natural Products 

 

During most of the historic records, small molecule natural products have been 

a source of innovative therapeutics agents against a broad spectrum of diseases. 

Humans have used plant extracts for therapeutic purpose for millennia (Handelsman 

et al., 1998; Ji et al., 2009). Since the early 1800s, the identification of natural 

products has risen a brand-new era of medicine, and drugs started to be isolated 

from plants, and microorganisms (Newman e Cragg, 2016). The term natural product 

literally proposes any naturally occurring molecule but is commonly considered to 

mean a secondary metabolite, a molecule that has apparently no fundamental 

function in the metabolism (Williams et al., 1989).  

It is believed that molecules exist to enhance the reasonableness of an 

organism’s survival by attracting or repulsing other organisms.  The initial reports on 

natural products include strychnine, morphine, atropine, quinine, and colchicine 

(Figure 1) (Hosztafi, 1997; Cordell et al., 2001; Corson e Crews, 2007; Zenk e 

Juenger, 2007; Kaiser, 2008; Cragg e Newman, 2014). In 1826, E. Merck revealed 

the first business natural product, morphine (Sertuerner, 1817) and this was 

succeeded by the first semisynthetic, pure drug based on a natural product, aspirin, 

by Bayer in 1899 (Figure 1) (Sneader, 2000). The next breakthrough was the 

identification of penicillin from the filamentous fungus Penicillium notatum by 

Alexander Fleming in 1929. This unquestionably led in the “Golden Age of 

Antibiotics”, the period from the 1940s to the 1970s (Li e Vederas, 2009; Newman e 

Cragg, 2016). 
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Figure 1: Natural Products breakthrough isolated from plants 
 

Pharmaceutical companies started extensive studies of microbes as sources 

of novel antibiotics and led to the identification of a host of different antibacterial 

compounds, including the tetracyclines (e.g., doxycycline), cephalosporins, 

aminoglycosides (e.g., streptomycin), lipopeptides (e.g., daptomycin), glycopeptides 

(e.g., vancomycin), and macrocyclic compounds such as erythromycin (Newman et 

al., 2000; Cragg e Newman, 2001). Microbial natural products have also been the 

source of different anti-infective drugs having antifungal (e.g., amphotericin, nystatin) 

and antiparasitic, (e.g., ivermectin, fumagillin) activities (Figure 2) (Newman et al., 

2000; Cragg e Newman, 2001; Newman, David J. e Cragg, Gordon M., 2012).  
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Figure 2: Natural Products as therapeutic agents 
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In this way, microbes have given the template for the development of 

anticholesterolemic drugs, such as statins (Cragg e Newman, 2014). The 

determination of the mevastatin (compactin) and lovastatin as inhibitors of HMG-CoA 

reductase led to the progress of synthetic statin analogs, such as atorvastatin 

(Figure 3).  

 

 

Figure 3: Natural and synthetic anticholesteromic drugs 
 

The antitumor antibiotics families of anthracyclines (e.g., doxorubicin), 

enediynes (e.g., calicheamicin), ansamycins (e.g., geldanamycin), peptolides (e.g., 

dactinomycin), epothilones (e.g., ixabepilone), mitosanes (e.g., mitomycin C), are 

microbial natural products that represent meaningful role in the drug discovery 

(Figure 4) (Cragg et al., 2009; Cragg et al., 2012; Newman, D. J. e Cragg, G. M., 

2012; Newman e Cragg, 2016). The Type I polyketide rapamycin are another 

relevant class of immunosuppressive drugs that complement the performance of 

another immunosuppressant microbial natural product, cyclosporine (Cragg e 

Newman, 2001).  
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Figure 4: Therapeutic natural products isolated from bacteria 
 

 

Thus, it is calculated that approximately 70% of all small molecule drugs have 

the origin in natural products (Figure 5) (Newman e Cragg, 2016). Therefore, natural 

products have been, and remain to be, an essential source of innovative drugs and 
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Figure 5: Distribution of 1562 drugs approved by FDA the during 1980 - 2014  
This graphic represents the correlation of the amount of drugs approved by FDA  (x-
axis) by year (y-axis). The colors in legend represent drugs class. This data is 
available in reference - Newman and Cragg (2016). 

 

Natural products isolated from cultivated microorganisms have given the large 

dimension of the most significant pharmacophores discovered to date (Newman e 

Cragg, 2016). Their bioactivity is associated, to a considerable amount, to selective 

pressures that crowned in the evolution of structural and chemical features of natural 

products to perform their function efficiently in biological contexts (Maplestone et al., 

1992). Presumably, in the natural microbial ecosystem the metabolites have been 

revealed to perform crucial functions in processes as self-defense, nutrient 

scavenging, and virulence (Omura et al., 2001; Wolfgang et al., 2003; Nougayrede et 

al., 2006; Wyatt et al., 2010). Soil-dwelling bacteria, particularly actinomycetes, have 

been an overflowing reservoir of bioactive natural products. Admittedly, a predicted 

two-thirds of all clinically valuable antibiotics were isolated from one bacterial genus 

singly, Streptomyces (Kieser et al. 2000). A single gram of soil is predicted to harbor 
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up 10,000 unique bacterial species. Consequently, soil-bacteria appear to represent 

an encouraging reservoir of new natural products with broad therapeutic potential 

(Torsvik et al. 1990; Rappe and Giovannoni 2003; Charlop-Powers, Owen, et al., 

2014; Charlop-Powers et al., 2015). There are hundreds of thousands of different 

natural products reported in literature. The CRC Dictionary of Natural Products (DNP) 

lists 190,939 records (DNP, Chapman and Hall, 2005). Regrettably, there is no rigidly 

established design for classifying natural products. Their endless heterogeneity in 

structure, function, and biosynthesis is exceptionally vast to enable them to fit into a 

few simple categories.  

 

1.2 Metagenomics and uncultured microorganisms 

 

Mapping biologically significant chemical space is of highest interest for drug 

discovery and development. Nevertheless, the discovery of new natural product 

antimicrobials has decreased over the past decades (Fox, 2006; Banin et al., 2017). 

Multiple factors are providing this decay. The isolation of small molecules frequently 

relies on the decade-old methods and techniques (Figure 6). The conventional 

protocols employed to isolate and identify natural products from microorganisms 

usually apply extraction of bacterial cultures using organic solvents, and isolation of 

the molecules by activity-guided fractionation (Figure 6). However, the conventional 

culture-based model appears to be one of the main obstacles to new natural product 

discovery. Notwithstanding decades of historical productivity, pharmaceutical 

companies have deemphasized natural product discovery applications due to the 

rising of rediscovery rates of known metabolites produced by cultured bacteria - a 

rate that now outstrips 99% (Newman e Cragg, 2016). The challenges associated 
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with culturing environmental bacteria limit traditional culture-dependent methods to 

be applied to a small fraction of the bacterial species in nature. The microbial 16S 

rRNA sequencing efforts showed that just a tiny fraction of the microbes had been 

cultured through standard microbiological techniques (Torsvik et al., 1990; Kaeberlein 

et al., 2002; Zengler et al., 2002; Gans et al., 2005; Tringe et al., 2005). In the 

bacterial domain, this fraction is represented by less than 1% of all species in the 

environment. 

 

Figure 6: Traditional culture-based methods in microbial natural products isolation 
Arrows guide the pipeline for isolation and characterization of natural products. 
Methods could change across laboratories, however the general idea is maintained. 

 

These likewise investigations comprehend that more than 80 dominant 

bacterial divisions exist, but cultured isolates less than half (Keller e Zengler, 2004; 

Schloss e Handelsman, 2004; Desantis et al., 2006). New methods suggest that 

uncultured bacteria are apparent the biggest outstanding pool of genetic and 

chemical diversity on the planet. Hence, it is evident that the large preponderance of 

natural products molecules biosynthesized by microorganisms in the biosphere are 

exceeding the reach of the common culture-dependent model (Charlop-Powers et al., 

2015). 
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There are multiple strategies employing both culture-dependent and culture-

independent methods, which are presently being extended to access this untapped 

reservoir of chemical diversity. Typically, culture-independent approaches require the 

cloning of the genetic material from an environmental sample (eDNA - environmental 

DNA), which carries the genes encoding small molecules (Figure 7). This genetic 

heterogeneity of group of the bacteria across given environmental sample has been 

termed the “metagenome” (Handelsman et al., 1998). While genomics is the 

investigation of an individual organism's DNA, metagenomics transcends the single 

genome. Catching advantage of the progress in DNA-sequencing technology, this 

approach provides the investigation of whole populations of microorganisms 

simultaneously, circumventing the requirement for isolation and culture (Handelsman 

et al., 1998). 

 

 

Figure 7: Metagenomic library construction and screening 
The general idea is connect the eDNA with vectors using ligase and put inside a host 
(in general E. coli). The library is construct and screening by phenotypic screenings. 
 

It consequently appears possible that we can investigate the biosynthetic 

potential of uncultured bacteria using metagenomics and obtains new ways to 

identify unknown bioactive metabolites for drug discovery applications. 

Metagenomics emerged fast as an option to standard microbial screening for natural 

product discovery. Investigating natural products biosynthetic gene clusters (BGCs) 

applying metagenomic approach requires eDNA (environmental DNA) cloning and 
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sequencing improvement techniques. The DNA obtained from an environmental 

sample, before-mentioned as soil and water, contains vast amounts of genetic 

material, including the secondary metabolite biosynthetic gene clusters. 

DNA extracted from an environmental sample, such as soil and water, 

contains large quantities of genetic material, including secondary metabolite 

biosynthetic gene clusters. This eDNA is purified and cloned into a vector that 

provides the high-efficiency transformation of a tractable library host, typically in 

Escherichia coli. To perform this, eDNA can be ligated into a cosmid vector, 

packaged into lambda phage and transfected into E. coli (Brady, 2007). This cloning 

approach can capture up to 50 kb pieces of eDNA in a single clone. Considering that 

genes responsible for the biosynthesis of natural products are usually clustered 

collectively, it is possible to capture a complete biosynthetic gene cluster or a large 

part of it in a single cosmid (Handelsman et al., 1998). 

Some remarkable works have showed how the metagenomic approaches 

have been applied to microbial communities. As examples from soils/sediments 

(Rondon et al., 2000; Brady et al., 2002; Voget et al., 2003), rumen gut (Brulc et al., 

2009), planktonic marine microbial associations (Beja et al., 2000; Breitbart et al., 

2002), deep sea microbiome (Sogin et al., 2006), acid mine site (Tyson et al., 2004), 

arctic sediments and the Sargasso sea (Venter et al., 2004).  

The basis of all metagenomic strategies is the isolation and subsequent 

examination of DNA extracted directly from naturally occurring microbial 

communities, which bypasses the challenges associated with culturing environmental 

bacteria (Handelsman et al., 1998). Metagenomics is expressly fascinating to natural 

product investigation because a high fraction of the gene clusters are under 100 kb. 
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Thus, become possible to capture the BGCs on a small number of eDNA clones and 

by heterologous expression obtain molecules (Handelsman et al., 1998). 

 

1.3 Functional Metagenomics 

 

In functional metagenomic approach, eDNA libraries are analyzed in simple 

high throughput assays intended to recognize clones that have phenotypes 

correlated with the biosynthesis of some small molecules, such as pigment 

production, antibiosis, or altered colony morphology. One of the manageable 

approaches employed to detect eDNA clones that might provide small molecule 

antibiotics has been the screening of libraries hosted in E. coli for clones that 

generate inhibition zones against pathogenic microbes in top agar overlay assays. 

Initial attempts to mine metagenomes looking for natural product began with 

the construction of eDNA cosmid libraries in E. coli. The expression of a new 

molecule was accompanied by a visual or chromatographic screening of these 

libraries looking for phenotypes commonly associated with natural product 

expression  (e.g., color, antibiosis, HPLC peak). These simple screening produced 

some interesting metabolites as violacein, turbomycin A, palmitoylputrescine, a long-

chain fatty acid enol ester, long-chain N-acyl tryptophan, long-chain N-acyl arginine 

(Figure 8) (Rondon et al., 1999; Rondon et al., 2000; Brady et al., 2001; Courtois et 

al., 2001; Macneil et al., 2001; Brady et al., 2002; 2004; Wang et al., 2010; Feng et 

al., 2011). However, they were less productive than initially expected. 

Screening a complex metagenome library for natural product biosynthesis 

poses a severe challenge yielded the small fraction of clones that are expected to 

receive biosynthetic genes of interest. An approach to avoid this is the selectively 

enriching of metagenomic libraries for secondary metabolite biosynthetic machinery. 
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This has been illustrated by the functional screening of eDNA clones for 

phosphopantetheine transferase (PPTase) genes using a PPTase deficient E. coli 

strain (Charlop-Powers et al., 2013). PPTases are responsible for activating 

nonribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) modules by 

post-translational attachment of phosphopantetheine (PPT). They are required for the 

function of NRPS and PKS gene clusters, including those which produce the 

secondary metabolite iron-chelators, siderophores, required for bacterial growth 

under iron-limiting conditions (Matzanke et al., 1984). This method conduct to the 

isolation of vibrioferrin and enterobactin from metagenomics libraries (Figure 8).  

 

Figure 8: Natural products identified by functional metagenomic screening 
This molecules were obtained from different libraries and screening using different 
host 
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This approach has led to the identification of novel longchain N-acylated 

amines, new isonitrile indole antibiotic (Brady e Clardy, 2000; 2005). Antibiotics have 

also been detected by monitoring pigmented eDNA clones, and also through the 

direct screening of fermentation extracts from randomly picked clones (Wang et al., 

2000; Brady et al., 2001; Macneil et al., 2001; Gillespie et al., 2002; Lim et al., 2005). 

Examples of compounds with bioactivity recognized from these models of 

investigations include the antibiotic pigments violacein and indigo recovered from soil 

libraries (Chang et al., 2015). The functional metagenomics has also been used to 

distinguish clones that produce proteins with potential anti-infective activities 

(Schipper et al., 2009). Although almost all small molecules by functional 

metagenomic studies have been identified in E. coli, it is expected that the majority of 

the biosynthetic diversity existing in an environmental sample is not functionally 

accessible employing the same heterologous host. To investigate this difficulty, a 

computational approach of promoters and ribosomal binding sites used by a 

taxonomically diverse group of sequenced bacteria detected that at most, 40% of the 

enzymatic features present within a conventional metagenomic sample could be 

reached employing E. coli as a heterologous host (Gabor et al., 2004). Consequently, 

libraries originally created in E. coli were later alternated into different hosts including 

Streptomyces lividans, Ralstonia metallodurans, Rhizobium leguminosraum, 

Agrobacterium tumefaciens, Burkholderia graminis, Caulobacter vibrioides, and 

Pseudomonas putida (Wang et al., 2000; Martinez et al., 2004; Li et al., 2005; Craig 

et al., 2009; Craig et al., 2010). 

One primary advantage of a functional screening is that no a priori 

understanding of the biosynthetic enzymes is required to discover novel metabolites. 

In functional screenings, a secondary metabolite is immediately linked to its 
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biosynthetic genes providing the impartial discovery of novel biosynthetic sequences 

that have not been previously described. Although many novel metabolites have 

been revealed applying functional screenings, the expression of complete BGCs 

demands the coordinated composition of multiple proteins in a clone supporting 

laboratory culture conditions (Bentley et al., 2002; Craig et al., 2010; Garcia et al., 

2011; Milshteyn et al., 2014). The biosynthetic gene clusters isolated from a 

metagenomic sample are of distinct phylogenetic origin. Thus, the plausibility that a 

biosynthetic gene cluster attends all of the requirements is very low. Consequently, 

the hit rates for functional screenings of metagenomic libraries are commonly around 

0.01% (Courtois et al., 2003; Williamson et al., 2005; Guan et al., 2007; Brady et al., 

2009). For these restrictions, functional screenings of metagenomic libraries have 

been planned so that they can be efficiently developed on a large number of clones 

(Katz et al., 2016). 

Although functional metagenomic screening is a powerful method to access to 

the chemical diversity encoded in uncultured ecosystems, the approach still needs 

optimization. As explained, metagenomic cloning relies fundamentally on cosmid-

based vectors. However, multiple canonical biosynthetic gene clusters are too large 

(>50 kb) to be carried on single cosmids and are trimmed. This special barrier 

performs a significant restriction of using functional assays to identify new natural 

products from cosmid-based eDNA libraries. Apart from this, the multifariousness 

present in environmental samples performs the adoption of an optimal heterologous 

screening host considerably challenging (Torsvik e Ovreas, 2002). Heterologous 

expression hosts are essentially limited in their capacity to functionally process 

foreign DNA. The extended use of phylogenetically diverse heterologous expression 

hosts will continue to benefit functional screening purposes. Searching vector-host 
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sets that support the screening of metagenomic libraries in phylogenetically diverse 

microorganisms has the potential to increase the chemical diversity within functional 

metagenomic approaches (Katz et al., 2016). 

 

1.4 Homology-based screening for Natural Products Discovery 

 

The expression-independent or homology-based screening of metagenomes 

is based on PCR amplification of conserved natural product biosynthetic gene 

sequences to identify and recover gene clusters from eDNA libraries. This approach 

enables targeted recovery of precise biosynthetic pathways from the genomes of all 

bacterial species present within a metagenome. 

Homology-based screens rely on the similarity of the unknown, eDNA-derived 

secondary metabolite biosynthetic pathways to sequenced clusters of known 

metabolites (Milshteyn et al., 2014). In these studies, the eDNA libraries are 

investigated to distinguish clones that contain conserved sequences correlated with a 

specific group of secondary metabolite biosynthetic gene. Bioinformatics analyses of 

the sequences obtained by homology screening provide ways to eliminate 

sequences associated with known gene clusters. Consequently, homology-based 

screening associated with phylogenetic analyses of sequences obtained in the eDNA 

libraries permit the discovery of biosynthetic gene clusters encoding for metabolites 

related to rare families of bioactive natural products (Kang e Brady, 2014; Milshteyn 

et al., 2014). 

Homology-based screening utilizes degenerate oligonucleotides to amplify 

homologs sequence via the polymerase chain reaction (PCR) (Seow et al., 1997). 

Degenerate PCR primers are designed from beforehand sequenced conserved 
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regions of a biosynthetic gene of interest. The screening of metagenomic libraries 

with these degenerate primers permits the identification and recovery of uncommon 

clones with homologous genes from the eDNA library (King et al., 2009). Those 

models of screening can be applied to detect new derivatives of known metabolites 

by targeting pathway-specific BGCs. These primers can additionally be designed to 

identify novel structures by targeting conserved universal biosynthetic genes 

observed in a class of compounds. As illustration, degenerate primers for amplifying 

conserved regions of minimal polyketide (PK) ketoacylsynthase alfa (KSα) gene are 

used to amplify KSα sequences obtained in the Texas eDNA library (King et al., 

2009). KSα genes eDNA-derived were applied as probes to identify and recover the 

cosmid clones containing type II PKS biosynthetic gene clusters from the 

metagenomic library (Figure 9). 

 

Figure 9:  PCR-based screening for novel natural products 
The type II PKS here described show an example of natural products gene cluster and 
how the PCR approach could be used to design primers targeting conserved genes. 
 

The homology-based metagenomics screening has been proving to be an 

attractive approach to access the structural diversity encoded by uncultured bacteria. 

It has been successfully used to detect novel structures by targeting conserved broad 

biosynthetic genes observed in a class of molecules. One of the first groups of 

molecules targeted applying this approach was the iterative (type II, aromatic) 
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polyketides. Type II polyketides use a small number of biosynthetic enzymes to 

produce a distinct array of scaffolds, which are transformed by various downstream 

reactions (Zhang et al., 2017). Although the biosynthetic gene clusters that encode 

the biosynthesis of this class of molecules can fundamentally differ in gene content, 

they all are encoded by a profoundly conserved minimal PKS formed of three 

proteins: ketosynthase alpha (KSα); ketosynthase beta/chain length factor (KSβ); and 

acyl carrier protein (ACP)(Robbins et al., 2016). This “minimal PKS”, which is 

responsible for the iterative condensation of malonyl-CoA into a polyketide chain, 

maintains a conserved system and is consequently an excellent target to identify 

molecules using homology-based metagenomics (Hertweck, 2009). 

As mentioned, BGCs of interest can be obtained from the particular pool of 

metagenomic libraries, sequenced, and analyzed in heterologous expression studies 

(Milshteyn et al., 2014; Katz et al., 2016). This concept was illustrated using a multi-

million membered metagenomic library created using eDNA isolated from Arizona 

desert soil (Owen et al., 2013). The screening utilized degenerate NRPS- and KS-

targeting primers to identified tags concerning BGCs to encode congeners of a class 

of bioactive molecules. One BGC predicted a glycopeptide-like antibiotic and was 

obtained by heterologous expression using Streptomyces toyocaensis:ΔStaL as host. 

This provided the isolation of three novel glycopeptide congeners.  

Strong promoters, such as the ermE* erythromycin resistance encoding 

promoter, can also be located in close of positive regulatory elements, or individual 

biosynthetic genes to activate the pathways (Laureti et al., 2011; Kallifidas et al., 

2012; Luo et al., 2013). Thus, resulting in the production of the secondary 

metabolites. This method has been used to produce 6-epialteramides, candicidins, 

antimycins (Luo et al., 2013) and the 51-membered macrolide, stambomycin (Laureti 
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et al., 2011) and tetarimycin A (Kallifidas et al., 2012) in a heterologous host. Some 

investigations have shown complete refactoring of biosynthetic pathways as a way of 

obtaining metabolites from cryptic cluster families, resulting in the heterologous 

expression of spectinabilin (Shao et al., 2013) and several new polycyclic tetramate 

macrolactams  (Luo et al., 2013). Recently, yeast homologous recombination was 

used to production of the indolotryptoline and the antiproliferative agents, lazarimides 

A and B (Montiel et al., 2015).  

Using Trans-activation response element (TAR) and shuttled into 

Streptomyces albus for heterologous expression led the identification of seven novel 

epoxyketone protease inhibitors natural products: clarepoxins A-E and landepoxins A 

and B (Owen et al., 2015). Some metagenomic discovery efforts were focused on the 

screening of eDNA libraries searching for Tryptophan dimmers (TD) BGCs using 

degenerate primers based on an alignment of chromopyrrolic acid synthase (CPAS) 

genes, which encode the enzymes involved in the dimerization of oxytryptophan 

(Chang e Brady, 2013; Chang et al., 2013). These investigations produced the 

identification of some TD BGCs and the characterization of both known the antitumor 

molecule BE-54017 (Chang e Brady, 2011), and novel TDs (e.g., erdasporine 

(Chang, 2011), borregomycins (Chang e Brady, 2013).  Some clusters were 

heterologously expressed to produce hydroxysporine: a pyrrolinone indolocarbazole 

core containing TD that had been described as a synthetic compound but never seen 

in nature. The second cluster, which was correlated with a phylogenetically novel 

CPAS sequence tag, encoded the new TD, reductasporine, which includes a new 

pyrrolinium indolocarbazole core (Nakano e Omura, 2009; Chang et al., 2013). Thus, 

these investigation supports the premise that “outlier” sequence tags have a high 

potential of being associated with functionally novel gene clusters (Katz et al., 2016).  
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This approach has led to the identification of a number of natural products with 

new or rarely ring systems such as arimetamycin A, tetarimycin A,  arixanthomycin A, 

calixanthomycin A; UT-X26,  AZ154 (King et al., 2009; Feng et al., 2011; Kallifidas et 

al., 2012; Kang e Brady, 2013; 2014), further illustrating the utility of targeted screens 

in conjunction with a metagenomic natural product-mining pipeline to discover 

diverse new secondary metabolites (Figure 10). 

The application of sequence-based metagenomic natural product discovery 

allowed to use these metagenomic analyses to other environments. As example, the 

symbiotic bacteria found associated with organisms like marine sponges and 

tunicates have pointed to the characterization of diverse metabolites, such as the 

antitumor polyketides, bryostatins (Davidson e Haygood, 1999; Davidson et al., 2001; 

Hildebrand et al., 2004; Trindade et al., 2015), onnamide (Hori et al., 1993; Wilson et 

al., 2014), and polytheonamides (Hamada et al., 2010; Wilson et al., 2014). In the 

case of the cytotoxic natural product calyculin A, it took a targeted sequence-based 

metagenomic method to identify the symbiotic organism and associated BGCs 

responsible for its production almost three decades after its initial discovery from 

extracts of the marine sponge Discodermia calyx  (Kato et al., 1986). 
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Figure 10: Some natural products molecules from homology screenings 
The examples described were obtained from different metagenomic libraries. The 
homology were also detected using PCR-based approach 
 

The analysis of eDNA libraries and metagenomic sequencing data for families 

of known BGCs is likely to be a valuable approach for recognizing new structural 

analogs of multiple bacterially derived antimicrobials, conceivably granting ready 

access to molecules with a refined spectrum of activity (Figure 11). Kang and Brady 

identified a collection of unique bioactive pentangular polyphenols, calixanthomycin 

A, arenimycins C-D, arixanthomycins A-C (Kang e Brady, 2013; 2014) through 

homology-based screening. Applying related strategy, the antibiotic fasamycins were 

isolated from soil eDNA and found to inhibit FabF of type II fatty acid biosynthesis 

(Feng et al., 2011; Feng et al., 2012). Expression of a pathway encoding the 

biosynthesis of a new erdacin derivative was identified with the unknown pentacyclic 

skeleton (Figure 11). This confirmed the hypothesis that uncultured bacteria contains 
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a chemical diversity different from that detected in cultivated bacteria (King et al., 

2009). 

A set of fluostatins and the methicillin-resistant Staphylococcus aureus 

(MRSA)-active antibiotic tetarimycin A have also been isolated from soil libraries 

(Feng et al., 2010; Kallifidas et al., 2012) (Figure 11). In extension to isolating type II 

polyketides, homology-based metagenomic screening has been fortunately used to 

detect novel tryptophan dimer analogs from eDNA libraries (Chang e Brady, 2011; 

Chang et al., 2013; Chang e Brady, 2014; Chang et al., 2015).  

 

Figure 11: Metabolites isolated in homology-based metagenomic screening 
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number of studies to identify new derivatives of known compounds (Donia et al., 

2006; Ziemert et al., 2010). Banik et al. applied a PCR screening targeting OxyC, a 

glycopeptide oxidative coupling enzyme, to detect new glycopeptide biosynthetic 

gene clusters from soil libraries (Figure 10) (Banik e Brady, 2008; Banik et al., 2010). 
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congeners of teicoplanin aglycone were isolated (Figure 8) (Banik e Brady, 2008). In 

another homology-based metagenomic study, Kang et al. identified an eDNA-derived 

cluster encoding for arimetamycin A, an anthracycline obtained to be more efficient 

than clinically used natural anthracyclines against multidrug-resistant cancer cells 

(Figure 10) (Kang e Brady, 2013). 

 

 

 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AIM OF THIS STUDY 
  



Aim of the study  |  25 

2 Aim of this study 

 
2.1 General goal  

 

The main goal of this thesis was to use the metagenomics as a tool to acess 

and identify the chemo-geographic diversity of multiple samples collected in distinct 

Brazilian soil samples and develop bioinformatics tools for the molecular studies of 

natural products. 

 

2.2 Objectives 

 
• To collect, isolate and purify eDNA from different Brazilian samples analyzing 

the physicochemical properties;  

• To sequence the eDNA isolated from distinct biomes using next general 

sequencing platform and analyze the data by bioinformatics approaches; 

• To create a pipeline and a package capable to design degenerated primers 

targeting important natural products molecules;  

• To validate the primers using a way to mimic the diversity naturally found in 

environmental samples; 

• To analyze the Brazilian biogeography for nonribosomal peptide syntethases 

and polyketides and find important hotspots to search clinically relevant 

molecules.  

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MATERIAL AND METHODS 
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3 Material and Methods 

 
3.1 General instrumentation and materials 

 

This work was developed in a biosafety level 2 (BSL2) equipped lab containing 

all of the general equipment required for the molecular biology, microbiology and 

chemical biology research described in this proposal. This includes equipment for 

electrophoresis, centrifugation and fermentation of microorganisms as well as all of 

the equipment required for the isolation and purification of new natural products. 

Major equipment includes: an Eppendorf liquid handling station for library screening, 

4 three-chamber temperature controlled ATR shakers for large scale culturing, a 

Personal Genome Machine next-generation sequencer, Illumina MiSeq, centrifuges, 

incubators, freezers, balances, water baths, electrophoresis equipment, 

thermocyclers, a laminar flow hood, biosafety cabinet and multiple fume hoods.   

Computer/Bioinformatics resources: High-end bioinformatics analysis was 

carried out on the Rockefeller University Da Vinci server.  Data was analyzed and 

stored on a Dell server (Tower-based PowerEdge T710, Red Hat Enterprise Linux 

OS, 80GB memory, 3.46 Ghz Intel primary and co-processors with RAID 5/6 Hard 

Drive, 10 TB Hard Disc Space).  We used a MacBook Pro 15 Inch  2.2 Ghz Intel Core 

I7, 16 GB 1600 MHz DDR3 for the analysis. 

Solvents and buffers were ordered from multiple companies.  We have used 

pWEB cloning kit (Epicentre), Mini and MidiPREP (QIagen), PowerClean MoBIO®, 

V3 Illumina. Degenerated primers were obtained from IDT technologies. 

 
 
 
 
 



Material and Methods  |  28 

3.2 SecMetPrimer Pipeline 

 

Our internal data was composed from 1310 biosynthetic gene clusters from 

MiBIG database (Medema et al., 2015). We distributed these BGCs by natural 

products families. The pipeline consisted of: 1) to align the sequences from an 

specific target using MUSCLE (Edgar, 2004). Thus, the multiple sequence alignment 

(MSA) of all targets were created; 2) to trim the MSA to remove the gaps and provide 

more accurate file; 3) to pick primers in all positions and provide the degeneracy 

increment using DegePrime (Hugerth et al., 2014); 4) to find the conserved sections 

with the association of coverage/degeneracy; 5) to Increase de primers degeneracy 

applying synonymous data; 6) to increase the degeneracy of the primers employing 

the CodonReplacement tool (Figure 12).   
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Figure 12: SecMetPrimer Pipeline 
SecMetPrimer consist to design primers using information from databases. All steps in SecMetPrimer pipeline to 
design, align, increase the degeneracy, and annotation were summarized in this this figure. 
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The degeneracy in the SecMetPrimer was increased following the degenerate 

nucleotides available. The Table 1 above showed all possibilities of the nucleotides 

and degenerated nucleotides used in the SecMetPrimer tool. For example, the 

degenerated nucleotide S has strong interaction and link to cytosine and guanine 

while the degenerate nucleotide W has weak interactions, linking to adenine and 

thymine. 

 

Table 1: Degenerate nucleotides and their interactions 

Symbol Meaning Origin of designation 
G G Guanine 
A A Adenine 
T T Thymine 
C C Cytosine 
R G or A puRine 
Y T or C pYrimidine 
M A or C aMino 
K G or T Keto 
S G or C Strong interaction (3 H bonds) 
W A or T Weak interaction (2 H bonds) 
H A or C or T not-G, H follows G in the alphabet 
B G or T or C not-A, B follows A 
V G or C or A not-T (not-U), V follows U 
D G or A or T not-C, D follows C 
N G or A or T or C aNy 

 

The codon replacement strategy were developed to replace the characteristics 

of the codon belongs to primers to artificial codons capable to amplify all the specific 

amino acid classes. For example, the hydrophobic aliphatic amino acids isoleucine, 

leucine and valine may be combined together to the artificial codon VTN (Table 2). 

As the same, the hydrophobic aromatic amino acids phenylalanine, tryptophan and 

tyrosine could be combined together to the artificial codon TWB (Table 2). By this 

approach was expected that increase the range of amplification of one target by 
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keeping the physicochemical properties of the enzyme. Naturally, the artificial codon 

has high degeneracy score. Thus, for this reason and to create heterogeneity, the 

ArtificialCodon replacement tools replace the original codon in two levels of 

degeneracy (low and high).  

 

Table 2: Artificial amino acids used in the CodonReplacement tool 

Class Low degeneracy High degeneracy Amino acids 
Hydrophobic aliphatic VTS VTN Isoleucine 

   
Leucine 

   
Valine 

    Hydrophobic aromatic TWS TWB Phenylalanine 

   
Tryptophan 

   
Tyrosine 

    Neutral HCR HCN Serine 

   
Threonine 

    
 

MAS MAN Glutamine 

   
Asparagine 

    Eletricaly charged - acid GAS GAN Aspartic acid 

   
Glutamic acid 

    Eletricaly charged - basic MAS MAN Histidine 

   
Lysine 

The CodonReplacement tool use degenerate nucleotides S  
 

3.3 Targeting Natural Products Gene Clusters 

 

Clinically relevant natural products families were selected to design new sets 

of primers. The selected families were type I polyketide (PK), nonribosomal peptide 

(NRP), aminoglycoside, type II polyketide, isonitriles, phosphono containing-NP and 

tryptophan dimmers (Table 3). 
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For type I PK was selected the ketosynthase (KS), acyltransferase  (AT) 

domains and the gene 3-amino-5-hydroxybenzoic acid (AHBA) synthase that encode 

the AHBA group in the ansamycins group. For NRP was selected adenylation (AD), 

condensation (C) domains and the genes acetate decarboxylase, lysine 

cyclodeaminase and L-capreomycidine synthase from enduracididine-, pipecolic 

acid- and capreomycidine-containing NRP. For aminoglycoside was selected the 

gene 2-deoxy-streptamine inosose synthase (2-DOI), while for tryptophan dimmers 

(TD) the chromopyrrolic acid synthase. The β-ketoacyl synthase from T2 polyketide 

and phosphoenolpyruvate synthase (PEP) from phosphono containing-NP were also 

selected for design the primers. 

 
Table 3: Selected natural products targets 

Molecule family Target Total of primers 
designed 

Min 
degeneracy 

Max 
degeneracy 

PK KS domain 20 4 36 
PK AT domain 10 3 36 
PK AHBA 10 4 32 

NRP AD domain 9 2 37 
NRP C domain 13 3 39 
NRP capreomycidine 14 4 37 
NRP pipecolic acid 20 4 34 
NRP enduracidine 20 9 29 

Aminoglycoside 2-DOI 10 4 38 
Type II PKS ketoacylsynthase 11 4 39 

Isonitrille PvcA 16 3 33 

Phosphono PEP mutase 11 2 38 

Tryptophan 
dimmer 

CPA synthase 13 4 37 

 

In Table 3 we observed the total number of primer designed for each class 

and the min and max degeneracy counted. All primers were obtained containing 

double-labeled barcode indexes.  
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3.4 Validating the primers sets 

 

To validate the primers sets we needed a high volume of purified DNA. 

Unfortunately, we could not validate directly using eDNA samples due to the 

tremendous costs to isolate and purify the eDNA from soil samples. To simulate the 

soil diversity, we decided to build a pool of multiple libraries, called metalibrary.  We 

began picking 10 distinct libraries, containing a total of 229.2 million of clones. The 

libraries were created following the protocol described by Brady (2007) and 

corresponding to soil samples from Arkansas, Alaska, Arizona, Hawaii, Oregon and 

New Mexico (Table 4).  

 

Table 4: Metalibrary construction 

Library Antibiotic Megapools Total cosmids 1x cover 
AR/AZ chlor/amp 36 11.5 million 1 
AZ-25 chlor/amp 8 10.7 million 1 
HI-3 chlor/amp 16 20 million 2 

OR-13 chlor/amp 16 20 million 2 
AK-3 chlor/amp 16 18 million 2 
AZ-52 chlor/amp 16 22 million 2 
NM-5 chlor/amp 16 39 million 1 

NM-18 chlor/amp 2 5 million 1 
NM-8 chlor/amp 16 59 million 2 
HI-4 chlor/amp 16 24 million 2 
SUM  158 229.2 million 24 

*These libraries were constructed in Sean Brady lab using different eDNA. AR/AZ–Arizona/Arkansas 
soil; Az–Arizona soil; HI–Hawaii soil; Or-Oregon soil; AK–Arkansas, NM–New Mexico. 

 

For each library, all mega pools were added to the single tube and 

electrotransformed. For the transformation, 50 µL of EC100 cells were added to 600 

ng of combined mega pools and a pulse was applied to shock the cells. Immediately 

1000 µL of SOC medium were added into the curvet. The SOC-cells mixture was 
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incubated at 37 °C, 200 RPM for 1 hour to permit expression of antibiotic resistance 

gene. After that, 1000 µL of SOC-transformed cells expressed were added to 200 mL 

of LB/Chlor (12.5 ng/µL) for replication. The incubation was carried out overnight in 

the 200 RPM. The glycerol stocks were storaged for each sample. We MidPreped the 

samples following the commercial MIDIPREP (QIAGEN) protocol, and a high 

concentration of eDNA was obtained (Figure 13).  

 

 

Figure 13: Electrotransformation protocol 
The protocol was followed by electrotransformation of E. coli EC100 with eDNA from 
megapols libraries. After replication, clones were counted and the culture was scale 
up. The eDNA was isolated using MidiPrep kit. Different colos in figure represent 
different libraries. The dilution for counting is showed in pictures. 
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3.5 Pair-end double labeled barcoding strategy 

 

We used a barcoding strategy based on the previous work from Jaques 

Ravel’s group (Fadrosh et al., 2014) where they used a dual barcode to create a 

unique per-sample barcode with a relatively small number of barcodes (Figure 14). 

The basic idea is the MiSeq invariant sequences (called 5’ and 3’ linker) are 

incorporated into the primer outside of the MiSeq sequencing primer sequences 

(called HP10 and HP11), as well as outside a barcode and a spacer to generate 

heterogenity. The full primer from MiSeq / primer is over than 90bp, which is 

prohibitively expensive when we need to order several hundreds, so we decided to 

break it up into a two-step PCR where the indexes and part of the MiSeq invariant 

sequences are incorporated in the first PCR round and the rest of the adaptor is 

incorporated in the second round of amplification.  

 

Figure 14: Barcoding labeling strategy 
In A, the structure of amplicons was designed by the amplicon (yellow) and primers 
(black). In B, an example of how the heterogeneity works to avoid overlaps.  
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The Figure 14(A) showed in brown the amplicons regions and in the flanking 

regions the barcodes in black, heterogeneity spacer in green and part of MiSeq 

adaptors Index1 and Index2 in blue and purple respectively. In (B) we showed how 

the heterogeneity spacer helps to avoid the overlapping in the sequencing step.  To 

observe the structure of the amplicons, please check the annex 1. 

 

3.6 PCR amplification and sequencing 

 

To the amplification reaction, 25 microliters PCR reactions contained 12.5 µL 

of FailSafe PCR Buffer G (Epicentre), 1 µL of Taq Polymerase (New England Lab), 

0.5 µL of each forward and reverse primer (100 µM), 10.2 µL of water, and 200 ng of 

purified eDNA. Amplification conditions of the multiplex were 95 °C for 5 min, 

followed by 40 cycles of 95°C for 30s, 65.1°C for 30s, 72°C for 1min, and, finally, 

72°C for 7 min. No PCR amplicon was seen in the negative control (water) well on 

the experiment plate. Amplicons at this stage contained unfinished Illumina adaptors 

and consequently demanded a second round of PCR to append the complete 

adaptor sequence. The addition of the Illumina adaptors also served to allow 

amplicon identification beyond 96 samples.  

For the second PCR, the amplicons were pooled into groups and cleaned 

utilizing Agencourt Ampure XP magnetic beads (Beckman Coulter). The cleaned 

amplicon pools were later applied to the template with the Illumina tag/index primers. 

Second PCR conditions were: 10 µL of FailSafe Buffer G (Epicenter), 3.8 µL of water, 

0.4 µL of each primer (100 µM), 0.4 µL of Taq Polymerase (New England Lab), and 5 

µL of purified amplicon (50–100 ng). PCR proceeded as follows: 95 °C for 5 min, six 

cycles of 95 °C for 30 s, 70 °C for 30 s, and 72 °C for 45 s, and, lastly, 72 °C for 5 
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min. Second PCR amplicon pools were merged in an equimolar proportion for all 

targets. Each pool was cleaned doubly more with Agencourt Ampure XP magnetic 

beads (0.7:1 bead volume to DNA solution). The AD and KS cleaned amplicons were 

next sequenced employing Illumina MiSEq (2 × 300 technology (602 cycles: 301 × 

301)) using V3 sequencing kit. 

 
3.7 Data analysis 

 

The raw MiSeq fastq files were demultiplexed using a publicly available python 

package developed for debarcoding Illumina paired-end reads (https://github.com/ 

esnapd/paired-end- debarcoder). 

The fastq files were then processed using seqtk trimfq to remove low-quality 

bases with the Phred algorithm and the default error value cutoff = 0.05 (Li, 2016). 

Forward reads shorter than 240 bp and reverse reads shorter than 175 bp were 

dropped. Following this, paired reads were concatenated using a single “N” between 

each forward and reverse pair, resulting in a single fasta file with demultiplexed, 

quality-filtered, and uniform length sequences for each sample site. 

For the clustering, OTUs were generated using the Usearch software with the 

clust_fast function on the concatenated reads from each site (Edgar, 2013). A 

dereplication step was applied, followed by a 97% identity clustering and removal of 

singleton clusters. Following these denoising steps, the 97% identical centroid 

sequences were pooled and subsequently clustered at 95% identity. Rarefaction 

curves were measured based in abundance of OTUs from each unique primer set. All 

plots were generated by GGPLOT2. 

Annotation of NP diversity in the metalibrary for each target was queried using 

the MiBig internal database. For this analysis, we blast the sequences against the 
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database, and one e-value cutoff of 1e-40 was used to filter the results. Empirical 

studies using operational taxonomy units (OTUs) have shown that e-values of 1e-40 

and lower yield reliable gene cluster annotation results (Reddy et al., 2014; Charlop-

Powers et al., 2015). 

 
3.8 Soil Collection and DNA Isolation.  

 

Around 200 g of topsoil (maximum depth of 15 cm) were collected from 37 

distinct Brazilian sites and stocked at the LQMo Lab at the School of Pharmaceutical 

Sciences of Ribeirão Preto - University of Sao Paulo. To reduce the possibility of 

cross-contamination, samples tools (trowel, paint scraper, and others) were 

physically washed with ethanol after the collection of samples. Samples were 

assigned with an individual barcode and instantly set in an identified bag. Soils were 

not touched during the collection process and were transported to the laboratory 

instantly.  The samples were collected in the biomes Cerrado, Atlantic Forest and 

Marine sediment. The sampling locations were descried in the Table 5. All samples 

were collected according to CNPq (010214/2012-7), COTEC-IF (260108-

012.192/2012) and SISBIO (22817-1) permits. 
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Table 5: Latitude and Longitude of the samples collected across different biomes 

DFD_UID Latitude Longitude pH Biome 
DFD000109 -216.107 -476.307 5 Cerrado 
DFD000110 -21.643.833 -47.644.667 4 Cerrado 
DFD000111 -216.487 -476.396 4.2 Cerrado 
DFD000112 -21.648.767 -47.639.933 4.7 Cerrado 
DFD000113 -21.692.417 -4.760.855 6.5 Atlantic Forest 
DFD000114 -21.694.083 -47.615.533 6.6 Atlantic Forest 
DFD000115 -2.173.895 -476.594 6.3 Atlantic Forest 
DFD000116 -2.172.755 -47.649.933 7.2 Atlantic Forest 
DFD000117 -21.730.167 -47.612.883 5.3 Atlantic Forest 
DFD000118 -21.726.917 -47.611 6.6 Atlantic Forest 
DFD000119 -217.225 -47.596.717 7 Atlantic Forest 
DFD000120 -21.728.733 -47.583.833 5.8 Atlantic Forest 
DFD000121 -22.965.167 -42.001 7.9 Marine environment 
DFD000122 -229.705 -42.032.833 8 Marine environment 
DFD000123 -22.984.833 -41.990.833 8 Marine environment 
DFD000124 -22.960.833 -42.004 8 Marine environment 
DFD000125 -229.681 -419.942 8 Marine environment 
DFD000126 -22.980.617 -41.983.967 8 Marine environment 
DFD000127 -18.290.983 -492.583 6.6 Cerrado 
DFD000128 -18.290.983 -492.583 6.9 Cerrado 
DFD000129 -2.292.075 -42.038.167 7 Cerrado 
DFD000130 -22.820.567 -42.153.833 6.5 Sandbank 
DFD000131 -229.418 -42.041.833 6.7 Atlantic Forest 
DFD000132 -22.726.083 -41.966.833 7.1 Sandbank 
DFD000133 

  
8.1 Mangrove 

DFD000134 
   

Atlantic Forest 
DFD000135 

   
Atlantic Forest 

DFD000136 -2.173.895 -476.594 
 

Mangrove 
DFD000137 -21.630.317 -47.632.217 4.6 Cerrado 
DFD000138 -21.630.583 -47.631.967 4.4 Cerrado 
DFD000139 -21.627.667 -47.634.833 4.7 Cerrado 
DFD000140 -2.164.845 -47.636.283 4.3 Cerrado 
DFD000141 -216.482 -476.365 4 Cerrado 
DFD000142 -21.648.017 -47.636.633 4.4 Cerrado 
DFD000143 -21.649.717 -47.639.767 5.2 Cerrado 
DFD000144 -21.675.917 -475.948 5.8 Atlantic Forest 
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3.9 DNA extraction and purification 

 

DNA was extracted from soil using a simplified version of DNA isolation 

protocol (Brady, 2007). The protocol was as follows: 250 grams of each soil sample 

was incubated at 70 °C in 150 ml of lysis buffer (2% sodium dodecyl sulfate [wt/vol], 

100 mM Tris–HCl, 100 mM EDTA, 1.5 M NaCl, 1% cetyl trimethyl-ammonium 

bromide [wt/vol]) for 2 hr. Large particulates were then removed by centrifugation 

(4000×g, 30 min), and crude eDNA was precipitated from the resulting supernatant 

with the addition of 0.7 vol of isopropyl alcohol. Precipitated DNA was collected by 

centrifugation (4000×g, 30 min), washed with 70% ethanol and resuspended in a 

minimum volume of TE (10 mM Tris, 1 mM EDTA [pH 8]). Crude environmental DNA 

was passed through two rounds of column purification using the PowerClean system 

(MO BIO, Carlsbad, California).   

 

3.10 Degenerate Primer Design  

 

The following degenerate primer sets were employed to PCR-amplify AD and 

KS domains: AD domains A3F (5′-GCSTACSYSATSTACACSTCSGG) and A7R (5′-

SASGTCVCCSGTSCGGTA) and KS domains KS2F (5′-GCNATGGAYCCNCARCARM 

GNVT) and KS2R (5′-GTNCNNGTNCCRTGNSCYTCNAC) (Ayuso-Sacido e Genilloud, 

2005; Schirmer et al., 2005). We designed the primer sets containing 8 forward and 8 

reverse unique barcodes. The barcodes were applied to create single pairs allowing 

for association of amplicons from different places in a pooled sequencing run. Primer 

sequences added the Illumina p5 or p7 sequence, an 8-bp barcode sequence, a 

spacer sequence, and the degenerate primer itself.  
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3.11 PCR Amplification and Sequencing 

 

Forty-microliters PCR reactions were conducted containing 20 µL of FailSafe 

PCR Buffer G (AD) or Buffer E (KS) (Epicentre), 1 µL of Taq Polymerase (England 

Lab), 1.25 µL of each primer (100 µM), 14.5 µL of water, and 2 µL of purified eDNA. 

Amplification conditions for AD domain primers were 95 °C for 5 min, followed by 40 

cycles of 94°C for 30s, 67.5°C for 30s, 72°C for 1 min, and, finally, 72°C for 7 min. 

Amplification conditions for KS domain primers were 95 °C for 5 min, followed 

by 40 cycles of 95 °C for 30 s, 56.3 °C for 30s, 72°C for 1 min, and, ultimately, 72°C 

for 7 min. No PCR amplicon was noted in the negative control (no soil).  At this stage, 

the amplicons contained incomplete Illumina adaptors and consequently demanded a 

second round of PCR to supplement the whole adaptor sequence. The extension of 

the Illumina adaptors further helped to recognize amplicon identification.  For the 

second PCR, the amplicons were pooled into groups and cleaned utilizing Agencourt 

Ampure XP magnetic beads (Beckman Coulter). The cleaned amplicon pools were 

later applied to the template with the Illumina tag/index primers.  

Second PCR conditions were: 10 µL of FailSafe Buffer G (Epicenter), 3.8 µL of 

water, 0.4 µL of each primer (100 µM) , 0.4 µL of Taq Polymerase (New England 

Lab), and 5 µL of purified amplicon (50–100 ng). PCR proceeded as follows: 95 °C 

for 5 min, six cycles of 95 °C for 30 s, 70 °C for 30 s, and 72 °C for 45 s, and, lastly, 

72 °C for 5 min. Second PCR amplicon pools were merged in an equimolar 

proportion within two separate final pools— AD and a KS pool. Each pool was 

cleaned doubly more with Agencourt Ampure XP magnetic beads (0.7:1 bead volume 

to DNA solution). The AD and KS cleaned amplicons were next sequenced 

employing Illumina MiSEq (2 × 300 technology (602 cycles: 301 × 301)). 
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3.12 Bioinformatics processing 

 

The raw MiSeq fastq files were demultiplexed using a publicly available python 

package developed for debarcoding Illumina paired-end reads (https://github.com/ 

esnapd/paired-end- debarcoder).   

For the filtering, we used fastqFilter() command. This tool provides the filtering 

of fastq files using the usearch fastq_filter command (http://www.drive5.com/ 

usearch/manual/cmd_fastq_filter.html) (Edgar, 2010). In summary, this function trims 

sequences to a particular length, pushes shorter sequences than that range, and 

filters based on the representation of ambiguous bases, a minimum quality score, 

and the expected errors in a read (Edgar, 2010).  

For dereplication, we used derepFastq() on DADA2 (Callahan et al., 2016). 

This command imports a fastq file and outputs a dereplicated table of individual 

sequences and their abundances. This tool further outputs consensus positional 

quality scores for any single sequence by considering the average (mean) of the 

positional qualities of the element of the reads. These consensus scores were used 

by the error model of the dada() function (Callahan et al., 2016). 

For the denoising process, dada() implements the core denoising algorithm. 

The function isBimeraDenovo() was used for chimeras identification. This identifies 

sequences are exact bimeras of more plentiful output sequences. Bimeras are 

recognized by a Needleman-Wunsch global alignment of every sequence to all more 

abundant sequences, and then seeking for combinations of a left-parent and a right-

parent that cover the sequence without mismatches or internal indels.  The 

isBimeraDenovo() function was applied following denoising, and suggested sample 

sequences, preferably than on noisy input reads or fuzzy operational taxonomy units 
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- OTUs. We used mergePairs() function to performs a global alignment connecting 

paired forward and reverse reads, and merges them synchronically (Callahan et al., 

2016). 

In this way, R1 reads shorter than 240 bp and R2 reads shorter than 175 bp 

were then discarded. Following this, paired reads were concatenated using a single 

“N” between each R1 and R2 pair, resulting in a single fasta file with demultiplexed, 

quality-filtered, and uniform length sequences for each sample site. 

Rarefaction curves were generated from the phyloseq R package by 

subsampling the DADA2 tables at several depths (1, 100, 500, and 1,000–10,000 by 

increments of 500) (Mcmurdie, P. J. e Holmes, S., 2013). For all depth, the Chao1 

diversity metric was calculated over 10 iterations, and the mean of the richness 

calculated in each iteration was plotted. At a several depths, scatterplots were 

generated to display richness trends versus reported sites variables). Non-metric 

multidimentional scaling (NMDS) analysis (was performed with the phyloseq R 

package through the ordination methods using the Bray–Curtis distance. The DADA2 

objects with abundance lower than three were not included in the analysis and data 

from each site were normalized according to the total number of total reads observed 

at the site. 
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4 Results and discussion 

 

The complexity of terrestrial microbiomes has made the analysis of total 

biosynthetic enzyme diversity challenging. Initial studies focused only on analyzing 

groups of sequences from single environmental samples (Metsa-Ketela et al., 2002; 

Ginolhac et al., 2004; Daniel, 2005; Gentry et al., 2006). Several studies revealed 

that the accession distinct homologous BGCs could be developed based PCR 

approach (Seow et al., 1997; Ginolhac et al., 2004). 

Due to exciting advances in high-throughput sequencing technology, the large-

scale, conforming analysis of millions of sequences from distinct environmental 

samples can now be achieved (Margulies et al., 2005). To identify the chemical 

heterogeneity present in our samples, we designed a panel of degenerated PCR 

primers using SecMetPrimer targeting different biosynthetic enzymes for high-

throughput Illumina sequencing (Charlop-Powers, Milshteyn, et al., 2014; Charlop-

Powers, Owen, et al., 2014; Charlop-Powers et al., 2015).  
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4.1 Primers designed using SecMetPrimer 

 

SecMetPrimer designed degenerated primers including domains of homology 

for the selected biosynthetic targets and an Illumina adapter oligomer, which allows 

for the direct sequencing of the PCR amplicons. Additionally, individual hamming 

barcodes were included in each primer for the multiplexing. Thus, the analysis and 

the identification were developed by the source of individual sequencing reads in the 

data set (Charlop-Powers et al., 2015; Lemetre et al., 2017). The targets chosen to 

investigate are described in Table 3. In summary, were clinically relevant classes 

such as PK, NRP, aminoglycosides, phosphono, tryptophan dimmers and other NP 

families. For each target, we obtained a FASTA file containing information about 

BGCs related to that family. The MSA supported us to find the conserved regions 

through the aligned sequences. For this end, SecMetPrimer designed 176 distinct 

sets of primers. All primers designed by SecMetPrimer were summarized in Table 6. 

The conserved regions of all alignments were recognized by the correlation 

between maximum coverage and minimum degeracy. DegePrime provided 

degenerate oligomers with a defined length of 21 nucleotides and multiple 

degeneracies. A degenerate PCR primer is an oligomer sequence that supports 

some possible nucleotides in one or more positions.  As the example, in the primer 

AT{C,G}T{A,T,C}G, the third location is C or G and the fifth is A, T or C. The 

degeneration of this primer is the total number of combination it contains. In this 

instance, the degeneracy is 6.  

We observed in Figure 15 the degeneracy needed to improve the increase of 

the coverage. In this specific target, four different conserved regions were discovered 

in the MSA. In this case, the regions were very conserved, which turns easy to 
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observe and detect in the alignment file. The same strategy was used in the TD MSA. 

In this case, only one conserved region was easily detected. Thus, for design of 

primers, SecMetPrimer apply DegePrime function to increase de degeneracy (Figure 

16). The same strategy was used for all targets, but here, were described for 

capreomycidine-containing NRP (Figure 17) and phosphono-containing NP (Figure 

18). In this last case, the PEP mutase gene showed initially very difficult to discover 

the conserved regions. However, the increment of the degeneracy provides means to 

detect them. 

Thus, in this protocol, we were able to designed primers containing a series of 

desirable degeneracies: 4; 8; 12; 16; 48; 96; 128; 864 and 1296 (Figure 19) for all 

targets. 
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Figure 15: AHBA alignment across different degeneracy gradient 
The x-axis correspond to the position of the primer sequence in the alignment and in y-axis the coverage of the primer in 
MSA. In top is observed the complete primer alignment and in bottom the positions containing the best coverage. 
Degeneracy colors range from red (minimum) to green (maximum). 
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Figure 16: TD alignment across different degeneracy gradient 
The x-axis correspond to the position of the primer sequence in the alignment and in y-axis the coverage of the primer in MSA. In top is 
observed the complete primer alignment and in bottom the positions containing the best coverage. Degeneracy colors range from red 
(minimum) to green (maximum). 
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Figure 17: Capreomycidine alignment across different degeneracy gradient 
The x-axis correspond to the position of the primer sequence in the alignment and in y-axis the coverage of the primer in 
MSA. In top is observed the complete primer alignment and in bottom the positions containing the best coverage. 
Degeneracy colors range from red (minimum) to green (maximum). 
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Figure 18: PEP alignment across multiple degeneracy gradient 
The x-axis correspond to the position of the primer sequence in the alignment and in y-axis the coverage of the primer in MSA. In top is 
observed the complete primer alignment and in bottom the positions containing the best coverage. Degeneracy colors range from red 
(minimum) to green (maximum). 
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As before mentioned the interesting to increase the degeneracy of all 

designed primers were determined by (Figure 19) the relation between primer 

designed x degeneracy sum.  We observed that SecMetPrimer was able to design 

smartly and quickly a range of primers for distinct families of NP and at the same time 

increase drastically the degeneracy. 

 

 

Figure 19: Primers designed for different targets 
In x-axis an individual primer set is plotted and in y-axis the degeneracy sum of the 
primer set. The name color showed designed primers already screened and in grey 
primers sets designed to amplify another targets to validate SecMetPrimer. In this 
these we described AHBA and Tryptophan dimmer primers sets. 
 

4.2 Amplicons obtained by degenerated primers 

 

The amplicons were obtained by PCR, and their quality was measured by 

electrophoresis gel and High Sensitivity D1000 ScreenTap®. For each class, the 

amplicons were combined together, and this provides a way to multiplexing the 

samples. We obtained amplification for most of the targets (Figure 20). Sadly, all 
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primers designed for enduracididine containing-NRP did not show amplification. This 

is probably related to the conditions for amplification. DNA template with high 

diversity such as eDNA and meta libraries become difficult the amplification of rare 

genes in the background. Although, all amplicons length were obtained with similar 

size then expected through bioinformatics calculations. This suggested the presence 

of the expected amplicons. However, we observed some smears and very faint 

amplification and some targets (such as NRP-AD) (Figure 20). These results implied 

that some unrelated amplification might have occurred. 

 

Figure 20: 2% agarose gel with pool of amplicons obtained using degenerated primers sets 
In red the expected amplicons size calculated bioinformatically. In left and right the 
100 bp ladder with corresponded size. Amplicons were pooled together by target. 
 

 

4.3 Bioinformatics results and best primer selection 

 

The analysis of the sequence data was followed as mentioned pipeline in the 

material and methods. This pipeline was adapted from Lemetre (2017). The 

clusterization and annotation of the sequences with their unique ID occurred as 

expected and all data were mapped. For this thesis, we highlight the results in some 

classes. The OTUs obtained by clusterization of the data were analyzed, and the 

alpha diversity was measured by rarefaction analysis.  

Initially, we observed in the Figure 21 the relation between the depth x alpha 

diversity. We observed strange values of alpha diversity for the NP families analyzed. 
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For example, we observed a diversity of 60 different types of tryptophan dimmers 

and 100 different clusters of AHBA. Both are rare families of natural products in 

nature. Thus we expected a lower value. The same was observed for all other 

families. 

For this reason, novel scripts for filtering were developed and included to 

SecMetPrimer tool. The script provides a way to remove unspecific sequences in 

data. To do this, all sequences were blasted against the Pfam family for all specific 

targets. After this, the sequences that passed through this filter were re-analyzed and 

the rarefaction curves obtained again. 
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Figure 21: Rarefaction curves containing all alpha diversity calculated 
In x-axis the depth were showed and in y-axis the calculated diversity. The degeneracy 
colors range from red (minimum) to green (maximum)  
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Table 6: Primers designed by SecMetPrimer with respectively barcodes and length 

PrimerNameF PrimerF BarcodeF PrimerR BarcodeR Target Length 
UF_miSeq_2DOIF01 TSAAGAACGCSCTGGCCATCC ACGTATCA GTAGCCSCGCTTGTTGTCGWA ACGTATCA Aminoglycoside 486 
UF_miSeq_2DOIF02 TSAAGAACKCSCTSGCCRTCC AGATCGCA RTAGCCSCGCTTGTTGTCGWA AGATCGCA Aminoglycoside 486 
UF_miSeq_2DOIF03 GTSAARAAYGCSCTSGCSATY ATTGGCTC GTASCCGCGCTTRTTRTCRTA ATTGGCTC Aminoglycoside 486 
UF_miSeq_2DOIF04 GTVAARAAYGCVCTVGCVATH CCAGTTCA RTABCCGCKCTTRTTRTCRTA CCAGTTCA Aminoglycoside 486 
UF_miSeq_2DOIF05 GTNAARAAYGCNYTNGCNATH CTAAGGTC RTANCCNCKYTTRTTRTCRTA CTAAGGTC Aminoglycoside 486 
UF_miSeq_2DOIF06 GTSAARAAYGCSCTSGCVATY ACGCTCGA RTASCCSCKYTTRTTRTCRTA CATCAAGT Aminoglycoside 486 
UF_miSeq_2DOIF07 GTVAARAAYGCSCTSGCVATH GAACAGGC RTABCCBCKYTTRTTRTCRTA GATAGACA Aminoglycoside 486 
UF_miSeq_2DOIF08 GTNAARAAYGCVYTVGCVATH AACGCTTA VWASCCNCGSTKSTKSTCVWA ACCACTGT Aminoglycoside 486 
UF_miSeq_2DOIF09 VTNMASMASGCSVTSGCSVTS CACCTTAC VWASCCNCGSTKSTKNTCVWA ATTGAGGA Aminoglycoside 486 
UF_miSeq_2DOIF10 VTNMANMASGCSVTSGCSVTS CGACACAC VWASCCNCGSTKNTKNTCVWA ATTGGCTC Aminoglycoside 486 
UF_miSeq_AHBAF01 TTCCAGAACGGMAARCTGATG CGAACTTA GGAACATSGCCATGTAGTGSG CGAACTTA AHBA 395 
UF_miSeq_AHBAF02 TTCCAGAACGGMAARYTGATG ACAGCAGA GGAACATSGCCATGTAGYKSG ACAGCAGA AHBA 395 
UF_miSeq_AHBAF03 TTYCARAAYGGSAARCTSATG CGGATTGC KRAACATSGCCATRTARTGVS CGGATTGC AHBA 395 
UF_miSeq_AHBAF04 TTCCAGAACGGCAAACTGATG GATGAATC GAACATCGCCATGTAGTGCGA GATGAATC AHBA 395 
UF_miSeq_AHBAF05 TTYCARAAYGGSAAAYTSATG GACAGTGC RAACATSGCCATRTARTGRGA GACAGTGC AHBA 395 
UF_miSeq_AHBAF06 TTYCARAAYGGNAARYTNATG ATTGAGGA RAACATNGCCATRTARTGRCT ATTGAGGA AHBA 395 
UF_miSeq_AHBAF07 TTYCARAAYGGVAARYTVATG ATTGGCTC SCGSWACATSGCCATSWASTK CAAGGAGC AHBA 395 
UF_miSeq_AHBAF08 TWSMASMASGGSMASVTSATG ATCATTCC SCGVWACATSGCCATVWANTK CAGCGTTA AHBA 395 
UF_miSeq_AHBAF09 TWNMASMASGGSMASVTSATG TGGAACAA SCGVWACATNGCCATVWANTK CGCTGATC AHBA 395 
UF_miSeq_AHBAF10 TWNMANMASGGSMASVTSATG AGAGTCAA NCGVWACATNGCCATVWANTK AGATGTAC AHBA 395 
UF_miSeq_CPF01 SGACATCAGCAGCAGCGGYG CGCTGATC CGSTSGGGTTGTGCGGGAAG CGCTGATC Capreomycidine 495 
UF_miSeq_CPF02 SGACATCWSCAGCAGCGGCG AACAACCA CGSTSGGGTTGTGCGGGAAG AACAACCA Capreomycidine 495 
UF_miSeq_CPF03 SGACATCWSCAGCAGCGGYG AACGCTTA CRSTSGGGTTGTGSGGGAAG AACGCTTA Capreomycidine 495 
UF_miSeq_CPF04 SGACRTCWSCAGCAGCGGYG AAGGTACA CRSTSGGGTTGTGSGGGAAG AAGGTACA Capreomycidine 495 
UF_miSeq_CPF05 SGACRTSWSCWSSWSCGGYGT CTGAGCCA CRSTNGGRTTRTGSGGRAAGT CTGAGCCA Capreomycidine 495 
UF_miSeq_CPF06 GAYGTSWSSWSSWSSGGBGTN CTGGCATA NCCBGTNGGRTTRTGSGGRAA CTGGCATA Capreomycidine 495 
UF_miSeq_CPF07 GAYGTBWSSWSBWSNGGNGTN GAATCTGA NCCNGTNGGRTTRTGNGGRAA GAATCTGA Capreomycidine 495 
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PrimerNameF PrimerF BarcodeF PrimerR BarcodeR Target Length 
UF_miSeq_CPF08 GAYGTNWSNWSNWSNGGNGTN CAAGACTA NCCNGTNGGRTYNTBNGGRAA CAAGACTA Capreomycidine 495 
UF_miSeq_CPF09 SGYGTNWSNWSNWSNGGNGTN GAGCTGAA NCCNGTNGGNTBNTBNGGRAA GAGCTGAA Capreomycidine 495 
UF_miSeq_CPF10 GAYATHAGYAGYAGYGGVGTS CCTCCTGA RCTSGGRTTRTGBGGRAARTT CCTCCTGA Capreomycidine 495 
UF_miSeq_CPF11 GAYGTSWSSWSSWSSGGSGTS TAGGATGA YGDSGGSTKSTKSGGSWASTK TGGCTTCA Capreomycidine 495 
UF_miSeq_CPF12 GAYGTSWSSWSSWSSGGBGTV GCTCGGTA SGDSGGSTKSTKSGGVWASTK GATAGACA Capreomycidine 495 
UF_miSeq_CPF13 GASVTSHCRHCRHCRGGSVTS ATCATTCC SGDSGGSTKSTKSGGVWANTK CAAGACTA Capreomycidine 495 
UF_miSeq_CPF14 GANVTSHCSHCSHCSGGSVTS AGCCATGC SGDSGGSTKSTKNGGVWANTK GTCGTAGA Capreomycidine 495 
UF_miSeq_EndurF01 AGGGSATGCCCAARCAGTTCG ACAGATTC ARSGTCTCSSCRTASGMGAAC ACAGATTC Enduracidine 464 
UF_miSeq_EndurF02 CAGGGSATGCCSAARCARTTY CGACTGGA SAASGTYTCSCCRTASGARAA CGACTGGA Enduracidine 464 
UF_miSeq_EndurF03 CARGGSATGCCVAARCARTTY CAAGGAGC BAABGTYTCSCCRTASGARAA CAAGGAGC Enduracidine 464 
UF_miSeq_EndurF04 CARGGNATGCCNAARCARTTY TGGCTTCA NARNGTYTCNCCRTARCTRAA TGGCTTCA Enduracidine 464 
UF_miSeq_EndurF05 CARGGSATGCCSAARCARTTY GAGCTGAA SAASGTTTCSCCGTASGAGAA AAGAGATC Enduracidine 464 
UF_miSeq_EndurF06 CARGGSATGCCVAARCARTTY CTGTAGCC SAASGTYTCSCCRTASGAGAA ACAGATTC Enduracidine 464 
UF_miSeq_EndurF07 CARGGVATGCCVAARCARTTY ACAGCAGA SAASGTYTCBCCRTASGARAA TATCAGCA Enduracidine 464 
UF_miSeq_EndurF08 MASGGSATGCCSMASMASTWS ACACAGAA BARBGTYTCBCCRTARCTRAA CGCATACA Enduracidine 464 
UF_miSeq_EndurF09 MANGGSATGCCSMASMASTWB CTCAATGA SABYGDSTCSCCSWARGDSAA AAGGACAC Enduracidine 464 
UF_miSeq_EndurF10 MANGGNATGCCSMASMASTWB CAAGGAGC SABYGDSTCSCCSWAYGDSWA CCATCCTC Enduracidine 464 
UF_miSeq_EndurF11 MANGGNATGCCSMANMASTWB ATGCCTAA SABSGDSTCSCCVWASGDVWA CCAGTTCA Enduracidine 464 
UF_miSeq_EndurF12 MANGGNATGCCSMANMANTWB CACCTTAC SABSGDSTCSCCVWANGDVWA ACCACTGT Enduracidine 464 
UF_miSeq_IsoNitriF01 CCAAGCATTACTKCGYTGRAT AGGCTAAC AGCCAATTCATTTTATTCTCC AGGCTAAC Isonitrile 

 UF_miSeq_IsoNitriF02 GAYATYAGYAGCAGCGGSGTS CCATCCTC ACTSGGGTTRTGSGGRAARTT CCATCCTC Isonitrile 
 UF_miSeq_IsoNitriF03 GAYATHAGYAGYAGYGGVGTS GTACGCAA RCTSGGRTTRTGBGGRAARTT GTACGCAA Isonitrile 
 UF_miSeq_IsoNitriF04 GAYATHAGYAGYAGYGGNGTN GTGTTCTA RCTNGGRTTRTGNGGRAARTT GTGTTCTA Isonitrile 
 UF_miSeq_IsoNitriF05 GAYATYAGYAGYAGYGGSGTS GATAGACA RCTSGGRTTRTGSGGRAARTT TAGGATGA Isonitrile 
 UF_miSeq_IsoNitriF06 GASCCSVTSMASTWSVTSVTS CAACCACA SWASGCSTKYGDSCGSTKSAB CAAGGAGC Isonitrile 
 UF_miSeq_IsoNitriF07 GANCCSVTSMASTWBVTSVTS CAGATCTG VWASGCSTKSGDSCGSTKNAB AACGCTTA Isonitrile 
 UF_miSeq_IsoNitriF08 GANCCNVTSMASTWBVTSVTS CGCATACA VWASGCSTKSGDSCGNTKNAB CAACCACA Isonitrile 
 UF_miSeq_IsoPenF01 GTCCTGGTGYTAYCTGAACCC TGGAACAA CTCGACCTGSAGGTTCTGYAC TGGAACAA Isopenicillin 
 UF_miSeq_IsoPenF02 GTCCTKSTGYTAYCTGAACCC CAGCGTTA CTCGAMCTGSAGGKTCTGYAC CAGCGTTA Isopenicillin 
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PrimerNameF PrimerF BarcodeF PrimerR BarcodeR Target Length 
UF_miSeq_IsoPenF03 RTCCTKSYSYTAYCYGAACCC TAGGATGA CTCSAMCTGSAGGKTCKSYAC TAGGATGA Isopenicillin 

 UF_miSeq_IsoPenF04 AGYTGGTGYTAYYTVAAYCCV AAGAGATC YTCBACYTGBARRTTYTGBAC AAGAGATC Isopenicillin 
 UF_miSeq_IsoPenF05 AGYTGGTGYTAYYTNAAYCCN AGTCACTA YTCNACYTGNARRTTYTGNAC AGTCACTA Isopenicillin 
 UF_miSeq_IsoPenF06 HCRTWSTGYTWSVTSMASCCS ACAGCAGA STCSABSTKSABSTKSTKSAB AGCAGGAA Isopenicillin 
 UF_miSeq_IsoPenF07 HCSTWSTGYTWSVTSMASCCS CCAGTTCA STCSABSTKSABSTKSTKSAB CAAGGAGC Isopenicillin 
 UF_miSeq_IsoPenF08 HCNTWBTGYTWBVTSMASCCS AGTCACTA STCSABSTKSABSTKSTKNAB GCTCGGTA Isopenicillin 
 UF_miSeq_NRPADF01 CGTGATGTACACGTCCGGCTC CGACACAC CACGAACCGYTCCGCSGTCAG CGACACAC NRPAD 707 

UF_miSeq_NRPADF02 CGTSATSTACACSTCCGGCTC CCGAAGTA CASGAACCGYTCSGCSGTCAG CCGAAGTA NRPAD 707 
UF_miSeq_NRPADF03 YSTSAYSTACACSTCCGGCWC AGCACCTC SASGAAMCGYTCSGCSGTCAG AGCACCTC NRPAD 707 
UF_miSeq_NRPADF04 GTVATGTAYACVAGYGGVAGY GATGAATC BACRAABCKYTCBGCBGTBAR CTGAGCCA NRPAD 707 
UF_miSeq_NRPADF05 GTNATGTAYACNAGYGGNAGY GACAGTGC NACRAANCKYTCNGCNGTNAR CTGGCATA NRPAD 707 
UF_miSeq_NRPADF06 VTSATGTWSHCRHCRGGSACY AGTACAAG SACRAASCKYTCBGCBGTBAR AACCGAGA NRPAD 707 
UF_miSeq_NRPADF07 VTSATGTWSHCRHCRGGSHCR GCTCGGTA SABSWASCGSTCSGCYGDSAB GTCGTAGA NRPAD 707 
UF_miSeq_NRPADF08 VTSATGTWBHCSHCSGGSHCS CGCATACA SABVWASCGSTCSGCSGDNAB GAGTTAGC NRPAD 707 
UF_miSeq_NRPADF09 VTNATGTWBHCSHCSGGSHCS AAACATCG SABVWASCGSTCSGCNGDNAB AGCCATGC NRPAD 707 
UF_miSeq_NRPCF01 YCGYCACGATATCCTGCGCAC GCTAACGA CAGCACSGTRCCGAACACCAC GCTAACGA NRPC 716 
UF_miSeq_NRPCF02 NCGBCAYGAYATCCTGCGCAC AATCCGTC CARCACVGTRCCGAAYACCAC AATCCGTC NRPC 716 
UF_miSeq_NRPCF03 NCGBCAYGAYATYCTGCGCAC GTCTGTCA CARCACVGWVCCGAABACCAC GTCTGTCA NRPC 716 
UF_miSeq_NRPCF04 NCGBCAYGAYATYYTRCGYAC GAGTTAGC YARCACVGWVCCRAABACSAC GAGTTAGC NRPC 716 
UF_miSeq_NRPCF05 MGVCAYGAYATHYTVMGVACV ATTGAGGA BARBACBGTBCCRAABACBAC GAATCTGA NRPC 716 
UF_miSeq_NRPCF06 MGNCAYGAYATHYTNMGNACN ATTGGCTC NARNACNGTNCCRAANACNAC CAAGACTA NRPC 716 
UF_miSeq_NRPCF07 CGSCAYGACATCCTSCGSACS AAACATCG SAGSACGGTSCCGAASACCAC GAGTTAGC NRPC 716 
UF_miSeq_NRPCF08 MGSCAYGACATCCTSMGSACS CAGATCTG SAGSACSGTSCCGAASACSAC TGAAGAGA NRPC 716 
UF_miSeq_NRPCF09 MGSCAYGAYATYYTSMGVACS GCTCGGTA SARSACSGTBCCRAASACBAC GACTAGTA NRPC 716 
UF_miSeq_NRPCF10 MGSCAYGAYATHYTVMGVACS AGATGTAC BARBACBGTBCCRAASACBAC AGATCGCA NRPC 716 
UF_miSeq_NRPCF11 CGSMASGASVTSVTSCGSHCR AAGGACAC BARBACBGTBCCRAASACNAC CGCTGATC NRPC 716 
UF_miSeq_NRPCF12 CGNMASGASVTSVTSCGSHCS ATAGCGAC BARBACBGTBCCRAANACNAC GGAGAACA NRPC 716 
UF_miSeq_NRPCF13 CGNMANGASVTSVTSCGSHCS TCTTCACA SABSABYGDSCCSWASABSAB ACGCTCGA NRPC 716 
UF_miSeq_PEPF01 GAGGACAAGRTCTTCCCSAAG TGGTGGTA GCATGCTGTGGTTGGCCCAGA TGGTGGTA Phosphono 449 
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PrimerNameF PrimerF BarcodeF PrimerR BarcodeR Target Length 
UF_miSeq_PEPF02 GARGACAAGVTSTTCCCSAAG TATCAGCA GCAKSSCSTGGTTSGCGTAGA TATCAGCA Phosphono 449 
UF_miSeq_PEPF03 GARGAYAAGVWVTTYCCBAAR ATCCTGTA GCAKSSYSTGGTTSGCSYAGA ATCCTGTA Phosphono 449 
UF_miSeq_PEPF04 GARGAYAARGTSTTYCCSAAR CCAGTTCA BARSGCRTGRTTSGCRTARAT GAGCTGAA Phosphono 449 
UF_miSeq_PEPF05 GARGAYAARGTNTTYCCNAAR CTAAGGTC NARNGCRTGRTTNGCRTADAT CTGAGCCA Phosphono 449 
UF_miSeq_PEPF06 GAGGACAAGSWSTTCCCSAAG CACTTCGA SAGSGCGTGGTTSGCGTARAT AAGACGGA Phosphono 449 
UF_miSeq_PEPF07 GARGAYAAGSWVTTYCCSAAR GAGTTAGC SAGSGCRTKRTKSGCRTASAT ACGCTCGA Phosphono 449 
UF_miSeq_PEPF08 GASGASMASVTSTWSCCSMAS GCTAACGA SABSGCSTKSTKSGCSTASAT AGCAGGAA Phosphono 449 
UF_miSeq_PEPF09 GANGASMASVTSTWBCCSMAS GATAGACA SABSGCSTKSTKSGCSWASAB TGAAGAGA Phosphono 449 
UF_miSeq_PEPF10 GANGANMASVTSTWBCCSMAS ACAGCAGA SABSGCSTKSTKSGCVWANAB CCATCCTC Phosphono 449 
UF_miSeq_PEPF11 GANGANMANVTSTWBCCSMAS ACAAGCTA SABSGCSTKSTKNGCVWANAB CCGACAAC Phosphono 449 
UF_miSeq_PIPF01 CTGCCGACSATCATCGGCACS GCTCGGTA TSGCSGTGCAGATGATGTCGG GCTCGGTA PipecolicAcid 

 UF_miSeq_PIPF02 CTSCCSACSATCRTCGGVACS CAATGGAA TSRCSGTGCASAKSAYGTCGG CAATGGAA PipecolicAcid 
 UF_miSeq_PIPF03 CTVCCVACVATVATHGGCACV CCTCCTGA SGTSGCBGTRCADATDATRTC CTGGCATA PipecolicAcid 
 UF_miSeq_PIPF04 CTVCCVACNATVATHGGCACN CGACTGGA BGTBGCBGTRCADATDATRTC GAATCTGA PipecolicAcid 
 UF_miSeq_PIPF05 YTNCCNACNATHATHGGNACN CAAGGAGC NGTNGCNGTRCADATDATRTC CAAGACTA PipecolicAcid 
 UF_miSeq_PIPF06 CTGCCSACSATSATCGGCACS ACGCTCGA SGTSGCSGTRCAGATGATGTC CCATCCTC PipecolicAcid 
 UF_miSeq_PIPF07 CTSCCSACSATVATCGGCACS CGAACTTA SGTSGCSGTRCARATRATGTC ATCATTCC PipecolicAcid 
 UF_miSeq_PIPF08 CTVCCSACSATVATHGGCACS AGATGTAC BGTSGCSGTRCADATDATRTC GTGTTCTA PipecolicAcid 
 UF_miSeq_PIPF09 YTSCCVACVATHATHGGVACV TCTTCACA BGTNGCSGTRCADATDATRTC GACTAGTA PipecolicAcid 
 UF_miSeq_PIPF10 YTNCCVACVATHATHGGVACV ACTATGCA YGDSGCYGDRCASABSABSTC CGAACTTA PipecolicAcid 
 UF_miSeq_PIPF11 VTSCCSHCRVTSVTSGGSHCR GACAGTGC SGDSGCSGDRCASABSABNTC AGATGTAC PipecolicAcid 
 UF_miSeq_PIPF12 VTNCCSHCSVTSVTSGGSHCS CTCAATGA SGDSGCSGDRCASABNABNTC AATGTTGC PipecolicAcid 
 UF_miSeq_PKSATF01 GCCGGGCACTCSATCGGTGAG CCTCTATC CGCAGGTTSCGGTACCAGTAK CCTCTATC PKSAT 537 

UF_miSeq_PKSATF02 GTSGGSCAYTCSCAGGGBGAG CATACCAA CGCAGGTTSCKGWACCAGTAK CATACCAA PKSAT 537 
UF_miSeq_PKSATF03 GYSGGSCAYTCSVWSGGBGAG ACACGACC CGCASRTKSCKGWMCCAGTAB ACACGACC PKSAT 537 
UF_miSeq_PKSATF04 GTSGGSCAYAGYCARGGSGAR TGGCTTCA SCKSARRTTSCKRTACCARTA GAGCTGAA PKSAT 537 
UF_miSeq_PKSATF05 GTNGGNCAYAGYCARGGNGAR CCATCCTC NCKNARRTTNCKRTACCARTA GATAGACA PKSAT 537 
UF_miSeq_PKSATF06 GTSGGSCACAGCCARGGVGAG ACCACTGT SCGSARGTTSCGGTACCARTA AGCAGGAA PKSAT 537 
UF_miSeq_PKSATF07 GTVGGVCAYAGYCARGGVGAG ACAAGCTA SCGSASSTTSCGSTASWASWA ACGTATCA PKSAT 537 
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PrimerNameF PrimerF BarcodeF PrimerR BarcodeR Target Length 
UF_miSeq_PKSATF08 STSGGSCASHCRMASVTSCGH GTCTGTCA SCGSABSTKSCGSWASWAVWA TGGCTTCA PKSAT 537 
UF_miSeq_PKSATF09 VTSGGSMASHCRMASVTSCGH CCGACAAC SCGSABSTKSCGVWAVWAVWA CGACTGGA PKSAT 537 
UF_miSeq_PKSATF10 VTNGGSMASHCSMASVTSCGH CAACCACA SCGSABSTKNCGVWAVWAVWA AAGAGATC PKSAT 537 
UF_miSeq_PKSKSF01 TTCGACGCCGRRTTCTTCGGC TTCACGCA TKCCGGTGCCGTGCAGYTCGA TTCACGCA PKSKS 723 
UF_miSeq_PKSKSF02 TTCGACGCSGSMTTCTTCGRC CGCATACA TSCCGGTGCCGTGCSCCTCSA CGCATACA PKSKS 723 
UF_miSeq_PKSKSF03 TTCGACGCBGVSTTCTTCGGS ATCATTCC TVCCGGTGCCGTGSSYCTCSA ATCATTCC PKSKS 723 
UF_miSeq_PKSKSF04 TTCGACGCBGVSTTCTTCGVS CTCAATGA TNCCGGTGCCGTGCVSYTCSA CTCAATGA PKSKS 723 
UF_miSeq_PKSKSF05 TTCGACGCBKVVTTCTTCGVS AATGTTGC TNCCSGTRCCGTGSVSYTCSA AATGTTGC PKSKS 723 
UF_miSeq_PKSKSF06 TTCGASSCBKVVTTCTTCGVS ATAGCGAC TNCCSGTRCCGTGSVBYTCSA ATAGCGAC PKSKS 723 
UF_miSeq_PKSKSF07 TTYGAYGCNGARTTYTTYGGN GTACGCAA NCCNGTNCCRTGNARYTCNAC GCCACATA PKSKS 723 
UF_miSeq_PKSKSF08 TWSGASGCSGASTWSTWSGGS AATGTTGC SCCYGDSCCSTKSASSTCSAS CCGAAGTA PKSKS 723 
UF_miSeq_PKSKSF09 TWBGASGCSGASTWBTWBGGS AACCGAGA SCCYGDSCCSTKSABSTCSAB ACAGCAGA PKSKS 723 
UF_miSeq_PKSKSF10 TWBGANGCSGASTWBTWBGGS CTCAATGA SCCSGDSCCSTKSABSTCNAB GTCTGTCA PKSKS 723 
UF_miSeq_PKSKSF11 TWBGANGCNGASTWBTWBGGS GACAGTGC SCCSGDSCCSTKSABNTCNAB ACAAGCTA PKSKS 723 
UF_miSeq_PKSKSF12 TWBGANGCNGANTWBTWBGGS AGTGGTCA SCCSGDSCCSTKNABNTCNAB GTACGCAA PKSKS 723 
UF_miSeq_T2PKSF01 TSGCCTGCTTCGACGCCATCM CCGTGAGA TAGTCSAGRTCGCACTCGGGG CCGTGAGA T2PKS 540 
UF_miSeq_T2PKSF02 TSGCCTGYTTCGACGCSATCM CCTAATCC TAGTCSAGRTCGCASTCSGGG CCTAATCC T2PKS 540 
UF_miSeq_T2PKSF03 TSGCSTGYTTCGAYGCSATCM AACTCACC TAGTCSAGRTCGCABKCSGGR AACTCACC T2PKS 540 
UF_miSeq_T2PKSF04 TSKCSTGYTTCGAYRCSMTSM AAGGACAC TAGTCSAGRTCGMRBKSSGGR AAGGACAC T2PKS 540 
UF_miSeq_T2PKSF05 GTNGCNTGYTTYGAYGCNATH GTGTTCTA RTARTCNARRTCNARYTGNGG GCGAGTAA T2PKS 540 
UF_miSeq_T2PKSF06 GTVGCSTGYTTYGAYGCSATY CAAGACTA GTARTCSARRTCSARYTGSGG CGCATACA T2PKS 540 
UF_miSeq_T2PKSF07 GTSGCVTGYTTYGAYGCVATH AACCGAGA RTARTCBARRTCBARYTGSGG ACCTCCAA T2PKS 540 
UF_miSeq_T2PKSF08 VTSGCSTGYTWSGASGCSVTS TGGTGGTA SWASTCSABSTCSABSTKSGG TAGGATGA T2PKS 540 
UF_miSeq_T2PKSF09 VTNGCSTGYTWBGASGCSVTS CAGCGTTA VWASTCSABSTCSABSTKNGG CCGACAAC T2PKS 540 
UF_miSeq_T2PKSF10 VTNGCNTGYTWBGASGCSVTS ACGCTCGA VWASTCSABSTCSABNTKNGG ATTGGCTC T2PKS 540 
UF_miSeq_T2PKSF11 VTNGCNTGYTWBGANGCSVTS AACTCACC VWASTCSABSTCNABNTKNGG CAATGGAA T2PKS 540 
UF_miSeq_TDF01 STGCGGGTGCTGCCSGACGAC AACGTGAT SGCGTASAGGTACTGCAGC AACGTGAT TryptophanDimer 487 
UF_miSeq_TDF02 STGCGGGTGCTGCCSGACSAC AAACATCG SGCGTASAGGTACTGVAGC AAACATCG TryptophanDimer 487 
UF_miSeq_TDF03 STSCGGGTSCTGCCSGACSAC ATGCCTAA SGCGTASAGRTACTGVAKC ATGCCTAA TryptophanDimer 487 
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UF_miSeq_TDF04 GTSMGVGTSCTGCCSGACSAC ACATTGGC SGCGTASRKRTACTGVAGC ACATTGGC TryptophanDimer 487 
UF_miSeq_TDF05 STSMGVGTSCTSCCSGACSAC CAGATCTG SGCGTASRKRTACTGVAKC CAGATCTG TryptophanDimer 487 
UF_miSeq_TDF06 STNMGVGTSCTNCCSGAYSAY GATAGACA SGCGTAVRKRTAYTGVAKCAT GATAGACA TryptophanDimer 487 
UF_miSeq_TDF07 GTNMGNGTNYTNCCNGAYCAY GCCACATA NGCRTANARRTAYTGNARCAT GCCACATA TryptophanDimer 487 
UF_miSeq_TDF08 STNMGNGTNYTNCCNGAYSAY GCGAGTAA NGCRTANRDRTAYTGNADCAT GCGAGTAA TryptophanDimer 487 
UF_miSeq_TDF09 STVMGSGTSCTSCCSGAYSAY ATTGAGGA BGCRTASRRRTAYTGBARCAT ACACAGAA TryptophanDimer 487 
UF_miSeq_TDF10 STVMGVGTSCTVCCSGAYSAY GACTAGTA SGCSWASABSWASTKSABCAT TAGGATGA TryptophanDimer 487 
UF_miSeq_TDF11 VTSCGSVTSVTSCCSGASMAS ACCTCCAA SGCVWASABVWASTKSABCAT TCCGTCTA TryptophanDimer 487 
UF_miSeq_TDF12 VTNCGSVTSVTSCCSGASMAS CGACACAC SGCVWASABVWASTKNABCAT AAGGACAC TryptophanDimer 487 
UF_miSeq_TDF13 VTNCGNVTSVTSCCSGASMAS GTCGTAGA SGCVWASABVWANTKNABCAT ACATTGGC TryptophanDimer 487 
UF_miSeq_TeF01 TCTTCGGSCACAGCATGGGSG GGAGAACA AGTCGSCSCGCAGCGCGGGCA GGAGAACA Thioesterase 

 UF_miSeq_TeF02 TSTTCGGGCACAGCMTSGGSG CACCTTAC AGTCGSCSCGCAGCGSSGGCA CACCTTAC Thioesterase 
 UF_miSeq_TeF03 TSTTCGGSCACAGCMTSGGBG GGTGCGAA AGTCGSYSCGCAGCGSSGGCA GGTGCGAA Thioesterase 
 UF_miSeq_TeF04 TBTWYGGSCACAGCMTSGGBG TGAAGAGA AGTCGSYSCGSASSGSSGGCA TGAAGAGA Thioesterase 
 UF_miSeq_TeF05 TTYTTYGGNCAYAGYATGGGN AAGAGATC RTCNCCNCKNARNGCNGGNAR GATAGACA Thioesterase 
 UF_miSeq_TeF06 TWSTWSGGSMASHCRATGGGS TCCGTCTA STCSCCSCGSABSGCSGGSAB CACCTTAC Thioesterase 
 UF_miSeq_TeF07 TWBTWBGGSMASHCSATGGGS AAGAGATC STCSCCSCGSABSGCSGGNAB CCTAATCC Thioesterase 
 UF_miSeq_TeF08 TWBTWBGGNMASHCSATGGGS ACGTATCA STCSCCSCGSABSGCNGGNAB AGCCATGC Thioesterase 
 UF_miSeq_TeF09 TWBTWBGGNMANHCSATGGGS AATGTTGC STCSCCSCGSABNGCNGGNAB GTCTGTCA Thioesterase 
 UF_miSeq_TeF10 TWBTWBGGNMANHCNATGGGS CTCAATGA STCSCCSCGNABNGCNGGNAB AGGCTAAC Thioesterase 
 UF_miSeq_AryCF01 GASGAYCTGATCAGCMAGCTS AGCACCTC GCCSAGRCAGAARTGGATGCY CCATCCTC AryC 496 

UF_miSeq_AryCF02 GASGATCTSAYCAGCMRSCTS CCGTGAGA RCCSAGRCARWARTGGATKCC AAACATCG AryC 496 
UF_miSeq_AryCF03 GASGAYCTSAYCAGCMRSCTS AAACATCG RCCSAGRCARWARTGGATKCY AATGTTGC AryC 496 
UF_miSeq_AryCF04 GASGASCTSATHAGYMRSCTS GTGTTCTA SCCSAGRCARAARTGDATNGA ACGTATCA AryC 496 
UF_miSeq_AryCF05 GANGASCTSATHAGYMRSCTS CGCATACA SCCNAGRCARAARTGDATNGA GACAGTGC AryC 496 
UF_miSeq_AryCF06 GANGANCTSATHAGYMRSCTS CATCAAGT NCCNAGRCARAARTGDATNGA AGAGTCAA AryC 496 
UF_miSeq_AryCF07 GANGANCTNATHAGYMRSCTS AGTACAAG SCCSABRCASWASTKSABYGD ACCACTGT AryC 496 
UF_miSeq_AryCF08 GANGASVTSVTSHCSMASVTS CGCTGATC SCCSABRCAVWASTKSABNGD CGGATTGC AryC 496 
UF_miSeq_CysJF01 TGGCCSCGSAAGCARTGGTTC ACTATGCA CATGTTGTCSAGCATSACSAC AGCCATGC CysJ 611 
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PrimerNameF PrimerF BarcodeF PrimerR BarcodeR Target Length 
UF_miSeq_CysJF02 TGGCCSCGSAARCARTGGTTY CCTCTATC CATRTTRTCSAGCATSACSAC ATCCTGTA CysJ 611 
UF_miSeq_CysJF03 TGGCCNCGSAARCARTGGTTY CTGGCATA CATRTTRTCSAGCATSACNAC CAAGGAGC CysJ 611 
UF_miSeq_CysJF04 TGGCCNCGNAARCARTGGTTY TCCGTCTA CATRTTRTCSAGCATNACNAC CAACCACA CysJ 611 
UF_miSeq_CysJF05 TWSCCSCGSSTSMASTWSTWS CAGCGTTA CATSTKSTCSABCATSABSAB ACAGCAGA CysJ 611 
UF_miSeq_CysJF06 TWBCCSCGSVTSMASTWSTWS TGGCTTCA CATSTKSTCSABCATSABNAB TAGGATGA CysJ 611 
UF_miSeq_CysJF07 TWBCCNCGSVTSMASTWSTWS AAGGACAC CATSTKSTCSABCATNABNAB TGGTGGTA CysJ 611 
UF_miSeq_CysJF08 TWBCCNCGNVTSMASTWSTWS GATGAATC CATSTKSTCNABCATNABNAB AGCCATGC CysJ 611 
UF_miSeq_GriFF01 GTSCAGGGCAGCGGVCCGGTY CGAACTTA GTACTGSCCGAYGAYSAGGTA TGGTGGTA GriF 373 
UF_miSeq_GriFF02 GTBCAGGGCAGYGGVCCSGTY AGTGGTCA GTACTGSCCSAYRAYSAGRTA AGAGTCAA GriF 373 
UF_miSeq_GriFF03 GTNCARGGYWGYGGSCCSGTS GACTAGTA GTAMTGSCCRAYRAYVASRTA CAAGGAGC GriF 373 
UF_miSeq_GriFF04 GTNCARGGYWGYGGSCCBGTB CTGGCATA RTAYTGNCCNACNACSAGRTA GAACAGGC GriF 373 
UF_miSeq_GriFF05 GTNCARGGNWGYGGNCCSGTS ACCACTGT SWASTKSCCSASSASSABSWA TTCACGCA GriF 373 
UF_miSeq_GriFF06 GTNCARGGNWGYGGNCCNGTS GTGTTCTA SWASTKSCCSASSABSABSWA ATTGAGGA GriF 373 
UF_miSeq_GriFF07 GTNCARGGNWGYGGNCCNGTN ATTGAGGA VWASTKSCCSABSABSABVWA CGCATACA GriF 373 
UF_miSeq_GriFF08 VTNMANGGNHCSGGSCCSVTS GATAGACA VWASTKSCCSABSABNABVWA AAGGACAC GriF 373 
UF_miSeq_HolEF01 GMACGCTTYTTTAATRTYGAT AGTCACTA WGGCCCRAGYCGATAWCCATC GAGCTGAA HolE 576 
UF_miSeq_HolEF02 GSSCATTTTTTYRMTGTMGAT CTGGCATA WGGCCCRASYCGATAHCCATC ATAGCGAC HolE 576 
UF_miSeq_HolEF03 GMRYRYTTYTTTAATRTYGAT CCGTGAGA WGGSCCSAGSCGRTASCCRTC CCTAATCC HolE 576 
UF_miSeq_HolEF04 GARCGNTTYTTYAAYATHGAY ATGCCTAA SGGSCCSAGSSGRTANCCRTC TAGGATGA HolE 576 
UF_miSeq_HolEF05 GASCGSTWSTWSMASVTSGAS ACCACTGT SGGSCCSAGNSGRTANCCRTC CGCATACA HolE 576 
UF_miSeq_HolEF06 GANCGSTWSTWSMASVTSGAS ATCCTGTA SGGSCCNAGNSGRTANCCRTC GAGTTAGC HolE 576 
UF_miSeq_HolEF07 GANCGNTWSTWSMASVTSGAS GGAGAACA SGGNCCNAGNSGRTANCCRTC TATCAGCA HolE 576 
UF_miSeq_HolEF08 GANCGNTWNTWSMASVTSGAS GTGTTCTA NGGNCCNAGNSGRTANCCRTC AACTCACC HolE 576 
UF_miSeq_NgnN4F01 GCGATGCWGGCGGYGCTGCGC AACTCACC TTCGGTCGGGCCATACAGGTT ATCATTCC NgnN4 576 
UF_miSeq_NgnN4F02 GCSATGCTSGCSGYSCTSCGS AATGTTGC YTCSGTSGGSCCRTASAGRTT CACTTCGA NgnN4 576 
UF_miSeq_NgnN4F03 GCNATGCTSGCSGYSCTSCGS AGTACAAG YTCSGTSGGSCCRTANAGRTT GATAGACA NgnN4 576 
UF_miSeq_NgnN4F04 GCNATGCTNGCSGYSCTSCGS ACAGATTC YTCSGTNGGSCCRTANAGRTT AATGTTGC NgnN4 576 
UF_miSeq_NgnN4F05 GCNATGVTSGCSGYSVTSCGS AAGGACAC STCYGDSGGSCCSWASABSTK ATTGAGGA NgnN4 576 
UF_miSeq_NgnN4F06 GCNATGCTNGCNGYNCTSCGS CGCATACA STCSGDSGGSCCVWASABNTK AGCACCTC NgnN4 576 
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PrimerNameF PrimerF BarcodeF PrimerR BarcodeR Target Length 
UF_miSeq_NgnN4F07 GCNATGVTNGCNGYSVTSCGS GCTCGGTA STCSGDSGGSCCVWANABNTK CAATGGAA NgnN4 576 
UF_miSeq_NgnN4F08 GCNATGVTNGCNGYNVTSCGS CGCTGATC STCSGDSGGNCCVWANABNTK CAGCGTTA NgnN4 576 
UF_miSeq_TmlUF01 TTRCCGYTKTTCCACGTCAAY GAGTTAGC GTTGTRGCCSCCGCGRATGAT CAAGACTA TmlU 714 
UF_miSeq_TmlUF02 TTGCCGYTVTTYCAYGTCAAY GAACAGGC GTTGTRKCCSCCRCGRATRAT CGAACTTA TmlU 714 
UF_miSeq_TmlUF03 TTRCCGYTDTTYCAYGTCAAY ACATTGGC GTTGTRKCCRCCDCGRATRAT CCTCTATC TmlU 714 
UF_miSeq_TmlUF04 TTRCCGYTNTTYCAYGTCAAY AAGGTACA RTTRTGSCCSCCSCGRATDAT AGGCTAAC TmlU 714 
UF_miSeq_TmlUF05 TTRCCRYTNTTYCAYGTYAAY CAGCGTTA RTTGTRBCCVCCDCGRATRAT GCGAGTAA TmlU 714 
UF_miSeq_TmlUF06 CTNCCNCTNTTYCAYGTSAAY AAACATCG RTTRTGSCCNCCNCGDATDAT AATCCGTC TmlU 714 
UF_miSeq_TmlUF07 CTNCCNCTNTTYCAYGTNAAY TCTTCACA RTTRTGNCCNCCNCGDATDAT GTCGTAGA TmlU 714 

UF_miSeq_TmlUF08 VTNCCSVTSTWSMASVTSMAS ATCCTGTA STKSTKSCCSCCSCGNABNAB AACGTGAT TmlU 714 
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Analyzing the rarefaction curves we observed the set of primer with the 

highest score of alpha diversity in the rarefaction curve. For AHBA the best primer set 

was AHBA04 while PEP04, TD09 and CP10 were the best primer sets for phophono-

containing natural products, tryptophan dimmers and capreomycidine (Table 7).  

 

Table 7: Best primer set for each target 

Target Forward Primer  Reverse Primer 
AHBA UF_miSeq_AHBAF04 UF_miSeq_AHBAR04 
Aminoglycoside UF_miSeq_2DOIF05 UF_miSeq_2DOIR05 
AryC UF_miSeq_AryCF01 UF_miSeq_AryCR01 
Capreomycidine UF_miSeq_CPF10 UF_miSeq_CPR10 
CysJ UF_miSeq_CysJF03 UF_miSeq_CysJR03 
GriF UF_miSeq_GriFF04 UF_miSeq_GriFR04 
NRPAD UF_miSeq_NRPADF03 UF_miSeq_NRPADR03 
NRPC UF_miSeq_NRPCF04 UF_miSeq_NRPCR04 
Phosphono UF_miSeq_PEPF04 UF_miSeq_PEPR04 
PKSAT UF_miSeq_PKSATF04 UF_miSeq_PKSATR04 
PKSKS UF_miSeq_PKSKSF04 UF_miSeq_PKSKSR04 
T2PKS UF_miSeq_T2PKSF03 UF_miSeq_T2PKSR03 
Tryptophan Dimer UF_miSeq_TDF09 UF_miSeq_TDR09 
HolE UF_miSeq_HolEF04 UF_miSeq_HolER04 
TmlU UF_miSeq_TmlUF06  UF_miSeq_TmlUR06  

 

4.4 Mining natural products diversity in metalibrary 

 

The nonribosomal peptides and polyketides are far away the most studied 

natural products families. Our focus was to design, identify and validate new sets of 

primers capable of amplifying rare natural products classes, including the usual PKS 

and NRPS. The multiple sequence alignment of each natural product enzyme 

provides us an initial view of conservation of each one of those related genes. For 

the validation of this tool, we selected to work with natural products containing AHBA 

and tryptophan dimmers.  
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The AHBA group is associated with the presence of Ansamycins. Ansamycins 

are a family of macrolactams that are biosynthesized by a type I PKS using a 

molecule of 3-amino-5-hydroxybenzoic acid as starter unit (Rinehart e Shield, 1976). 

Several AHBA-containing natural products molecules have shown powerful activities, 

such as antimicrobial, antifungal, anticancer and antiviral. Rifamycin is an ansamycin 

molecule originally biosynthesized by Amycolatopsis rifamycinica that showed potent 

antibacterial activity inhibiting bacterial DNA-dependent RNA polymerase, 

suppressing RNA synthesis (Sensi et al. 1959). Wang et al. (2013), designed primers 

set capable of amplifying AHBA synthase and revealed the biosynthetic potential of 

ansamycins and the complexity of AHBA-containing natural products in 

actinomycetes. They identified 25 ansamycins using PCR screening, including eight 

new compounds (Wang et al., 2013). One endpoint was the degeneracy of the 

primers sets used in their work. The calculated degeneracy is low and provides a 

fractional access to an AHBA-synthase diversity. However, the ansamycins continue 

to be a mysterious group.  

 

Table 8: AHBA families with acceptable e-value 

AHBA group e-value 
Ansamitocin 1,00E-46 
Ansatrienin 1,00E-46 
Rifamycin 4,00E-86 
Chaxamycin 2,00E-84 
Divergolide 3,00E-73 
Hygrocin 2,00E-49 
Macbecin 5,00E-56 
Napthomycin 4,00E-71 
Neoansalactam 1,00E-62 
Rubradirin 2,00E-55 
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Following the blast against MiBIG database (Medema et al., 2015), we 

detected some AHBA-containing PK in the metalibrary DNA. All results were 

obtained after a filtering step to remove the unrelated sequences. We observed the 

presence of several groups of ansamycins including ansamitocin, ansatrienin, 

chaxamycin, divergolide, hygrocin, macbecin, napthmycin, rifamycin and rubradirin 

(Figure 22). It is important to highlight that e-value obtained from those AHBA-

containing NP were low but representative to characterize families of molecules 

(Table 8). Rifamycin molecules obtained the lowest e-values, followed by 

chaxamycin and divergolide. Although, all AHBA-containing PK mined in the 

metalibray had an expected e-value. 

 

Figure 22: AHBA-containing PK inferred from metalibrary 
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A number of bacterial natural products result from the coupling of two 

tryptophan’s (Ryan e Drennan, 2009). Attributed to as tryptophan dimers (TDs), these 

molecules take on a diversity of distinct chemical structures, depending on whereby 

the two tryptophans dimerize and functionalize (Figure 23).  

TDs are also found to be frequently connected with clinically important 

biological activities, implying that the TD motif may be a privileged natural 

substructure (Sanchez et al., 2006). The multiple bioactivities of TDs have been 

considered to come from their ability to target protein kinases or other target 

containing ATP-like binding sites, such as DNA topoisomerases, ABC transporter, 

and intercalative sites of DNA (Nakano e Omura, 2009). In special, staurosporine is 

an effective protein kinase inhibitor (Prade et al., 1997), and its discovery has 

initiated the research of kinase inhibitors as potential anticancer drugs (Nakano e 

Omura, 2009). Rebeccamycin is a TD that is structurally similar to staurosporine, but 

it inhibits DNA topoisomerase I alternatively (Staker et al., 2005). Natural and 

synthetic derivatives of staurosporine and rebeccamycin have registered clinical trials 

for cancer, neurodegenerative disorders, and diabetes-associated pathologies 

(Figure 23) (Sausville et al., 2001; Carvajali et al., 2007; Butler, 2008; Schwandt et 

al., 2012). From a practical viewpoint, TD class is especially manageable to genome-

based natural product discovery because the known TD biosynthetic gene clusters 

are comparatively short in length (10-30 kbp), giving them genetically moldable for 

small molecule expression (Sanchez et al., 2006). Furthermore, the tryptophan family 

provides active UV compounds easily detect and isolate (Sanchez et al., 2006). 
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Figure 23: Tryptophan dimmers molecules inferred from metagenomic libraries 
 

 

Our rarefaction curves allowed to identify the primer set which is responsible 

to obtain the highest diversity for each target. The degenerated primers designed to 

amplify AHBA synthase and CPA synthase were competent to amplify several 

molecules. The phylogeny of this molecules was defined by the alpha diversity in the 

rarefaction curve. Thus, we suggest that some of the designed primers were capable 

of increasing the range of distinct sequences to amplify. Thus, partially, for the 

ansamycins and tryptophan dimmers, the objectivity of the package was concluded. 
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Figure 24: Phylogeny of AHBA obtained from degenerated primers 
The rarefaction curves (left) highlight the diversity (y-axis) vs depth (x-axis). In right the phylogenetic analysis show the presence of new 
families in the clades. This may suggest the presence of new families of AHBA. 
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Figure 25: Phylogeny of TD obtained using degenerated primers 
The rarefaction curves (left) highlight the diversity (y-axis) vs depth (x-axis). In right the phylogenetic analysis show the presence of new 
families in the clades. This may suggest the presence of new families of TD. The red box show an example of new clade annotated. 
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The analysis of phylogenetic distribution of the OTUs across the data 

permitted to infer the amplification of unknown sequences in the data. For AHBA-

containing PK (Figure 24) we observed in the bottom of the phylogenetic tree the 

presence of clades unrelated to known sequences. The same results was observed 

for TD (Figure 25). For TD we observed the presence of a clade unrelated to the 

known sequences in the top of phylogenetic tree. These results suggested that 

SecMetPrimer was able to design primers capable to increase the range to recovery 

NP information from a target. 

 

4.5 Sample collection and eDNA isolation  

 
Twenty-five distinct soil/sediment samples were collected in the Cerrado, 

Atlantic Forest and Marine Sediments (Figure 26). The samples were randomly 

collected in environmental reserves. The competent offices declared all certificates 

for collection and access to genetic diversity. 

Power Clean MoBio® kit was essential due to the concentration of humic acid 

in some samples, mainly collected in soils from Cerrado. Through the trials, the 

influence of humic acid may cause the inactivation of enzymes such as ligases and 

polymerases, thus endangering any subsequent experiment (Roh et al., 2006). 
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Figure 26: Samples collected into different places in Brazil 
Samples with names in orange, green and purple were collect in Cerrado, Atlantic forest and Marine environment, respectively.  
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4.6 Amplification of eDNA using KS and AD degenerated primers 

 

As previously mentioned, primers A3F and A7R were used for adenylation 

domains from NRPS and KS2F and KS2R for ketosynthase domains from PKS 

(Ayuso-Sacido e Genilloud, 2005; Schirmer et al., 2005). NRPS-AD and PKS-KS 

domains were amplified using degenerate primers designed specifically for each 

sample, following previous biogeographic comparisons (Owen et al., 2013; Charlop-

Powers, Milshteyn, et al., 2014; Charlop-Powers, Owen, et al., 2014; Charlop-Powers 

et al., 2015). In the beginning, an extensive study was carried out to define the best 

conditions for the amplification of the biosynthetic domains. For this purpose, three 

factors were selected: type of protocol; annealing temperature and buffer. Initially, the 

interference of the sample purification protocol was delimited. To this end, eDNA 

purification protocols were compared employing the PowerClean Mobio® and 

MiniPrep Qiagen and purification (Brady, 2007).  

The best buffer for amplification process was determined by the comparison of 

commercial Epicenter buffers: Buffer E and Buffer G, and buffers built in the 

laboratory. To validate the best annealing temperature, gradient and touchdown PCR 

was executed. In these experiments the absence of primer dimers was analyzed; 

nonspecific amplification and formation of smears. Our results conclusively confirmed 

the use of the MoBio® Power Clean kit was required. The Buffer G developed a 

surpassing accessibility for the polymerase enzyme to improve the amplification of 

the eDNA samples. Thus, producing a higher concentration of amplicons with quality 

(Figure 27). 
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Figure 27: 2% Agarose gel containing AD amplicons (A) and ketosynthase (B) 
100 bp Ladder were used as marker. All amplicons were observed with expected size. 

 

For the subsequent sequencing, the NRPS-AD and PKS-KS amplicons were 

initially normalized. The normalization occurred by balancing the individual 

concentrations of each amplicon in a pool containing all amplifications (AD/ KS). The 

AD/KS pool was used as the template for the second round of PCR to complete the 

construction of the adapter for further sequencing. Following the amplification, 

magnetic beads purified the amplicons, and the sequencing was carried out through 

Illumina MiSEQ platform. The V3 sequencing kit was utilized, and the manufacturer 

protocols were followed. 

 

4.7 Sequencing and bioinformatics analysis  

 

We obtained NRP and KS data to 25 distinct metagenomes.  Raw reads were 

annotated using a python package (https://github.com/esnapd/paired-end-

debarcoder). Thus, the reads were obtained without the individual barcodes. The 

quality control process was conducted through the DADA2 package (Callahan et al., 

2016). The low-quality nucleotides were removed by standard error values less than 

0.05. Reads forward smaller than 240 bp and reverse reads smaller than 160 bp 

were dropped (Figure 28). The reads were concatenated using degenerate 

nucleotide "N" between forward and reverse reads, resulting in a fasta file with 
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filtered sequences and uniform size. Usually, the forward reads displayed good 

quality while the reverse reads presented nucleotides with a low-quality score at the 

end of the reads. This is natural in Illumina sequencing methodologies (Kwon et al., 

2013). 

 

Figure 28: Quality scores of forward and reverse reads 
The scores were plot in char containing quality score (y-axis) vs cycles (x-axis). The 
left char show the Forward reads while right char reverse reads 

 

After the concatenation, the reads were annotated to the respective IDs using 

a data table, and the phyloseq object was assembled. For this end, the reads were 

aligned through MUSCLE (Edgar, 2004), and the taxonomic distances were delimited 

by Neibor-Joining (NJ). With the phyloseq object created, the following analyzes were 

then led applying the phyloseq package (Mcmurdie, Paul J. e Holmes, Susan, 2013).  

 

4.8 NRP and KS biosynthetic domain richness and environmental factor 

analysis 

 

Initially, the values of diversity across the samples were measured by the 

calculation of the alpha diversity. To this end, the observed values were compared 
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with those computationally calculated. By default, the plot_richness function of 

PhyloSeq initially allows the prediction of alpha diversity using multiple algorithms: 

Chao1, Ace, Shannon, Simpson, InvSimpson, and Fisher (Figure 29). For our 

purpose, we concentrate on the Chao1 and Shannon algorithms. Applying these 

measures, it was possible to predict the total number of taxa (biosynthetic molecules) 

from all distinct biomes. In this particular case, each taxon corresponded to a NRP 

target. These models have the advantage of the availability of equations for the 

calculation of confidence limits. The Chao1 method estimates the total richness using 

some species (taxon), represented by only one individual in the samples (singletons), 

and the number of species with only two individuals (doubletons). The Shannon 

method, on the other hand, rates the uniformity of the abundance of the taxa. Thus, it 

allows a representation of the rare individuals taxa. 
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Figure 29: Alpha diversity measurement using Phyloseq. Obs, Chao1, Ace, Shannon, 
Simpson, InvSimpson, Fisher 

In x-axis is described individual samples and y-axis the alpha diversity measure 
 

The alpha-diversity scatter-plot showed no correlation between the taxa in the 

sequenced samples. The data showed a higher index of alpha diversity for the 

marine sediment DFD000121 collected in Macaé-RJ. Unexpectedly, this 

measurement may be induced by the high volume of unknown taxa in this sample. 

For the following analyses, the taxa unrelated to the biosynthetic clusters were 

excluded. The Chao1 distance exhibited a more similar profile than observed 

calculations. The DFD000121 sample showed a higher alpha diversity, accompanied 

sequentially by the samples DFD000140 and DFD000118, which were obtained from 

Cerrado and Atlantic forest in the State Park of Vassununga - SP. By Shannon's 

calculations, it was seen that the samples from the Cerrado tended to have a unique 

group. We noted some samples with a score of alpha diversity near to zero. Errors in 



Results and discussion  |  78 

annotation, filtering process and concatenating the samples may cause this type of 

analytical disorder (Kwon et al., 2013). 

 

 

Figure 30: Total of counts per sample 
In x-axis the log10 of the sequence sums of individual samples and y-axis sample 

 

 

As previously mentioned, the sample DFD000121 from the Cananéia marine 

sediment showed the highest score in the number of sequences. This value does not 

necessarily expect to be considered in the diversity. The sample DFD000118 from 

Atlantic Forest, exhibited the second highest score. The samples obtained from 

cerrado soils DFD000140, DFD000129, DFD000127, DFD000143, DFD000138, 

DFD000137 and DFD000128 showed sequence scores counts greater than 1000 

log10 respectively (Figure 30). As mentioned, there is a plenty of sequences 
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associated to Cerrado. High score of the sequence total associated with DFD000121 

sample is noted. Certain values presumably are considered a reflection of the 

presence of amplicons unrelated to any target. 

The similarities in the AD domains families across the samples were 

investigated by the creation of a non-chimerical annotated table in DADA2. First, rare 

or poorly atypical sequences were removed. The sample ordering analysis was 

performed using nonmetric multidimensional scaling (NMDS). The plots were 

originally plotted according to the biomes and pH values. No apparent clusterization 

was observed in the NMDS plots (Figure 31). However, a trivial clustering of the 

Cerrado biomes could be observed using the pH values as metrics (Figure 31). 

Diverse factors could increase the uniqueness of the distinct microbiomes. 

Examples of factors that change the microbiome were geographic location, elevation, 

precipitation, mean temperature, and pH. For this end, only pH values were 

measured. It is recognized that the soil of Cerrado naturally exhibits an acid pH than 

the other soils, which, we believe, offer a fundamental role for the diversity of macro-

and microorganisms between the analyzed biomes. 

In a recent paper, Lemetre and Brady showed the occurrence of AD and KS 

domains in a continental scale (Lemetre et al., 2017). They revealed the difficulty to 

create an association between the samples. However, when they analyzed 

longitudinally or latitudinally, spatial correlations may begin to emerge. This can be 

accomplished according to the dispersion process of specific taxonomic classes in 

the microbiome.  
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Figure 31: Ordination plot by Biome and pH 
NMDS calculations showing the samples correlations individually (left) and together (right). The points were colored by biome type 
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By the estimation of the Jaccard score between the samples, a type of 

clusterization was observed based on eco-type instead the biome type. This result 

means that the biomes did not directly rule the NRP taxon diversity, however, the 

plant volume of the ecosystem, apparently guide. Samples of the Cerrado with similar 

ecological types showed correlations, while those forest environments were classified 

separately. We observed that samples collected at distant geographic areas, were 

clusterized based on ecological aspects (Figure 32). 

Thus, the correlation-plot containing the association between the pairing of the 

samples in Km x calculated Jaccard scores, showed even geographically adjacent 

samples represent distinguishing unique samples (Figure 33). We observed no 

logical correlation between the points, suggesting that each sample was different. 

This highlights the taxonomic/microbiological potential of environmental samples. 

That is a significant result and shows the unusual ability of the microbiome to 

colonize the environment punctually. In this analysis, we did not include the diversity 

or abundance. Following, the Jaccard distances were conducted in R through 

phyloseq, and the results plotted using GGPLOT2. 
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Figure 32: Clusterization of samples using eco-type information 
Sample clusters showing statistic distances by biomes (left) and general network (right) 
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The rarefaction curves associated with these samples were generated by 

phyloseq. For this, a sub-sampling of the taxa was performed at different depths 

(1,10,100,500, and 1000-10000 in increments of 500 depths). For each point in the 

depth, the Chao1 diversity metric was calculated from 10 interactions, and the 

average of the calculated means in each interaction was plotted.  

 

Figure 33: Jaccard distance between brazilian samples 
In y-axis is described the jaccard distance between 0 and 1 and x-axis the distance of 
samples in km 

 

The Chao1 calculations within the rarefaction curves allowed the groups to 

characterize the diversity of NRP and PK molecules in the samples. In this thesis, we 

are characterizing as an example the samples DFD000118.1 collected in the Cerrado 

of Goias and the sample DFD000140.1 collected in the marine sediment of Macaé. 

Although the DFD000121.1 was the one that presented the largest number of 

sequences, as previously described, it does not necessarily reflect the chemical 
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diversity that will be discovered. Samples DFD000118.1 and DFD000121.1 showed 

the highest diversity among the samples (Figure 34). 

 

Figure 34: Rarefaction curves calculated by Chao1 
Sub-sampling of the taxa was performed at different depths (1,10,100,500, and 1000-
10000 in increments of 500 depths). For each point in the depth, the Chao1 diversity 
metric was calculated from 10 interactions 

 

4.9 Mining clinically relevant gene cluster families in the metabiomes  

 

In the last section we showed the abundance of NRP in the different samples. 

Now we search in the biomes for the classification of the natural products molecules.  

Following blast and filtering steps, we recovered a file containing all natural products 

molecules associated to e-values minor than e-40 and their respectively abundance. 

Highlighting the top molecule detected in have the calcium-dependent antibiotic in 
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the sample DFD000118.1 from Atlantic forest. The top hits for all samples could be 

visualized in the Table 9.  

Table 9: Natural products molecules annotated in the distinct biomes 

Sample Biome target Abundance 

DFD000118.1 Atlantic Forest calcium-dependent 33 
DFD000118.1 Atlantic Forest oxazolomycin 32 
DFD000118.1 Atlantic Forest scabichelin 19 
DFD000118.1 Atlantic Forest didemnin 14 
DFD000118.1 Atlantic Forest auricin 13 
DFD000118.1 Atlantic Forest pyoverdine 12 
DFD000118.1 Atlantic Forest erythrochelin 6 
DFD000118.1 Atlantic Forest gobichelin 6 
DFD000118.1 Atlantic Forest myxoprincomide 5 
DFD000127.1 Cerrado myxoprincomide 32 
DFD000127.1 Cerrado pyoverdine 18 
DFD000127.1 Cerrado calcium-dependent 16 
DFD000127.1 Cerrado didemnin 6 
DFD000127.1 Cerrado mycobactin 6 
DFD000127.1 Cerrado oxazolomycin 4 
DFD000127.1 Cerrado A47934 2 
DFD000127.1 Cerrado actinomycin 2 
DFD000127.1 Cerrado griseobactin 1 
DFD000128.1 Cerrado serobactins 3 
DFD000129.1 Cerrado antimycin 56 
DFD000129.1 Cerrado griseobactin 51 
DFD000129.1 Cerrado oxazolomycin 46 
DFD000129.1 Cerrado didemnin 20 
DFD000129.1 Cerrado gobichelin 12 
DFD000129.1 Cerrado actinomycin 10 
DFD000129.1 Cerrado kirromycin 9 
DFD000129.1 Cerrado laspartomycin 9 
DFD000129.1 Cerrado syringomycin 4 
DFD000137.1 Cerrado polyoxypeptin 7 
DFD000138.1 Cerrado calcium-dependent 26 
DFD000138.1 Cerrado oxazolomycin 15 
DFD000138.1 Cerrado erythrochelin 10 
DFD000140.1 Cerrado polyoxypeptin 40 
DFD000140.1 Cerrado actinomycin 29 
DFD000140.1 Cerrado entolysin 13 
DFD000140.1 Cerrado oxazolomycin 13 
DFD000140.1 Cerrado antimycin 12 
DFD000140.1 Cerrado myxothiazol 12 
DFD000140.1 Cerrado scabichelin 11 
DFD000140.1 Cerrado laspartomycin 7 
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Sample Biome target Abundance 

DFD000140.1 Cerrado orfamide 6 
DFD000140.1 Cerrado pyridomycin 5 
DFD000140.1 Cerrado WAP-8294A2 5 
DFD000140.1 Cerrado calcium-dependent 3 
DFD000140.1 Cerrado erythrochelin 3 
DFD000140.1 Cerrado gobichelin 3 
DFD000141.1 Cerrado oxazolomycin 12 
DFD000143.1 Cerrado oxazolomycin 4 
DFD000121.1 Marine environment oxazolomycin 196 
DFD000121.1 Marine environment actinomycin 57 
DFD000121.1 Marine environment entolysin 51 
DFD000121.1 Marine environment polyoxypeptin 41 
DFD000121.1 Marine environment myxoprincomide 38 
DFD000121.1 Marine environment taromycin 36 
DFD000121.1 Marine environment erythrochelin 35 
DFD000121.1 Marine environment orfamide 34 
DFD000121.1 Marine environment arthrofactin 33 
DFD000121.1 Marine environment gobichelin 25 
DFD000121.1 Marine environment griseobactin 23 
DFD000121.1 Marine environment microsclerodermins 22 
DFD000121.1 Marine environment didemnin 19 
DFD000121.1 Marine environment skyllamycin 17 
DFD000121.1 Marine environment pyoverdine 15 
DFD000121.1 Marine environment WLIP 12 
DFD000121.1 Marine environment laspartomycin 11 
DFD000121.1 Marine environment quinomycin 7 
DFD000121.1 Marine environment sessilin 7 
DFD000121.1 Marine environment massetolide 6 
DFD000121.1 Marine environment WAP-8294A2 5 
DFD000121.1 Marine environment chloroeremomycin 4 

 

4.10 Tracking biomedically glycopeptide gene cluster and hotspot analysis  

 

To recognize the significance of this diversity, we focused on the detection of 

clinically relevant secondary metabolites. Initially, the group of vancomycin-like 

glycopeptides was chosen (Van Wageningen et al., 1998). Vancomycin was initially 

isolated from cultures of Amycolatopsis (actinobacteria). Vancomycin is a non-

ribosomal peptide that displays in the biosynthetic cluster 3 genes annotated as non-
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ribosomal peptide synthetases. They are vcm2, vcm3, and vcm4. In the total, they 

are responsible for incorporation of 7 amino acids. Vancomycin biosynthetic gene 

cluster comprised also 3 enzymes responsible for oxidative couplings. These 

enzymes were annotated as cytochrome P450 (Figure 35). The genes ox1, ox2, and 

ox3 encode the syntheses of them. The oxidative couplings provide by ox1, ox2 and 

ox3 increase the stabilization of the molecule, supporting in the antibiotic activity of 

vancomycin (Zerbe et al., 2002; Pylypenko et al., 2003; Zerbe et al., 2004; Woithe et 

al., 2007; Geib et al., 2008; Woithe et al., 2008). 
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Figure 35: Vancomycin biosynthetic gene cluster 
Vancomycin nucleotide sequence cluster was obtained from MiBIG database, analyzed in MacVector and design using ChemDraw 
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One internal database was created using annotated gene clusters from MiBIG 

to serve as a reference. The database was created through the makedb function and 

consisted of more than 1300 biosynthetic clusters related to different groups of 

secondary metabolites such as PK, NRP, terpenoids, and others.  

After blast, a table containing the e-value of each taxon was created. As a 

confidence margin, sequences with e-values greater than 10e-40 were excluded. The 

presence of glycopeptides in samples of Cerrado and marine environment was 

observed. They are annotated as A47934 molecule in the Cerrado from Goias and 

chloroprenemomycin in the marine sediment from Macaé (Figure 36).  

 

Figure 36: Clinically relevant glycopeptides families detected in some Brazilian samples 
Glycopeptides were detected using e-value e-40 or minor 

 

The glycopeptide vancomycin and teicoplanin are important antibiotics 

showing good activity against Gram-positive pathogens including Streptococcus, 

Staphylococcus, and Enterococcus genera. The glycopeptide antibiotic A47934 is a 

teicoplanin-like molecule that was isolated from Streptomyces toyocaensis 

NRRL15009. 
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Glycopeptide antibiotics (GPAs) have been one of the pillars of antimicrobial 

therapy since their description in the mid-1950s. These molecules act exclusively on 

Gram-positive bacteria by creating a strong and distinct noncovalent complex with 

the D-Ala-D-Ala terminus of the peptidoglycan, inhibiting cell wall extension and 

crosslinking (Figure 37) (Barna e Williams, 1984). The first clinical resistance strains 

to GPAs was reported in the enterococci in 1988, and resistance has shown itself in 

the more virulent streptococci and staphylococci (Leclercq et al., 1988; Pootoolal et 

al., 2002). GPA resistance is presently a meaningful phenomenon that has critically 

impacted on the health care sector increasing the mortality and morbidity (Murray, 

2000). The surpassing mechanism of protection is the synthesis of cell wall 

peptidoglycan terminating in D-Ala-D-lactate, which dramatically reduces the 

association of these molecules for their target (Murray, 2000). 
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Figure 37: Mechanism of resistance to vancomycin 
Vancomycin acts biding D-Ala-D-Ala (top) and resistance mechanism is described binding VanS (bellow) 
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The GPA is comprised of a heptapeptide core consisting of common and rare 

amino acids (Barna e Williams, 1984; Boeck e Mertz, 1986; Zmijewski et al., 1987; 

Hadatsch et al., 2007). Crosslinking of the amino acids in aryl ether and carbon-

carbon bonds gives rigidity to the molecule. There are two major structural classes of 

GPAs based on the identification of the core, and the two clinically employed GPAs, 

vancomycin, and teicoplanin (Zmijewski et al., 1987). 

It is important to highlight these taxa were observed only in a few samples at 

non-geographically near locations.  With these results, it is possible to observe how 

the samples collected at points may have the potential for the screening and search 

of new different glycopeptides of the vancomycin class. 
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5 Conclusions 

 

The detection of innovative natural products molecules have demanded new 

approaches, and the metagenomic methods provided a powerful way to access a 

brand-new environment in the natural products research. Here we have applied two 

methods to search different molecules in nature. In the first part, we created the 

SecMetPrimer package to design efficiently degenerated primers for natural products 

targets.  SecMetPrimer designed 165 set of primers for polyketide, nonribosomal 

peptide, aminoglycosides, phosphono, and tryptophan dimmers families. Besides, 

the validation of the primers was developed using eDNA as template a metalibrary 

with 223 millions of clones. For this work, the annotations of AHBA and tryptophan 

dimmers were developed.   The data revealed a new clade of AHBA and tryptophan 

dimmers in the phylogenetic analysis, showing a new group of those molecules.  We 

also described the presence the ansamycins ansamitocin, ansatrienin, chaxamycin, 

divergolide, hygrocin, macbecin, napthmycin, rifamycin and rubradirin. In the second 

section, we have used the biogeography approach to mining the information about 

biosynthetic gene clusters in Atlantic Forest, Cerrado, and Marine environment 

samples. The data revealed that no strong correlation of nonribosomal peptides was 

observed across the samples. This suggested that the microbial biodiversity is much 

complex than expected. Additionally, the search for clinically relevant nonribosomal 

peptides revealed the presence of the vancomycin-like glycopeptides in samples 

from Cerrado and Marine sediment. This is the first study to apply a bioinformatic 

approach to automatically design degenerated primers capable of amplifying 

unknown groups of natural products. In the same way, the use of biogeography 

approach to prioritizing samples for further metagenomic screening is novel, and this 
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is the first time this type of description was provided. In conclusion, this study 

demonstrated the creation and use of a bioinformatic pipeline to reach unknown 

groups of natural products and the biogeography of soil samples collected in different 

Brazilian biomes. 
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PrimerNameF PrimerF MiSeq_Fadaptor BarcodeF 
Space
rF Full_SEQ_F PrimerNameR PrimerR MiSeq_R_adaptor 

Barcode
R 

Space
rR Full_SEQ_R Target 

AmpliconLen
ght 

UF_miSeq_2DOIF01 
TSAAGAACGCSCTGGCC
ATCC 

CTACACGACGCTCTTCC
GATCT 

ACGTAT
CA CTA 

CTACACGACGCTCTTCCGATCTACGTATCACTATSAAGAACGCSC
TGGCCATCC 

UF_miSeq_2DOIR
01 

GTAGCCSCGCTTGTTGT
CGWA 

CAGACGTGTGCTCTTCC
GATCT 

ACGTAT
CA CTA 

CAGACGTGTGCTCTTCCGATCTACGTATCACTAGTAGCCSCGCT
TGTTGTCGWA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF02 
TSAAGAACKCSCTSGCCR
TCC 

CTACACGACGCTCTTCC
GATCT 

AGATCG
CA GATA 

CTACACGACGCTCTTCCGATCTAGATCGCAGATATSAAGAACKCS
CTSGCCRTCC 

UF_miSeq_2DOIR
02 

RTAGCCSCGCTTGTTGT
CGWA 

CAGACGTGTGCTCTTCC
GATCT 

AGATCG
CA GATA 

CAGACGTGTGCTCTTCCGATCTAGATCGCAGATARTAGCCSCGC
TTGTTGTCGWA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF03 
GTSAARAAYGCSCTSGCS
ATY 

CTACACGACGCTCTTCC
GATCT 

ATTGGC
TC GATA 

CTACACGACGCTCTTCCGATCTATTGGCTCGATAGTSAARAAYGC
SCTSGCSATY 

UF_miSeq_2DOIR
03 

GTASCCGCGCTTRTTRT
CRTA 

CAGACGTGTGCTCTTCC
GATCT 

ATTGGC
TC GATA 

CAGACGTGTGCTCTTCCGATCTATTGGCTCGATAGTASCCGCGC
TTRTTRTCRTA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF04 
GTVAARAAYGCVCTVGCV
ATH 

CTACACGACGCTCTTCC
GATCT 

CCAGTT
CA A 

CTACACGACGCTCTTCCGATCTCCAGTTCAAGTVAARAAYGCVCT
VGCVATH 

UF_miSeq_2DOIR
04 

RTABCCGCKCTTRTTRTC
RTA 

CAGACGTGTGCTCTTCC
GATCT 

CCAGTT
CA A 

CAGACGTGTGCTCTTCCGATCTCCAGTTCAARTABCCGCKCTTRT
TRTCRTA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF05 
GTNAARAAYGCNYTNGC
NATH 

CTACACGACGCTCTTCC
GATCT 

CTAAGG
TC TC 

CTACACGACGCTCTTCCGATCTCTAAGGTCTCGTNAARAAYGCNY
TNGCNATH 

UF_miSeq_2DOIR
05 

RTANCCNCKYTTRTTRTC
RTA 

CAGACGTGTGCTCTTCC
GATCT 

CTAAGG
TC TC 

CAGACGTGTGCTCTTCCGATCTCTAAGGTCTCRTANCCNCKYTT
RTTRTCRTA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF06 
GTSAARAAYGCSCTSGCV
ATY 

CTACACGACGCTCTTCC
GATCT 

ACGCTC
GA CTA 

CTACACGACGCTCTTCCGATCTACGCTCGACTAGTSAARAAYGCS
CTSGCVATY 

UF_miSeq_2DOIR
06 

RTASCCSCKYTTRTTRTC
RTA 

CAGACGTGTGCTCTTCC
GATCT 

CATCAA
GT CTA 

CAGACGTGTGCTCTTCCGATCTCATCAAGTCTARTASCCSCKYTT
RTTRTCRTA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF07 
GTVAARAAYGCSCTSGCV
ATH 

CTACACGACGCTCTTCC
GATCT 

GAACAG
GC GATA 

CTACACGACGCTCTTCCGATCTGAACAGGCGATAGTVAARAAYGC
SCTSGCVATH 

UF_miSeq_2DOIR
07 

RTABCCBCKYTTRTTRTC
RTA 

CAGACGTGTGCTCTTCC
GATCT 

GATAGA
CA GATA 

CAGACGTGTGCTCTTCCGATCTGATAGACAGATARTABCCBCKYT
TRTTRTCRTA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF08 
GTNAARAAYGCVYTVGCV
ATH 

CTACACGACGCTCTTCC
GATCT 

AACGCT
TA A 

CTACACGACGCTCTTCCGATCTAACGCTTAAGTNAARAAYGCVYT
VGCVATH 

UF_miSeq_2DOIR
08 

VWASCCNCGSTKSTKST
CVWA 

CAGACGTGTGCTCTTCC
GATCT 

ACCACT
GT A 

CAGACGTGTGCTCTTCCGATCTACCACTGTAVWASCCNCGSTKS
TKSTCVWA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF09 
VTNMASMASGCSVTSGC
SVTS 

CTACACGACGCTCTTCC
GATCT 

CACCTT
AC TC 

CTACACGACGCTCTTCCGATCTCACCTTACTCVTNMASMASGCSV
TSGCSVTS 

UF_miSeq_2DOIR
09 

VWASCCNCGSTKSTKNT
CVWA 

CAGACGTGTGCTCTTCC
GATCT 

ATTGAG
GA TC 

CAGACGTGTGCTCTTCCGATCTATTGAGGATCVWASCCNCGSTK
STKNTCVWA 

Aminoglycosi
de 486 

UF_miSeq_2DOIF10 
VTNMANMASGCSVTSGC
SVTS 

CTACACGACGCTCTTCC
GATCT 

CGACAC
AC CTA 

CTACACGACGCTCTTCCGATCTCGACACACCTAVTNMANMASGC
SVTSGCSVTS 

UF_miSeq_2DOIR
10 

VWASCCNCGSTKNTKNT
CVWA 

CAGACGTGTGCTCTTCC
GATCT 

ATTGGC
TC CTA 

CAGACGTGTGCTCTTCCGATCTATTGGCTCCTAVWASCCNCGST
KNTKNTCVWA 

Aminoglycosi
de 486 

UF_miSeq_AHBAF01 
TTCCAGAACGGMAARCT
GATG 

CTACACGACGCTCTTCC
GATCT 

CGAACT
TA TC 

CTACACGACGCTCTTCCGATCTCGAACTTATCTTCCAGAACGGMA
ARCTGATG 

UF_miSeq_AHBA
R01 

GGAACATSGCCATGTAG
TGSG 

CAGACGTGTGCTCTTCC
GATCT 

CGAACT
TA TC 

CAGACGTGTGCTCTTCCGATCTCGAACTTATCGGAACATSGCCA
TGTAGTGSG AHBA 395 

UF_miSeq_AHBAF02 
TTCCAGAACGGMAARYT
GATG 

CTACACGACGCTCTTCC
GATCT 

ACAGCA
GA CTA 

CTACACGACGCTCTTCCGATCTACAGCAGACTATTCCAGAACGG
MAARYTGATG 

UF_miSeq_AHBA
R02 

GGAACATSGCCATGTAG
YKSG 

CAGACGTGTGCTCTTCC
GATCT 

ACAGCA
GA CTA 

CAGACGTGTGCTCTTCCGATCTACAGCAGACTAGGAACATSGCC
ATGTAGYKSG AHBA 395 

UF_miSeq_AHBAF03 
TTYCARAAYGGSAARCTS
ATG 

CTACACGACGCTCTTCC
GATCT 

CGGATT
GC GATA 

CTACACGACGCTCTTCCGATCTCGGATTGCGATATTYCARAAYGG
SAARCTSATG 

UF_miSeq_AHBA
R03 

KRAACATSGCCATRTART
GVS 

CAGACGTGTGCTCTTCC
GATCT 

CGGATT
GC GATA 

CAGACGTGTGCTCTTCCGATCTCGGATTGCGATAKRAACATSGC
CATRTARTGVS AHBA 395 

UF_miSeq_AHBAF04 
TTCCAGAACGGCAAACT
GATG 

CTACACGACGCTCTTCC
GATCT 

GATGAA
TC A 

CTACACGACGCTCTTCCGATCTGATGAATCATTCCAGAACGGCAA
ACTGATG 

UF_miSeq_AHBA
R04 

GAACATCGCCATGTAGT
GCGA 

CAGACGTGTGCTCTTCC
GATCT 

GATGAA
TC A 

CAGACGTGTGCTCTTCCGATCTGATGAATCAGAACATCGCCATG
TAGTGCGA AHBA 395 

UF_miSeq_AHBAF05 
TTYCARAAYGGSAAAYTS
ATG 

CTACACGACGCTCTTCC
GATCT 

GACAGT
GC TC 

CTACACGACGCTCTTCCGATCTGACAGTGCTCTTYCARAAYGGSA
AAYTSATG 

UF_miSeq_AHBA
R05 

RAACATSGCCATRTART
GRGA 

CAGACGTGTGCTCTTCC
GATCT 

GACAGT
GC TC 

CAGACGTGTGCTCTTCCGATCTGACAGTGCTCRAACATSGCCAT
RTARTGRGA AHBA 395 

UF_miSeq_AHBAF06 
TTYCARAAYGGNAARYTN
ATG 

CTACACGACGCTCTTCC
GATCT 

ATTGAG
GA CTA 

CTACACGACGCTCTTCCGATCTATTGAGGACTATTYCARAAYGGN
AARYTNATG 

UF_miSeq_AHBA
R06 

RAACATNGCCATRTART
GRCT 

CAGACGTGTGCTCTTCC
GATCT 

ATTGAG
GA CTA 

CAGACGTGTGCTCTTCCGATCTATTGAGGACTARAACATNGCCA
TRTARTGRCT AHBA 395 

UF_miSeq_AHBAF07 
TTYCARAAYGGVAARYTV
ATG 

CTACACGACGCTCTTCC
GATCT 

ATTGGC
TC TC 

CTACACGACGCTCTTCCGATCTATTGGCTCTCTTYCARAAYGGVA
ARYTVATG 

UF_miSeq_AHBA
R07 

SCGSWACATSGCCATSW
ASTK 

CAGACGTGTGCTCTTCC
GATCT 

CAAGGA
GC TC 

CAGACGTGTGCTCTTCCGATCTCAAGGAGCTCSCGSWACATSGC
CATSWASTK AHBA 395 

UF_miSeq_AHBAF08 
TWSMASMASGGSMASVT
SATG 

CTACACGACGCTCTTCC
GATCT 

ATCATTC
C CTA 

CTACACGACGCTCTTCCGATCTATCATTCCCTATWSMASMASGGS
MASVTSATG 

UF_miSeq_AHBA
R08 

SCGVWACATSGCCATVW
ANTK 

CAGACGTGTGCTCTTCC
GATCT 

CAGCGT
TA CTA 

CAGACGTGTGCTCTTCCGATCTCAGCGTTACTASCGVWACATSG
CCATVWANTK AHBA 395 

UF_miSeq_AHBAF09 
TWNMASMASGGSMASVT
SATG 

CTACACGACGCTCTTCC
GATCT 

TGGAAC
AA GATA 

CTACACGACGCTCTTCCGATCTTGGAACAAGATATWNMASMASG
GSMASVTSATG 

UF_miSeq_AHBA
R09 

SCGVWACATNGCCATVW
ANTK 

CAGACGTGTGCTCTTCC
GATCT 

CGCTGA
TC GATA 

CAGACGTGTGCTCTTCCGATCTCGCTGATCGATASCGVWACATN
GCCATVWANTK AHBA 395 

UF_miSeq_AHBAF10 
TWNMANMASGGSMASVT
SATG 

CTACACGACGCTCTTCC
GATCT 

AGAGTC
AA A 

CTACACGACGCTCTTCCGATCTAGAGTCAAATWNMANMASGGSM
ASVTSATG 

UF_miSeq_AHBA
R10 

NCGVWACATNGCCATV
WANTK 

CAGACGTGTGCTCTTCC
GATCT 

AGATGT
AC A 

CAGACGTGTGCTCTTCCGATCTAGATGTACANCGVWACATNGCC
ATVWANTK AHBA 395 

UF_miSeq_CPF01 
SGACATCAGCAGCAGCG
GYG 

CTACACGACGCTCTTCC
GATCT 

CGCTGA
TC TC 

CTACACGACGCTCTTCCGATCTCGCTGATCTCSGACATCAGCAGC
AGCGGYG UF_miSeq_CPR01 

CGSTSGGGTTGTGCGGG
AAG 

CAGACGTGTGCTCTTCC
GATCT 

CGCTGA
TC TC 

CAGACGTGTGCTCTTCCGATCTCGCTGATCTCCGSTSGGGTTGT
GCGGGAAG 

Capreomycidi
ne 495 

UF_miSeq_CPF02 
SGACATCWSCAGCAGCG
GCG 

CTACACGACGCTCTTCC
GATCT 

AACAAC
CA CTA 

CTACACGACGCTCTTCCGATCTAACAACCACTASGACATCWSCAG
CAGCGGCG UF_miSeq_CPR02 

CGSTSGGGTTGTGCGGG
AAG 

CAGACGTGTGCTCTTCC
GATCT 

AACAAC
CA CTA 

CAGACGTGTGCTCTTCCGATCTAACAACCACTACGSTSGGGTTG
TGCGGGAAG 

Capreomycidi
ne 495 

UF_miSeq_CPF03 
SGACATCWSCAGCAGCG
GYG 

CTACACGACGCTCTTCC
GATCT 

AACGCT
TA GATA 

CTACACGACGCTCTTCCGATCTAACGCTTAGATASGACATCWSCA
GCAGCGGYG UF_miSeq_CPR03 

CRSTSGGGTTGTGSGGG
AAG 

CAGACGTGTGCTCTTCC
GATCT 

AACGCT
TA GATA 

CAGACGTGTGCTCTTCCGATCTAACGCTTAGATACRSTSGGGTT
GTGSGGGAAG 

Capreomycidi
ne 495 

UF_miSeq_CPF04 
SGACRTCWSCAGCAGCG
GYG 

CTACACGACGCTCTTCC
GATCT 

AAGGTA
CA A 

CTACACGACGCTCTTCCGATCTAAGGTACAASGACRTCWSCAGC
AGCGGYG UF_miSeq_CPR04 

CRSTSGGGTTGTGSGGG
AAG 

CAGACGTGTGCTCTTCC
GATCT 

AAGGTA
CA A 

CAGACGTGTGCTCTTCCGATCTAAGGTACAACRSTSGGGTTGTG
SGGGAAG 

Capreomycidi
ne 495 

UF_miSeq_CPF05 
SGACRTSWSCWSSWSC
GGYGT 

CTACACGACGCTCTTCC
GATCT 

CTGAGC
CA TC 

CTACACGACGCTCTTCCGATCTCTGAGCCATCSGACRTSWSCWS
SWSCGGYGT UF_miSeq_CPR05 

CRSTNGGRTTRTGSGGR
AAGT 

CAGACGTGTGCTCTTCC
GATCT 

CTGAGC
CA TC 

CAGACGTGTGCTCTTCCGATCTCTGAGCCATCCRSTNGGRTTRT
GSGGRAAGT 

Capreomycidi
ne 495 

UF_miSeq_CPF06 
GAYGTSWSSWSSWSSG
GBGTN 

CTACACGACGCTCTTCC
GATCT 

CTGGCA
TA CTA 

CTACACGACGCTCTTCCGATCTCTGGCATACTAGAYGTSWSSWS
SWSSGGBGTN UF_miSeq_CPR06 

NCCBGTNGGRTTRTGSG
GRAA 

CAGACGTGTGCTCTTCC
GATCT 

CTGGCA
TA CTA 

CAGACGTGTGCTCTTCCGATCTCTGGCATACTANCCBGTNGGRT
TRTGSGGRAA 

Capreomycidi
ne 495 

UF_miSeq_CPF07 
GAYGTBWSSWSBWSNG
GNGTN 

CTACACGACGCTCTTCC
GATCT 

GAATCT
GA GATA 

CTACACGACGCTCTTCCGATCTGAATCTGAGATAGAYGTBWSSW
SBWSNGGNGTN UF_miSeq_CPR07 

NCCNGTNGGRTTRTGNG
GRAA 

CAGACGTGTGCTCTTCC
GATCT 

GAATCT
GA GATA 

CAGACGTGTGCTCTTCCGATCTGAATCTGAGATANCCNGTNGGR
TTRTGNGGRAA 

Capreomycidi
ne 495 

UF_miSeq_CPF08 
GAYGTNWSNWSNWSNG
GNGTN 

CTACACGACGCTCTTCC
GATCT 

CAAGAC
TA A 

CTACACGACGCTCTTCCGATCTCAAGACTAAGAYGTNWSNWSNW
SNGGNGTN UF_miSeq_CPR08 

NCCNGTNGGRTYNTBNG
GRAA 

CAGACGTGTGCTCTTCC
GATCT 

CAAGAC
TA A 

CAGACGTGTGCTCTTCCGATCTCAAGACTAANCCNGTNGGRTYN
TBNGGRAA 

Capreomycidi
ne 495 

UF_miSeq_CPF09 
SGYGTNWSNWSNWSNG
GNGTN 

CTACACGACGCTCTTCC
GATCT 

GAGCTG
AA TC 

CTACACGACGCTCTTCCGATCTGAGCTGAATCSGYGTNWSNWSN
WSNGGNGTN UF_miSeq_CPR09 

NCCNGTNGGNTBNTBNG
GRAA 

CAGACGTGTGCTCTTCC
GATCT 

GAGCTG
AA TC 

CAGACGTGTGCTCTTCCGATCTGAGCTGAATCNCCNGTNGGNTB
NTBNGGRAA 

Capreomycidi
ne 495 
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PrimerNameF PrimerF MiSeq_Fadaptor BarcodeF 
Space
rF Full_SEQ_F PrimerNameR PrimerR MiSeq_R_adaptor 

Barcode
R 

Space
rR Full_SEQ_R Target 

AmpliconLen
ght 

UF_miSeq_CPF10 
GAYATHAGYAGYAGYGG
VGTS 

CTACACGACGCTCTTCC
GATCT 

CCTCCT
GA CTA 

CTACACGACGCTCTTCCGATCTCCTCCTGACTAGAYATHAGYAGY
AGYGGVGTS UF_miSeq_CPR10 

RCTSGGRTTRTGBGGRA
ARTT 

CAGACGTGTGCTCTTCC
GATCT 

CCTCCT
GA CTA 

CAGACGTGTGCTCTTCCGATCTCCTCCTGACTARCTSGGRTTRT
GBGGRAARTT 

Capreomycidi
ne 495 

UF_miSeq_CPF11 
GAYGTSWSSWSSWSSG
GSGTS 

CTACACGACGCTCTTCC
GATCT 

TAGGAT
GA GATA 

CTACACGACGCTCTTCCGATCTTAGGATGAGATAGAYGTSWSSW
SSWSSGGSGTS UF_miSeq_CPR11 

YGDSGGSTKSTKSGGSW
ASTK 

CAGACGTGTGCTCTTCC
GATCT 

TGGCTT
CA GATA 

CAGACGTGTGCTCTTCCGATCTTGGCTTCAGATAYGDSGGSTKS
TKSGGSWASTK 

Capreomycidi
ne 495 

UF_miSeq_CPF12 
GAYGTSWSSWSSWSSG
GBGTV 

CTACACGACGCTCTTCC
GATCT 

GCTCGG
TA A 

CTACACGACGCTCTTCCGATCTGCTCGGTAAGAYGTSWSSWSSW
SSGGBGTV UF_miSeq_CPR12 

SGDSGGSTKSTKSGGVW
ASTK 

CAGACGTGTGCTCTTCC
GATCT 

GATAGA
CA A 

CAGACGTGTGCTCTTCCGATCTGATAGACAASGDSGGSTKSTKS
GGVWASTK 

Capreomycidi
ne 495 

UF_miSeq_CPF13 
GASVTSHCRHCRHCRGG
SVTS 

CTACACGACGCTCTTCC
GATCT 

ATCATTC
C CTA 

CTACACGACGCTCTTCCGATCTATCATTCCCTAGASVTSHCRHCR
HCRGGSVTS UF_miSeq_CPR13 

SGDSGGSTKSTKSGGVW
ANTK 

CAGACGTGTGCTCTTCC
GATCT 

CAAGAC
TA CTA 

CAGACGTGTGCTCTTCCGATCTCAAGACTACTASGDSGGSTKST
KSGGVWANTK 

Capreomycidi
ne 495 

UF_miSeq_CPF14 
GANVTSHCSHCSHCSGG
SVTS 

CTACACGACGCTCTTCC
GATCT 

AGCCAT
GC GATA 

CTACACGACGCTCTTCCGATCTAGCCATGCGATAGANVTSHCSHC
SHCSGGSVTS UF_miSeq_CPR14 

SGDSGGSTKSTKNGGVW
ANTK 

CAGACGTGTGCTCTTCC
GATCT 

GTCGTA
GA GATA 

CAGACGTGTGCTCTTCCGATCTGTCGTAGAGATASGDSGGSTKS
TKNGGVWANTK 

Capreomycidi
ne 495 

UF_miSeq_EndurF01 
AGGGSATGCCCAARCAG
TTCG 

CTACACGACGCTCTTCC
GATCT 

ACAGAT
TC CTA 

CTACACGACGCTCTTCCGATCTACAGATTCCTAAGGGSATGCCCA
ARCAGTTCG 

UF_miSeq_Endur
R01 

ARSGTCTCSSCRTASGM
GAAC 

CAGACGTGTGCTCTTCC
GATCT 

ACAGAT
TC CTA 

CAGACGTGTGCTCTTCCGATCTACAGATTCCTAARSGTCTCSSCR
TASGMGAAC Enduracidine 464 

UF_miSeq_EndurF02 
CAGGGSATGCCSAARCA
RTTY 

CTACACGACGCTCTTCC
GATCT 

CGACTG
GA GATA 

CTACACGACGCTCTTCCGATCTCGACTGGAGATACAGGGSATGC
CSAARCARTTY 

UF_miSeq_Endur
R02 

SAASGTYTCSCCRTASGA
RAA 

CAGACGTGTGCTCTTCC
GATCT 

CGACTG
GA GATA 

CAGACGTGTGCTCTTCCGATCTCGACTGGAGATASAASGTYTCS
CCRTASGARAA Enduracidine 464 

UF_miSeq_EndurF03 
CARGGSATGCCVAARCA
RTTY 

CTACACGACGCTCTTCC
GATCT 

CAAGGA
GC A 

CTACACGACGCTCTTCCGATCTCAAGGAGCACARGGSATGCCVA
ARCARTTY 

UF_miSeq_Endur
R03 

BAABGTYTCSCCRTASGA
RAA 

CAGACGTGTGCTCTTCC
GATCT 

CAAGGA
GC A 

CAGACGTGTGCTCTTCCGATCTCAAGGAGCABAABGTYTCSCCR
TASGARAA Enduracidine 464 

UF_miSeq_EndurF04 
CARGGNATGCCNAARCA
RTTY 

CTACACGACGCTCTTCC
GATCT 

TGGCTT
CA TC 

CTACACGACGCTCTTCCGATCTTGGCTTCATCCARGGNATGCCNA
ARCARTTY 

UF_miSeq_Endur
R04 

NARNGTYTCNCCRTARC
TRAA 

CAGACGTGTGCTCTTCC
GATCT 

TGGCTT
CA TC 

CAGACGTGTGCTCTTCCGATCTTGGCTTCATCNARNGTYTCNCC
RTARCTRAA Enduracidine 464 

UF_miSeq_EndurF05 
CARGGSATGCCSAARCA
RTTY 

CTACACGACGCTCTTCC
GATCT 

GAGCTG
AA A 

CTACACGACGCTCTTCCGATCTGAGCTGAAACARGGSATGCCSA
ARCARTTY 

UF_miSeq_Endur
R05 

SAASGTTTCSCCGTASGA
GAA 

CAGACGTGTGCTCTTCC
GATCT 

AAGAGA
TC A 

CAGACGTGTGCTCTTCCGATCTAAGAGATCASAASGTTTCSCCGT
ASGAGAA Enduracidine 464 

UF_miSeq_EndurF06 
CARGGSATGCCVAARCA
RTTY 

CTACACGACGCTCTTCC
GATCT 

CTGTAG
CC TC 

CTACACGACGCTCTTCCGATCTCTGTAGCCTCCARGGSATGCCVA
ARCARTTY 

UF_miSeq_Endur
R06 

SAASGTYTCSCCRTASGA
GAA 

CAGACGTGTGCTCTTCC
GATCT 

ACAGAT
TC TC 

CAGACGTGTGCTCTTCCGATCTACAGATTCTCSAASGTYTCSCCR
TASGAGAA Enduracidine 464 

UF_miSeq_EndurF07 
CARGGVATGCCVAARCA
RTTY 

CTACACGACGCTCTTCC
GATCT 

ACAGCA
GA CTA 

CTACACGACGCTCTTCCGATCTACAGCAGACTACARGGVATGCC
VAARCARTTY 

UF_miSeq_Endur
R07 

SAASGTYTCBCCRTASGA
RAA 

CAGACGTGTGCTCTTCC
GATCT 

TATCAG
CA CTA 

CAGACGTGTGCTCTTCCGATCTTATCAGCACTASAASGTYTCBCC
RTASGARAA Enduracidine 464 

UF_miSeq_EndurF08 
MASGGSATGCCSMASMA
STWS 

CTACACGACGCTCTTCC
GATCT 

ACACAG
AA GATA 

CTACACGACGCTCTTCCGATCTACACAGAAGATAMASGGSATGC
CSMASMASTWS 

UF_miSeq_Endur
R08 

BARBGTYTCBCCRTARCT
RAA 

CAGACGTGTGCTCTTCC
GATCT 

CGCATA
CA GATA 

CAGACGTGTGCTCTTCCGATCTCGCATACAGATABARBGTYTCB
CCRTARCTRAA Enduracidine 464 

UF_miSeq_EndurF09 
MANGGSATGCCSMASMA
STWB 

CTACACGACGCTCTTCC
GATCT 

CTCAAT
GA A 

CTACACGACGCTCTTCCGATCTCTCAATGAAMANGGSATGCCSM
ASMASTWB 

UF_miSeq_Endur
R09 

SABYGDSTCSCCSWARG
DSAA 

CAGACGTGTGCTCTTCC
GATCT 

AAGGAC
AC A 

CAGACGTGTGCTCTTCCGATCTAAGGACACASABYGDSTCSCCS
WARGDSAA Enduracidine 464 

UF_miSeq_EndurF10 
MANGGNATGCCSMASMA
STWB 

CTACACGACGCTCTTCC
GATCT 

CAAGGA
GC CTA 

CTACACGACGCTCTTCCGATCTCAAGGAGCCTAMANGGNATGCC
SMASMASTWB 

UF_miSeq_Endur
R10 

SABYGDSTCSCCSWAYG
DSWA 

CAGACGTGTGCTCTTCC
GATCT 

CCATCC
TC CTA 

CAGACGTGTGCTCTTCCGATCTCCATCCTCCTASABYGDSTCSC
CSWAYGDSWA Enduracidine 464 

UF_miSeq_EndurF11 
MANGGNATGCCSMANMA
STWB 

CTACACGACGCTCTTCC
GATCT 

ATGCCT
AA GATA 

CTACACGACGCTCTTCCGATCTATGCCTAAGATAMANGGNATGC
CSMANMASTWB 

UF_miSeq_Endur
R11 

SABSGDSTCSCCVWASG
DVWA 

CAGACGTGTGCTCTTCC
GATCT 

CCAGTT
CA GATA 

CAGACGTGTGCTCTTCCGATCTCCAGTTCAGATASABSGDSTCS
CCVWASGDVWA Enduracidine 464 

UF_miSeq_EndurF12 
MANGGNATGCCSMANMA
NTWB 

CTACACGACGCTCTTCC
GATCT 

CACCTT
AC A 

CTACACGACGCTCTTCCGATCTCACCTTACAMANGGNATGCCSM
ANMANTWB 

UF_miSeq_Endur
R12 

SABSGDSTCSCCVWANG
DVWA 

CAGACGTGTGCTCTTCC
GATCT 

ACCACT
GT A 

CAGACGTGTGCTCTTCCGATCTACCACTGTASABSGDSTCSCCV
WANGDVWA Enduracidine 464 

UF_miSeq_IsoNitriF01 
CCAAGCATTACTKCGYTG
RAT 

CTACACGACGCTCTTCC
GATCT 

AGGCTA
AC GATA 

CTACACGACGCTCTTCCGATCTAGGCTAACGATACCAAGCATTAC
TKCGYTGRAT 

UF_miSeq_IsoNitri
R01 

AGCCAATTCATTTTATTC
TCC 

CAGACGTGTGCTCTTCC
GATCT 

AGGCTA
AC GATA 

CAGACGTGTGCTCTTCCGATCTAGGCTAACGATAAGCCAATTCA
TTTTATTCTCC Isonitrile 

 

UF_miSeq_IsoNitriF02 
GAYATYAGYAGCAGCGG
SGTS 

CTACACGACGCTCTTCC
GATCT 

CCATCC
TC CTA 

CTACACGACGCTCTTCCGATCTCCATCCTCCTAGAYATYAGYAGC
AGCGGSGTS 

UF_miSeq_IsoNitri
R02 

ACTSGGGTTRTGSGGRA
ARTT 

CAGACGTGTGCTCTTCC
GATCT 

CCATCC
TC CTA 

CAGACGTGTGCTCTTCCGATCTCCATCCTCCTAACTSGGGTTRT
GSGGRAARTT Isonitrile 

 

UF_miSeq_IsoNitriF03 
GAYATHAGYAGYAGYGG
VGTS 

CTACACGACGCTCTTCC
GATCT 

GTACGC
AA GATA 

CTACACGACGCTCTTCCGATCTGTACGCAAGATAGAYATHAGYAG
YAGYGGVGTS 

UF_miSeq_IsoNitri
R03 

RCTSGGRTTRTGBGGRA
ARTT 

CAGACGTGTGCTCTTCC
GATCT 

GTACGC
AA GATA 

CAGACGTGTGCTCTTCCGATCTGTACGCAAGATARCTSGGRTTR
TGBGGRAARTT Isonitrile 

 

UF_miSeq_IsoNitriF04 
GAYATHAGYAGYAGYGG
NGTN 

CTACACGACGCTCTTCC
GATCT 

GTGTTC
TA A 

CTACACGACGCTCTTCCGATCTGTGTTCTAAGAYATHAGYAGYAG
YGGNGTN 

UF_miSeq_IsoNitri
R04 

RCTNGGRTTRTGNGGRA
ARTT 

CAGACGTGTGCTCTTCC
GATCT 

GTGTTC
TA A 

CAGACGTGTGCTCTTCCGATCTGTGTTCTAARCTNGGRTTRTGN
GGRAARTT Isonitrile 

 

UF_miSeq_IsoNitriF05 
GAYATYAGYAGYAGYGG
SGTS 

CTACACGACGCTCTTCC
GATCT 

GATAGA
CA TC 

CTACACGACGCTCTTCCGATCTGATAGACATCGAYATYAGYAGYA
GYGGSGTS 

UF_miSeq_IsoNitri
R05 

RCTSGGRTTRTGSGGRA
ARTT 

CAGACGTGTGCTCTTCC
GATCT 

TAGGAT
GA TC 

CAGACGTGTGCTCTTCCGATCTTAGGATGATCRCTSGGRTTRTG
SGGRAARTT Isonitrile 

 

UF_miSeq_IsoNitriF06 
GASCCSVTSMASTWSVTS
VTS 

CTACACGACGCTCTTCC
GATCT 

CAACCA
CA CTA 

CTACACGACGCTCTTCCGATCTCAACCACACTAGASCCSVTSMAS
TWSVTSVTS 

UF_miSeq_IsoNitri
R06 

SWASGCSTKYGDSCGST
KSAB 

CAGACGTGTGCTCTTCC
GATCT 

CAAGGA
GC CTA 

CAGACGTGTGCTCTTCCGATCTCAAGGAGCCTASWASGCSTKYG
DSCGSTKSAB Isonitrile 

 

UF_miSeq_IsoNitriF07 
GANCCSVTSMASTWBVT
SVTS 

CTACACGACGCTCTTCC
GATCT 

CAGATC
TG GATA 

CTACACGACGCTCTTCCGATCTCAGATCTGGATAGANCCSVTSMA
STWBVTSVTS 

UF_miSeq_IsoNitri
R07 

VWASGCSTKSGDSCGST
KNAB 

CAGACGTGTGCTCTTCC
GATCT 

AACGCT
TA GATA 

CAGACGTGTGCTCTTCCGATCTAACGCTTAGATAVWASGCSTKS
GDSCGSTKNAB Isonitrile 

 

UF_miSeq_IsoNitriF08 
GANCCNVTSMASTWBVT
SVTS 

CTACACGACGCTCTTCC
GATCT 

CGCATA
CA A 

CTACACGACGCTCTTCCGATCTCGCATACAAGANCCNVTSMAST
WBVTSVTS 

UF_miSeq_IsoNitri
R08 

VWASGCSTKSGDSCGNT
KNAB 

CAGACGTGTGCTCTTCC
GATCT 

CAACCA
CA A 

CAGACGTGTGCTCTTCCGATCTCAACCACAAVWASGCSTKSGDS
CGNTKNAB Isonitrile 

 

UF_miSeq_IsoPenF01 
GTCCTGGTGYTAYCTGAA
CCC 

CTACACGACGCTCTTCC
GATCT 

TGGAAC
AA A 

CTACACGACGCTCTTCCGATCTTGGAACAAAGTCCTGGTGYTAYC
TGAACCC 

UF_miSeq_IsoPen
R01 

CTCGACCTGSAGGTTCT
GYAC 

CAGACGTGTGCTCTTCC
GATCT 

TGGAAC
AA A 

CAGACGTGTGCTCTTCCGATCTTGGAACAAACTCGACCTGSAGG
TTCTGYAC Isopenicillin 

 

UF_miSeq_IsoPenF02 
GTCCTKSTGYTAYCTGAA
CCC 

CTACACGACGCTCTTCC
GATCT 

CAGCGT
TA TC 

CTACACGACGCTCTTCCGATCTCAGCGTTATCGTCCTKSTGYTAY
CTGAACCC 

UF_miSeq_IsoPen
R02 

CTCGAMCTGSAGGKTCT
GYAC 

CAGACGTGTGCTCTTCC
GATCT 

CAGCGT
TA TC 

CAGACGTGTGCTCTTCCGATCTCAGCGTTATCCTCGAMCTGSAG
GKTCTGYAC Isopenicillin 

 

UF_miSeq_IsoPenF03 
RTCCTKSYSYTAYCYGAA
CCC 

CTACACGACGCTCTTCC
GATCT 

TAGGAT
GA CTA 

CTACACGACGCTCTTCCGATCTTAGGATGACTARTCCTKSYSYTA
YCYGAACCC 

UF_miSeq_IsoPen
R03 

CTCSAMCTGSAGGKTCK
SYAC 

CAGACGTGTGCTCTTCC
GATCT 

TAGGAT
GA CTA 

CAGACGTGTGCTCTTCCGATCTTAGGATGACTACTCSAMCTGSA
GGKTCKSYAC Isopenicillin 

 

UF_miSeq_IsoPenF04 
AGYTGGTGYTAYYTVAAY
CCV 

CTACACGACGCTCTTCC
GATCT 

AAGAGA
TC TC 

CTACACGACGCTCTTCCGATCTAAGAGATCTCAGYTGGTGYTAYY
TVAAYCCV 

UF_miSeq_IsoPen
R04 

YTCBACYTGBARRTTYTG
BAC 

CAGACGTGTGCTCTTCC
GATCT 

AAGAGA
TC TC 

CAGACGTGTGCTCTTCCGATCTAAGAGATCTCYTCBACYTGBAR
RTTYTGBAC Isopenicillin 

 



Annex  |  121 

PrimerNameF PrimerF MiSeq_Fadaptor BarcodeF 
Space
rF Full_SEQ_F PrimerNameR PrimerR MiSeq_R_adaptor 

Barcode
R 

Space
rR Full_SEQ_R Target 

AmpliconLen
ght 

UF_miSeq_IsoPenF05 
AGYTGGTGYTAYYTNAAY
CCN 

CTACACGACGCTCTTCC
GATCT 

AGTCAC
TA CTA 

CTACACGACGCTCTTCCGATCTAGTCACTACTAAGYTGGTGYTAY
YTNAAYCCN 

UF_miSeq_IsoPen
R05 

YTCNACYTGNARRTTYTG
NAC 

CAGACGTGTGCTCTTCC
GATCT 

AGTCAC
TA CTA 

CAGACGTGTGCTCTTCCGATCTAGTCACTACTAYTCNACYTGNAR
RTTYTGNAC Isopenicillin 

 

UF_miSeq_IsoPenF06 
HCRTWSTGYTWSVTSMA
SCCS 

CTACACGACGCTCTTCC
GATCT 

ACAGCA
GA CTA 

CTACACGACGCTCTTCCGATCTACAGCAGACTAHCRTWSTGYTW
SVTSMASCCS 

UF_miSeq_IsoPen
R06 

STCSABSTKSABSTKSTK
SAB 

CAGACGTGTGCTCTTCC
GATCT 

AGCAGG
AA CTA 

CAGACGTGTGCTCTTCCGATCTAGCAGGAACTASTCSABSTKSAB
STKSTKSAB Isopenicillin 

 

UF_miSeq_IsoPenF07 
HCSTWSTGYTWSVTSMA
SCCS 

CTACACGACGCTCTTCC
GATCT 

CCAGTT
CA GATA 

CTACACGACGCTCTTCCGATCTCCAGTTCAGATAHCSTWSTGYT
WSVTSMASCCS 

UF_miSeq_IsoPen
R07 

STCSABSTKSABSTKSTK
SAB 

CAGACGTGTGCTCTTCC
GATCT 

CAAGGA
GC GATA 

CAGACGTGTGCTCTTCCGATCTCAAGGAGCGATASTCSABSTKS
ABSTKSTKSAB Isopenicillin 

 

UF_miSeq_IsoPenF08 
HCNTWBTGYTWBVTSMA
SCCS 

CTACACGACGCTCTTCC
GATCT 

AGTCAC
TA A 

CTACACGACGCTCTTCCGATCTAGTCACTAAHCNTWBTGYTWBVT
SMASCCS 

UF_miSeq_IsoPen
R08 

STCSABSTKSABSTKSTK
NAB 

CAGACGTGTGCTCTTCC
GATCT 

GCTCGG
TA A 

CAGACGTGTGCTCTTCCGATCTGCTCGGTAASTCSABSTKSABST
KSTKNAB Isopenicillin 

 
UF_miSeq_NRPADF0
1 

CGTGATGTACACGTCCG
GCTC 

CTACACGACGCTCTTCC
GATCT 

CGACAC
AC TC 

CTACACGACGCTCTTCCGATCTCGACACACTCCGTGATGTACACG
TCCGGCTC 

UF_miSeq_NRPA
DR1 

CACGAACCGYTCCGCSG
TCAG 

CAGACGTGTGCTCTTCC
GATCT 

CGACAC
AC TC 

CAGACGTGTGCTCTTCCGATCTCGACACACTCCACGAACCGYTC
CGCSGTCAG NRPAD 707 

UF_miSeq_NRPADF0
2 

CGTSATSTACACSTCCGG
CTC 

CTACACGACGCTCTTCC
GATCT 

CCGAAG
TA CTA 

CTACACGACGCTCTTCCGATCTCCGAAGTACTACGTSATSTACAC
STCCGGCTC 

UF_miSeq_NRPA
DR02 

CASGAACCGYTCSGCSG
TCAG 

CAGACGTGTGCTCTTCC
GATCT 

CCGAAG
TA CTA 

CAGACGTGTGCTCTTCCGATCTCCGAAGTACTACASGAACCGYT
CSGCSGTCAG NRPAD 707 

UF_miSeq_NRPADF0
3 

YSTSAYSTACACSTCCGG
CWC 

CTACACGACGCTCTTCC
GATCT 

AGCACC
TC GATA 

CTACACGACGCTCTTCCGATCTAGCACCTCGATAYSTSAYSTACA
CSTCCGGCWC 

UF_miSeq_NRPA
DR03 

SASGAAMCGYTCSGCSG
TCAG 

CAGACGTGTGCTCTTCC
GATCT 

AGCACC
TC GATA 

CAGACGTGTGCTCTTCCGATCTAGCACCTCGATASASGAAMCGY
TCSGCSGTCAG NRPAD 707 

UF_miSeq_NRPADF0
4 

GTVATGTAYACVAGYGGV
AGY 

CTACACGACGCTCTTCC
GATCT 

GATGAA
TC GATA 

CTACACGACGCTCTTCCGATCTGATGAATCGATAGTVATGTAYAC
VAGYGGVAGY 

UF_miSeq_NRPA
DR04 

BACRAABCKYTCBGCBG
TBAR 

CAGACGTGTGCTCTTCC
GATCT 

CTGAGC
CA GATA 

CAGACGTGTGCTCTTCCGATCTCTGAGCCAGATABACRAABCKY
TCBGCBGTBAR NRPAD 707 

UF_miSeq_NRPADF0
5 

GTNATGTAYACNAGYGG
NAGY 

CTACACGACGCTCTTCC
GATCT 

GACAGT
GC A 

CTACACGACGCTCTTCCGATCTGACAGTGCAGTNATGTAYACNAG
YGGNAGY 

UF_miSeq_NRPA
DR05 

NACRAANCKYTCNGCNG
TNAR 

CAGACGTGTGCTCTTCC
GATCT 

CTGGCA
TA A 

CAGACGTGTGCTCTTCCGATCTCTGGCATAANACRAANCKYTCN
GCNGTNAR NRPAD 707 

UF_miSeq_NRPADF0
6 

VTSATGTWSHCRHCRGG
SACY 

CTACACGACGCTCTTCC
GATCT 

AGTACA
AG TC 

CTACACGACGCTCTTCCGATCTAGTACAAGTCVTSATGTWSHCRH
CRGGSACY 

UF_miSeq_NRPA
DR06 

SACRAASCKYTCBGCBG
TBAR 

CAGACGTGTGCTCTTCC
GATCT 

AACCGA
GA TC 

CAGACGTGTGCTCTTCCGATCTAACCGAGATCSACRAASCKYTC
BGCBGTBAR NRPAD 707 

UF_miSeq_NRPADF0
7 

VTSATGTWSHCRHCRGG
SHCR 

CTACACGACGCTCTTCC
GATCT 

GCTCGG
TA CTA 

CTACACGACGCTCTTCCGATCTGCTCGGTACTAVTSATGTWSHCR
HCRGGSHCR 

UF_miSeq_NRPA
DR07 

SABSWASCGSTCSGCYG
DSAB 

CAGACGTGTGCTCTTCC
GATCT 

GTCGTA
GA CTA 

CAGACGTGTGCTCTTCCGATCTGTCGTAGACTASABSWASCGST
CSGCYGDSAB NRPAD 707 

UF_miSeq_NRPADF0
8 

VTSATGTWBHCSHCSGG
SHCS 

CTACACGACGCTCTTCC
GATCT 

CGCATA
CA GATA 

CTACACGACGCTCTTCCGATCTCGCATACAGATAVTSATGTWBHC
SHCSGGSHCS 

UF_miSeq_NRPA
DR08 

SABVWASCGSTCSGCSG
DNAB 

CAGACGTGTGCTCTTCC
GATCT 

GAGTTA
GC GATA 

CAGACGTGTGCTCTTCCGATCTGAGTTAGCGATASABVWASCGS
TCSGCSGDNAB NRPAD 707 

UF_miSeq_NRPADF0
9 

VTNATGTWBHCSHCSGG
SHCS 

CTACACGACGCTCTTCC
GATCT 

AAACAT
CG A 

CTACACGACGCTCTTCCGATCTAAACATCGAVTNATGTWBHCSHC
SGGSHCS 

UF_miSeq_NRPA
DR09 

SABVWASCGSTCSGCNG
DNAB 

CAGACGTGTGCTCTTCC
GATCT 

AGCCAT
GC A 

CAGACGTGTGCTCTTCCGATCTAGCCATGCASABVWASCGSTCS
GCNGDNAB NRPAD 707 

UF_miSeq_NRPCF01 
YCGYCACGATATCCTGC
GCAC 

CTACACGACGCTCTTCC
GATCT 

GCTAAC
GA A 

CTACACGACGCTCTTCCGATCTGCTAACGAAYCGYCACGATATCC
TGCGCAC 

UF_miSeq_NRPC
R01 

CAGCACSGTRCCGAACA
CCAC 

CAGACGTGTGCTCTTCC
GATCT 

GCTAAC
GA A 

CAGACGTGTGCTCTTCCGATCTGCTAACGAACAGCACSGTRCCG
AACACCAC NRPC 716 

UF_miSeq_NRPCF02 
NCGBCAYGAYATCCTGC
GCAC 

CTACACGACGCTCTTCC
GATCT 

AATCCG
TC TC 

CTACACGACGCTCTTCCGATCTAATCCGTCTCNCGBCAYGAYATC
CTGCGCAC 

UF_miSeq_NRPC
R02 

CARCACVGTRCCGAAYA
CCAC 

CAGACGTGTGCTCTTCC
GATCT 

AATCCG
TC TC 

CAGACGTGTGCTCTTCCGATCTAATCCGTCTCCARCACVGTRCC
GAAYACCAC NRPC 716 

UF_miSeq_NRPCF03 
NCGBCAYGAYATYCTGC
GCAC 

CTACACGACGCTCTTCC
GATCT 

GTCTGT
CA CTA 

CTACACGACGCTCTTCCGATCTGTCTGTCACTANCGBCAYGAYAT
YCTGCGCAC 

UF_miSeq_NRPC
R03 

CARCACVGWVCCGAABA
CCAC 

CAGACGTGTGCTCTTCC
GATCT 

GTCTGT
CA CTA 

CAGACGTGTGCTCTTCCGATCTGTCTGTCACTACARCACVGWVC
CGAABACCAC NRPC 716 

UF_miSeq_NRPCF04 
NCGBCAYGAYATYYTRCG
YAC 

CTACACGACGCTCTTCC
GATCT 

GAGTTA
GC GATA 

CTACACGACGCTCTTCCGATCTGAGTTAGCGATANCGBCAYGAYA
TYYTRCGYAC 

UF_miSeq_NRPC
R04 

YARCACVGWVCCRAABA
CSAC 

CAGACGTGTGCTCTTCC
GATCT 

GAGTTA
GC GATA 

CAGACGTGTGCTCTTCCGATCTGAGTTAGCGATAYARCACVGWV
CCRAABACSAC NRPC 716 

UF_miSeq_NRPCF05 
MGVCAYGAYATHYTVMG
VACV 

CTACACGACGCTCTTCC
GATCT 

ATTGAG
GA TC 

CTACACGACGCTCTTCCGATCTATTGAGGATCMGVCAYGAYATHY
TVMGVACV 

UF_miSeq_NRPC
R05 

BARBACBGTBCCRAABA
CBAC 

CAGACGTGTGCTCTTCC
GATCT 

GAATCT
GA TC 

CAGACGTGTGCTCTTCCGATCTGAATCTGATCBARBACBGTBCC
RAABACBAC NRPC 716 

UF_miSeq_NRPCF06 
MGNCAYGAYATHYTNMG
NACN 

CTACACGACGCTCTTCC
GATCT 

ATTGGC
TC CTA 

CTACACGACGCTCTTCCGATCTATTGGCTCCTAMGNCAYGAYATH
YTNMGNACN 

UF_miSeq_NRPC
R06 

NARNACNGTNCCRAANA
CNAC 

CAGACGTGTGCTCTTCC
GATCT 

CAAGAC
TA CTA 

CAGACGTGTGCTCTTCCGATCTCAAGACTACTANARNACNGTNC
CRAANACNAC NRPC 716 

UF_miSeq_NRPCF07 
CGSCAYGACATCCTSCG
SACS 

CTACACGACGCTCTTCC
GATCT 

AAACAT
CG CTA 

CTACACGACGCTCTTCCGATCTAAACATCGCTACGSCAYGACATC
CTSCGSACS 

UF_miSeq_NRPC
R07 

SAGSACGGTSCCGAASA
CCAC 

CAGACGTGTGCTCTTCC
GATCT 

GAGTTA
GC CTA 

CAGACGTGTGCTCTTCCGATCTGAGTTAGCCTASAGSACGGTSC
CGAASACCAC NRPC 716 

UF_miSeq_NRPCF08 
MGSCAYGACATCCTSMG
SACS 

CTACACGACGCTCTTCC
GATCT 

CAGATC
TG GATA 

CTACACGACGCTCTTCCGATCTCAGATCTGGATAMGSCAYGACAT
CCTSMGSACS 

UF_miSeq_NRPC
R08 

SAGSACSGTSCCGAASA
CSAC 

CAGACGTGTGCTCTTCC
GATCT 

TGAAGA
GA GATA 

CAGACGTGTGCTCTTCCGATCTTGAAGAGAGATASAGSACSGTS
CCGAASACSAC NRPC 716 

UF_miSeq_NRPCF09 
MGSCAYGAYATYYTSMG
VACS 

CTACACGACGCTCTTCC
GATCT 

GCTCGG
TA A 

CTACACGACGCTCTTCCGATCTGCTCGGTAAMGSCAYGAYATYYT
SMGVACS 

UF_miSeq_NRPC
R09 

SARSACSGTBCCRAASA
CBAC 

CAGACGTGTGCTCTTCC
GATCT 

GACTAG
TA A 

CAGACGTGTGCTCTTCCGATCTGACTAGTAASARSACSGTBCCR
AASACBAC NRPC 716 

UF_miSeq_NRPCF10 
MGSCAYGAYATHYTVMG
VACS 

CTACACGACGCTCTTCC
GATCT 

AGATGT
AC TC 

CTACACGACGCTCTTCCGATCTAGATGTACTCMGSCAYGAYATHY
TVMGVACS 

UF_miSeq_NRPC
R10 

BARBACBGTBCCRAASA
CBAC 

CAGACGTGTGCTCTTCC
GATCT 

AGATCG
CA TC 

CAGACGTGTGCTCTTCCGATCTAGATCGCATCBARBACBGTBCC
RAASACBAC NRPC 716 

UF_miSeq_NRPCF11 
CGSMASGASVTSVTSCGS
HCR 

CTACACGACGCTCTTCC
GATCT 

AAGGAC
AC CTA 

CTACACGACGCTCTTCCGATCTAAGGACACCTACGSMASGASVTS
VTSCGSHCR 

UF_miSeq_NRPC
R11 

BARBACBGTBCCRAASA
CNAC 

CAGACGTGTGCTCTTCC
GATCT 

CGCTGA
TC CTA 

CAGACGTGTGCTCTTCCGATCTCGCTGATCCTABARBACBGTBC
CRAASACNAC NRPC 716 

UF_miSeq_NRPCF12 
CGNMASGASVTSVTSCG
SHCS 

CTACACGACGCTCTTCC
GATCT 

ATAGCG
AC GATA 

CTACACGACGCTCTTCCGATCTATAGCGACGATACGNMASGASVT
SVTSCGSHCS 

UF_miSeq_NRPC
R12 

BARBACBGTBCCRAANA
CNAC 

CAGACGTGTGCTCTTCC
GATCT 

GGAGAA
CA GATA 

CAGACGTGTGCTCTTCCGATCTGGAGAACAGATABARBACBGTB
CCRAANACNAC NRPC 716 

UF_miSeq_NRPCF13 
CGNMANGASVTSVTSCG
SHCS 

CTACACGACGCTCTTCC
GATCT 

TCTTCA
CA A 

CTACACGACGCTCTTCCGATCTTCTTCACAACGNMANGASVTSVT
SCGSHCS 

UF_miSeq_NRPC
R13 

SABSABYGDSCCSWASA
BSAB 

CAGACGTGTGCTCTTCC
GATCT 

ACGCTC
GA A 

CAGACGTGTGCTCTTCCGATCTACGCTCGAASABSABYGDSCCS
WASABSAB NRPC 716 

UF_miSeq_PEPF01 
GAGGACAAGRTCTTCCC
SAAG 

CTACACGACGCTCTTCC
GATCT 

TGGTGG
TA GATA 

CTACACGACGCTCTTCCGATCTTGGTGGTAGATAGAGGACAAGR
TCTTCCCSAAG 

UF_miSeq_PEPR
01 

GCATGCTGTGGTTGGCC
CAGA 

CAGACGTGTGCTCTTCC
GATCT 

TGGTGG
TA GATA 

CAGACGTGTGCTCTTCCGATCTTGGTGGTAGATAGCATGCTGTG
GTTGGCCCAGA Phosphono 449 

UF_miSeq_PEPF02 
GARGACAAGVTSTTCCCS
AAG 

CTACACGACGCTCTTCC
GATCT 

TATCAG
CA A 

CTACACGACGCTCTTCCGATCTTATCAGCAAGARGACAAGVTSTT
CCCSAAG 

UF_miSeq_PEPR
02 

GCAKSSCSTGGTTSGCG
TAGA 

CAGACGTGTGCTCTTCC
GATCT 

TATCAG
CA A 

CAGACGTGTGCTCTTCCGATCTTATCAGCAAGCAKSSCSTGGTTS
GCGTAGA Phosphono 449 

UF_miSeq_PEPF03 
GARGAYAAGVWVTTYCC
BAAR 

CTACACGACGCTCTTCC
GATCT 

ATCCTG
TA TC 

CTACACGACGCTCTTCCGATCTATCCTGTATCGARGAYAAGVWVT
TYCCBAAR 

UF_miSeq_PEPR
03 

GCAKSSYSTGGTTSGCS
YAGA 

CAGACGTGTGCTCTTCC
GATCT 

ATCCTG
TA TC 

CAGACGTGTGCTCTTCCGATCTATCCTGTATCGCAKSSYSTGGTT
SGCSYAGA Phosphono 449 
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UF_miSeq_PEPF04 
GARGAYAARGTSTTYCCS
AAR 

CTACACGACGCTCTTCC
GATCT 

CCAGTT
CA GATA 

CTACACGACGCTCTTCCGATCTCCAGTTCAGATAGARGAYAARGT
STTYCCSAAR 

UF_miSeq_PEPR
04 

BARSGCRTGRTTSGCRT
ARAT 

CAGACGTGTGCTCTTCC
GATCT 

GAGCTG
AA GATA 

CAGACGTGTGCTCTTCCGATCTGAGCTGAAGATABARSGCRTGR
TTSGCRTARAT Phosphono 449 

UF_miSeq_PEPF05 
GARGAYAARGTNTTYCCN
AAR 

CTACACGACGCTCTTCC
GATCT 

CTAAGG
TC A 

CTACACGACGCTCTTCCGATCTCTAAGGTCAGARGAYAARGTNTT
YCCNAAR 

UF_miSeq_PEPR
05 

NARNGCRTGRTTNGCRT
ADAT 

CAGACGTGTGCTCTTCC
GATCT 

CTGAGC
CA A 

CAGACGTGTGCTCTTCCGATCTCTGAGCCAANARNGCRTGRTTN
GCRTADAT Phosphono 449 

UF_miSeq_PEPF06 
GAGGACAAGSWSTTCCC
SAAG 

CTACACGACGCTCTTCC
GATCT 

CACTTC
GA CTA 

CTACACGACGCTCTTCCGATCTCACTTCGACTAGAGGACAAGSW
STTCCCSAAG 

UF_miSeq_PEPR
06 

SAGSGCGTGGTTSGCGT
ARAT 

CAGACGTGTGCTCTTCC
GATCT 

AAGACG
GA CTA 

CAGACGTGTGCTCTTCCGATCTAAGACGGACTASAGSGCGTGGT
TSGCGTARAT Phosphono 449 

UF_miSeq_PEPF07 
GARGAYAAGSWVTTYCC
SAAR 

CTACACGACGCTCTTCC
GATCT 

GAGTTA
GC GATA 

CTACACGACGCTCTTCCGATCTGAGTTAGCGATAGARGAYAAGS
WVTTYCCSAAR 

UF_miSeq_PEPR
07 

SAGSGCRTKRTKSGCRT
ASAT 

CAGACGTGTGCTCTTCC
GATCT 

ACGCTC
GA GATA 

CAGACGTGTGCTCTTCCGATCTACGCTCGAGATASAGSGCRTKR
TKSGCRTASAT Phosphono 449 

UF_miSeq_PEPF08 
GASGASMASVTSTWSCC
SMAS 

CTACACGACGCTCTTCC
GATCT 

GCTAAC
GA A 

CTACACGACGCTCTTCCGATCTGCTAACGAAGASGASMASVTST
WSCCSMAS 

UF_miSeq_PEPR
08 

SABSGCSTKSTKSGCSTA
SAT 

CAGACGTGTGCTCTTCC
GATCT 

AGCAGG
AA A 

CAGACGTGTGCTCTTCCGATCTAGCAGGAAASABSGCSTKSTKS
GCSTASAT Phosphono 449 

UF_miSeq_PEPF09 
GANGASMASVTSTWBCC
SMAS 

CTACACGACGCTCTTCC
GATCT 

GATAGA
CA TC 

CTACACGACGCTCTTCCGATCTGATAGACATCGANGASMASVTST
WBCCSMAS 

UF_miSeq_PEPR
09 

SABSGCSTKSTKSGCSW
ASAB 

CAGACGTGTGCTCTTCC
GATCT 

TGAAGA
GA TC 

CAGACGTGTGCTCTTCCGATCTTGAAGAGATCSABSGCSTKSTKS
GCSWASAB Phosphono 449 

UF_miSeq_PEPF10 
GANGANMASVTSTWBCC
SMAS 

CTACACGACGCTCTTCC
GATCT 

ACAGCA
GA CTA 

CTACACGACGCTCTTCCGATCTACAGCAGACTAGANGANMASVTS
TWBCCSMAS 

UF_miSeq_PEPR
10 

SABSGCSTKSTKSGCVW
ANAB 

CAGACGTGTGCTCTTCC
GATCT 

CCATCC
TC CTA 

CAGACGTGTGCTCTTCCGATCTCCATCCTCCTASABSGCSTKSTK
SGCVWANAB Phosphono 449 

UF_miSeq_PEPF11 
GANGANMANVTSTWBCC
SMAS 

CTACACGACGCTCTTCC
GATCT 

ACAAGC
TA GATA 

CTACACGACGCTCTTCCGATCTACAAGCTAGATAGANGANMANVT
STWBCCSMAS 

UF_miSeq_PEPR
11 

SABSGCSTKSTKNGCVW
ANAB 

CAGACGTGTGCTCTTCC
GATCT 

CCGACA
AC GATA 

CAGACGTGTGCTCTTCCGATCTCCGACAACGATASABSGCSTKS
TKNGCVWANAB Phosphono 449 

UF_miSeq_PIPF01 
CTGCCGACSATCATCGG
CACS 

CTACACGACGCTCTTCC
GATCT 

GCTCGG
TA A 

CTACACGACGCTCTTCCGATCTGCTCGGTAACTGCCGACSATCAT
CGGCACS 

UF_miSeq_PIPR0
1 

TSGCSGTGCAGATGATG
TCGG 

CAGACGTGTGCTCTTCC
GATCT 

GCTCGG
TA A 

CAGACGTGTGCTCTTCCGATCTGCTCGGTAATSGCSGTGCAGAT
GATGTCGG PipecolicAcid 

 

UF_miSeq_PIPF02 
CTSCCSACSATCRTCGGV
ACS 

CTACACGACGCTCTTCC
GATCT 

CAATGG
AA TC 

CTACACGACGCTCTTCCGATCTCAATGGAATCCTSCCSACSATCR
TCGGVACS 

UF_miSeq_PIPR0
2 

TSRCSGTGCASAKSAYG
TCGG 

CAGACGTGTGCTCTTCC
GATCT 

CAATGG
AA TC 

CAGACGTGTGCTCTTCCGATCTCAATGGAATCTSRCSGTGCASA
KSAYGTCGG PipecolicAcid 

 

UF_miSeq_PIPF03 
CTVCCVACVATVATHGGC
ACV 

CTACACGACGCTCTTCC
GATCT 

CCTCCT
GA TC 

CTACACGACGCTCTTCCGATCTCCTCCTGATCCTVCCVACVATVA
THGGCACV 

UF_miSeq_PIPR0
3 

SGTSGCBGTRCADATDA
TRTC 

CAGACGTGTGCTCTTCC
GATCT 

CTGGCA
TA TC 

CAGACGTGTGCTCTTCCGATCTCTGGCATATCSGTSGCBGTRCA
DATDATRTC PipecolicAcid 

 

UF_miSeq_PIPF04 
CTVCCVACNATVATHGGC
ACN 

CTACACGACGCTCTTCC
GATCT 

CGACTG
GA CTA 

CTACACGACGCTCTTCCGATCTCGACTGGACTACTVCCVACNATV
ATHGGCACN 

UF_miSeq_PIPR0
4 

BGTBGCBGTRCADATDA
TRTC 

CAGACGTGTGCTCTTCC
GATCT 

GAATCT
GA CTA 

CAGACGTGTGCTCTTCCGATCTGAATCTGACTABGTBGCBGTRC
ADATDATRTC PipecolicAcid 

 

UF_miSeq_PIPF05 
YTNCCNACNATHATHGG
NACN 

CTACACGACGCTCTTCC
GATCT 

CAAGGA
GC GATA 

CTACACGACGCTCTTCCGATCTCAAGGAGCGATAYTNCCNACNAT
HATHGGNACN 

UF_miSeq_PIPR0
5 

NGTNGCNGTRCADATDA
TRTC 

CAGACGTGTGCTCTTCC
GATCT 

CAAGAC
TA GATA 

CAGACGTGTGCTCTTCCGATCTCAAGACTAGATANGTNGCNGTR
CADATDATRTC PipecolicAcid 

 

UF_miSeq_PIPF06 
CTGCCSACSATSATCGGC
ACS 

CTACACGACGCTCTTCC
GATCT 

ACGCTC
GA A 

CTACACGACGCTCTTCCGATCTACGCTCGAACTGCCSACSATSAT
CGGCACS 

UF_miSeq_PIPR0
6 

SGTSGCSGTRCAGATGA
TGTC 

CAGACGTGTGCTCTTCC
GATCT 

CCATCC
TC A 

CAGACGTGTGCTCTTCCGATCTCCATCCTCASGTSGCSGTRCAG
ATGATGTC PipecolicAcid 

 

UF_miSeq_PIPF07 
CTSCCSACSATVATCGGC
ACS 

CTACACGACGCTCTTCC
GATCT 

CGAACT
TA CTA 

CTACACGACGCTCTTCCGATCTCGAACTTACTACTSCCSACSATV
ATCGGCACS 

UF_miSeq_PIPR0
7 

SGTSGCSGTRCARATRA
TGTC 

CAGACGTGTGCTCTTCC
GATCT 

ATCATTC
C CTA 

CAGACGTGTGCTCTTCCGATCTATCATTCCCTASGTSGCSGTRCA
RATRATGTC PipecolicAcid 

 

UF_miSeq_PIPF08 
CTVCCSACSATVATHGGC
ACS 

CTACACGACGCTCTTCC
GATCT 

AGATGT
AC GATA 

CTACACGACGCTCTTCCGATCTAGATGTACGATACTVCCSACSAT
VATHGGCACS 

UF_miSeq_PIPR0
8 

BGTSGCSGTRCADATDA
TRTC 

CAGACGTGTGCTCTTCC
GATCT 

GTGTTC
TA GATA 

CAGACGTGTGCTCTTCCGATCTGTGTTCTAGATABGTSGCSGTR
CADATDATRTC PipecolicAcid 

 

UF_miSeq_PIPF09 
YTSCCVACVATHATHGGV
ACV 

CTACACGACGCTCTTCC
GATCT 

TCTTCA
CA A 

CTACACGACGCTCTTCCGATCTTCTTCACAAYTSCCVACVATHATH
GGVACV 

UF_miSeq_PIPR0
9 

BGTNGCSGTRCADATDA
TRTC 

CAGACGTGTGCTCTTCC
GATCT 

GACTAG
TA A 

CAGACGTGTGCTCTTCCGATCTGACTAGTAABGTNGCSGTRCAD
ATDATRTC PipecolicAcid 

 

UF_miSeq_PIPF10 
YTNCCVACVATHATHGGV
ACV 

CTACACGACGCTCTTCC
GATCT 

ACTATG
CA TC 

CTACACGACGCTCTTCCGATCTACTATGCATCYTNCCVACVATHA
THGGVACV 

UF_miSeq_PIPR1
0 

YGDSGCYGDRCASABSA
BSTC 

CAGACGTGTGCTCTTCC
GATCT 

CGAACT
TA TC 

CAGACGTGTGCTCTTCCGATCTCGAACTTATCYGDSGCYGDRCA
SABSABSTC PipecolicAcid 

 

UF_miSeq_PIPF11 
VTSCCSHCRVTSVTSGGS
HCR 

CTACACGACGCTCTTCC
GATCT 

GACAGT
GC CTA 

CTACACGACGCTCTTCCGATCTGACAGTGCCTAVTSCCSHCRVTS
VTSGGSHCR 

UF_miSeq_PIPR1
1 

SGDSGCSGDRCASABSA
BNTC 

CAGACGTGTGCTCTTCC
GATCT 

AGATGT
AC CTA 

CAGACGTGTGCTCTTCCGATCTAGATGTACCTASGDSGCSGDRC
ASABSABNTC PipecolicAcid 

 

UF_miSeq_PIPF12 
VTNCCSHCSVTSVTSGGS
HCS 

CTACACGACGCTCTTCC
GATCT 

CTCAAT
GA GATA 

CTACACGACGCTCTTCCGATCTCTCAATGAGATAVTNCCSHCSVT
SVTSGGSHCS 

UF_miSeq_PIPR1
2 

SGDSGCSGDRCASABNA
BNTC 

CAGACGTGTGCTCTTCC
GATCT 

AATGTT
GC GATA 

CAGACGTGTGCTCTTCCGATCTAATGTTGCGATASGDSGCSGDR
CASABNABNTC PipecolicAcid 

 
UF_miSeq_PKSATF0
1 

GCCGGGCACTCSATCGG
TGAG 

CTACACGACGCTCTTCC
GATCT 

CCTCTA
TC CTA 

CTACACGACGCTCTTCCGATCTCCTCTATCCTAGCCGGGCACTCS
ATCGGTGAG 

UF_miSeq_PKSA
TR01 

CGCAGGTTSCGGTACCA
GTAK 

CAGACGTGTGCTCTTCC
GATCT 

CCTCTA
TC CTA 

CAGACGTGTGCTCTTCCGATCTCCTCTATCCTACGCAGGTTSCG
GTACCAGTAK PKSAT 537 

UF_miSeq_PKSATF0
2 

GTSGGSCAYTCSCAGGG
BGAG 

CTACACGACGCTCTTCC
GATCT 

CATACC
AA GATA 

CTACACGACGCTCTTCCGATCTCATACCAAGATAGTSGGSCAYTC
SCAGGGBGAG 

UF_miSeq_PKSA
TR02 

CGCAGGTTSCKGWACCA
GTAK 

CAGACGTGTGCTCTTCC
GATCT 

CATACC
AA GATA 

CAGACGTGTGCTCTTCCGATCTCATACCAAGATACGCAGGTTSC
KGWACCAGTAK PKSAT 537 

UF_miSeq_PKSATF0
3 

GYSGGSCAYTCSVWSGG
BGAG 

CTACACGACGCTCTTCC
GATCT 

ACACGA
CC A 

CTACACGACGCTCTTCCGATCTACACGACCAGYSGGSCAYTCSV
WSGGBGAG 

UF_miSeq_PKSA
TR03 

CGCASRTKSCKGWMCCA
GTAB 

CAGACGTGTGCTCTTCC
GATCT 

ACACGA
CC A 

CAGACGTGTGCTCTTCCGATCTACACGACCACGCASRTKSCKGW
MCCAGTAB PKSAT 537 

UF_miSeq_PKSATF0
4 

GTSGGSCAYAGYCARGG
SGAR 

CTACACGACGCTCTTCC
GATCT 

TGGCTT
CA A 

CTACACGACGCTCTTCCGATCTTGGCTTCAAGTSGGSCAYAGYCA
RGGSGAR 

UF_miSeq_PKSA
TR04 

SCKSARRTTSCKRTACCA
RTA 

CAGACGTGTGCTCTTCC
GATCT 

GAGCTG
AA A 

CAGACGTGTGCTCTTCCGATCTGAGCTGAAASCKSARRTTSCKR
TACCARTA PKSAT 537 

UF_miSeq_PKSATF0
5 

GTNGGNCAYAGYCARGG
NGAR 

CTACACGACGCTCTTCC
GATCT 

CCATCC
TC TC 

CTACACGACGCTCTTCCGATCTCCATCCTCTCGTNGGNCAYAGYC
ARGGNGAR 

UF_miSeq_PKSA
TR05 

NCKNARRTTNCKRTACC
ARTA 

CAGACGTGTGCTCTTCC
GATCT 

GATAGA
CA TC 

CAGACGTGTGCTCTTCCGATCTGATAGACATCNCKNARRTTNCK
RTACCARTA PKSAT 537 

UF_miSeq_PKSATF0
6 

GTSGGSCACAGCCARGG
VGAG 

CTACACGACGCTCTTCC
GATCT 

ACCACT
GT A 

CTACACGACGCTCTTCCGATCTACCACTGTAGTSGGSCACAGCCA
RGGVGAG 

UF_miSeq_PKSA
TR06 

SCGSARGTTSCGGTACC
ARTA 

CAGACGTGTGCTCTTCC
GATCT 

AGCAGG
AA A 

CAGACGTGTGCTCTTCCGATCTAGCAGGAAASCGSARGTTSCGG
TACCARTA PKSAT 537 

UF_miSeq_PKSATF0
7 

GTVGGVCAYAGYCARGG
VGAG 

CTACACGACGCTCTTCC
GATCT 

ACAAGC
TA CTA 

CTACACGACGCTCTTCCGATCTACAAGCTACTAGTVGGVCAYAGY
CARGGVGAG 

UF_miSeq_PKSA
TR07 

SCGSASSTTSCGSTASW
ASWA 

CAGACGTGTGCTCTTCC
GATCT 

ACGTAT
CA CTA 

CAGACGTGTGCTCTTCCGATCTACGTATCACTASCGSASSTTSCG
STASWASWA PKSAT 537 

UF_miSeq_PKSATF0
8 

STSGGSCASHCRMASVTS
CGH 

CTACACGACGCTCTTCC
GATCT 

GTCTGT
CA GATA 

CTACACGACGCTCTTCCGATCTGTCTGTCAGATASTSGGSCASHC
RMASVTSCGH 

UF_miSeq_PKSA
TR08 

SCGSABSTKSCGSWASW
AVWA 

CAGACGTGTGCTCTTCC
GATCT 

TGGCTT
CA GATA 

CAGACGTGTGCTCTTCCGATCTTGGCTTCAGATASCGSABSTKSC
GSWASWAVWA PKSAT 537 

UF_miSeq_PKSATF0
9 

VTSGGSMASHCRMASVT
SCGH 

CTACACGACGCTCTTCC
GATCT 

CCGACA
AC A 

CTACACGACGCTCTTCCGATCTCCGACAACAVTSGGSMASHCRM
ASVTSCGH 

UF_miSeq_PKSA
TR09 

SCGSABSTKSCGVWAVW
AVWA 

CAGACGTGTGCTCTTCC
GATCT 

CGACTG
GA A 

CAGACGTGTGCTCTTCCGATCTCGACTGGAASCGSABSTKSCGV
WAVWAVWA PKSAT 537 
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UF_miSeq_PKSATF1
0 

VTNGGSMASHCSMASVT
SCGH 

CTACACGACGCTCTTCC
GATCT 

CAACCA
CA TC 

CTACACGACGCTCTTCCGATCTCAACCACATCVTNGGSMASHCS
MASVTSCGH 

UF_miSeq_PKSA
TR10 

SCGSABSTKNCGVWAVW
AVWA 

CAGACGTGTGCTCTTCC
GATCT 

AAGAGA
TC TC 

CAGACGTGTGCTCTTCCGATCTAAGAGATCTCSCGSABSTKNCG
VWAVWAVWA PKSAT 537 

UF_miSeq_PKSKSF0
1 

TTCGACGCCGRRTTCTTC
GGC 

CTACACGACGCTCTTCC
GATCT 

TTCACG
CA A 

CTACACGACGCTCTTCCGATCTTTCACGCAATTCGACGCCGRRTT
CTTCGGC 

UF_miSeq_PKSK
SR01 

TKCCGGTGCCGTGCAGY
TCGA 

CAGACGTGTGCTCTTCC
GATCT 

TTCACG
CA A 

CAGACGTGTGCTCTTCCGATCTTTCACGCAATKCCGGTGCCGTG
CAGYTCGA PKSKS 723 

UF_miSeq_PKSKSF0
2 

TTCGACGCSGSMTTCTTC
GRC 

CTACACGACGCTCTTCC
GATCT 

CGCATA
CA TC 

CTACACGACGCTCTTCCGATCTCGCATACATCTTCGACGCSGSMT
TCTTCGRC 

UF_miSeq_PKSK
SR02 

TSCCGGTGCCGTGCSCC
TCSA 

CAGACGTGTGCTCTTCC
GATCT 

CGCATA
CA TC 

CAGACGTGTGCTCTTCCGATCTCGCATACATCTSCCGGTGCCGT
GCSCCTCSA PKSKS 723 

UF_miSeq_PKSKSF0
3 

TTCGACGCBGVSTTCTTC
GGS 

CTACACGACGCTCTTCC
GATCT 

ATCATTC
C CTA 

CTACACGACGCTCTTCCGATCTATCATTCCCTATTCGACGCBGVS
TTCTTCGGS 

UF_miSeq_PKSK
SR03 

TVCCGGTGCCGTGSSYC
TCSA 

CAGACGTGTGCTCTTCC
GATCT 

ATCATTC
C CTA 

CAGACGTGTGCTCTTCCGATCTATCATTCCCTATVCCGGTGCCG
TGSSYCTCSA PKSKS 723 

UF_miSeq_PKSKSF0
4 

TTCGACGCBGVSTTCTTC
GVS 

CTACACGACGCTCTTCC
GATCT 

CTCAAT
GA GATA 

CTACACGACGCTCTTCCGATCTCTCAATGAGATATTCGACGCBGV
STTCTTCGVS 

UF_miSeq_PKSK
SR04 

TNCCGGTGCCGTGCVSY
TCSA 

CAGACGTGTGCTCTTCC
GATCT 

CTCAAT
GA GATA 

CAGACGTGTGCTCTTCCGATCTCTCAATGAGATATNCCGGTGCC
GTGCVSYTCSA PKSKS 723 

UF_miSeq_PKSKSF0
5 

TTCGACGCBKVVTTCTTC
GVS 

CTACACGACGCTCTTCC
GATCT 

AATGTT
GC A 

CTACACGACGCTCTTCCGATCTAATGTTGCATTCGACGCBKVVTT
CTTCGVS 

UF_miSeq_PKSK
SR05 

TNCCSGTRCCGTGSVSY
TCSA 

CAGACGTGTGCTCTTCC
GATCT 

AATGTT
GC A 

CAGACGTGTGCTCTTCCGATCTAATGTTGCATNCCSGTRCCGTG
SVSYTCSA PKSKS 723 

UF_miSeq_PKSKSF0
6 

TTCGASSCBKVVTTCTTC
GVS 

CTACACGACGCTCTTCC
GATCT 

ATAGCG
AC TC 

CTACACGACGCTCTTCCGATCTATAGCGACTCTTCGASSCBKVVT
TCTTCGVS 

UF_miSeq_PKSK
SR06 

TNCCSGTRCCGTGSVBY
TCSA 

CAGACGTGTGCTCTTCC
GATCT 

ATAGCG
AC TC 

CAGACGTGTGCTCTTCCGATCTATAGCGACTCTNCCSGTRCCGT
GSVBYTCSA PKSKS 723 

UF_miSeq_PKSKSF0
7 

TTYGAYGCNGARTTYTTY
GGN 

CTACACGACGCTCTTCC
GATCT 

GTACGC
AA CTA 

CTACACGACGCTCTTCCGATCTGTACGCAACTATTYGAYGCNGAR
TTYTTYGGN 

UF_miSeq_PKSK
SR07 

NCCNGTNCCRTGNARYT
CNAC 

CAGACGTGTGCTCTTCC
GATCT 

GCCACA
TA CTA 

CAGACGTGTGCTCTTCCGATCTGCCACATACTANCCNGTNCCRT
GNARYTCNAC PKSKS 723 

UF_miSeq_PKSKSF0
8 

TWSGASGCSGASTWSTW
SGGS 

CTACACGACGCTCTTCC
GATCT 

AATGTT
GC CTA 

CTACACGACGCTCTTCCGATCTAATGTTGCCTATWSGASGCSGAS
TWSTWSGGS 

UF_miSeq_PKSK
SR08 

SCCYGDSCCSTKSASST
CSAS 

CAGACGTGTGCTCTTCC
GATCT 

CCGAAG
TA CTA 

CAGACGTGTGCTCTTCCGATCTCCGAAGTACTASCCYGDSCCST
KSASSTCSAS PKSKS 723 

UF_miSeq_PKSKSF0
9 

TWBGASGCSGASTWBTW
BGGS 

CTACACGACGCTCTTCC
GATCT 

AACCGA
GA GATA 

CTACACGACGCTCTTCCGATCTAACCGAGAGATATWBGASGCSG
ASTWBTWBGGS 

UF_miSeq_PKSK
SR09 

SCCYGDSCCSTKSABST
CSAB 

CAGACGTGTGCTCTTCC
GATCT 

ACAGCA
GA GATA 

CAGACGTGTGCTCTTCCGATCTACAGCAGAGATASCCYGDSCCS
TKSABSTCSAB PKSKS 723 

UF_miSeq_PKSKSF1
0 

TWBGANGCSGASTWBTW
BGGS 

CTACACGACGCTCTTCC
GATCT 

CTCAAT
GA A 

CTACACGACGCTCTTCCGATCTCTCAATGAATWBGANGCSGAST
WBTWBGGS 

UF_miSeq_PKSK
SR10 

SCCSGDSCCSTKSABST
CNAB 

CAGACGTGTGCTCTTCC
GATCT 

GTCTGT
CA A 

CAGACGTGTGCTCTTCCGATCTGTCTGTCAASCCSGDSCCSTKS
ABSTCNAB PKSKS 723 

UF_miSeq_PKSKSF1
1 

TWBGANGCNGASTWBTW
BGGS 

CTACACGACGCTCTTCC
GATCT 

GACAGT
GC CTA 

CTACACGACGCTCTTCCGATCTGACAGTGCCTATWBGANGCNGA
STWBTWBGGS 

UF_miSeq_PKSK
SR11 

SCCSGDSCCSTKSABNT
CNAB 

CAGACGTGTGCTCTTCC
GATCT 

ACAAGC
TA CTA 

CAGACGTGTGCTCTTCCGATCTACAAGCTACTASCCSGDSCCST
KSABNTCNAB PKSKS 723 

UF_miSeq_PKSKSF1
2 

TWBGANGCNGANTWBT
WBGGS 

CTACACGACGCTCTTCC
GATCT 

AGTGGT
CA GATA 

CTACACGACGCTCTTCCGATCTAGTGGTCAGATATWBGANGCNG
ANTWBTWBGGS 

UF_miSeq_PKSK
SR12 

SCCSGDSCCSTKNABNT
CNAB 

CAGACGTGTGCTCTTCC
GATCT 

GTACGC
AA GATA 

CAGACGTGTGCTCTTCCGATCTGTACGCAAGATASCCSGDSCCS
TKNABNTCNAB PKSKS 723 

UF_miSeq_T2PKSF01 
TSGCCTGCTTCGACGCC
ATCM 

CTACACGACGCTCTTCC
GATCT 

CCGTGA
GA TC 

CTACACGACGCTCTTCCGATCTCCGTGAGATCTSGCCTGCTTCGA
CGCCATCM 

UF_miSeq_T2PKS
R01 

TAGTCSAGRTCGCACTC
GGGG 

CAGACGTGTGCTCTTCC
GATCT 

CCGTGA
GA TC 

CAGACGTGTGCTCTTCCGATCTCCGTGAGATCTAGTCSAGRTCG
CACTCGGGG T2PKS 540 

UF_miSeq_T2PKSF02 
TSGCCTGYTTCGACGCSA
TCM 

CTACACGACGCTCTTCC
GATCT 

CCTAAT
CC CTA 

CTACACGACGCTCTTCCGATCTCCTAATCCCTATSGCCTGYTTCG
ACGCSATCM 

UF_miSeq_T2PKS
R02 

TAGTCSAGRTCGCASTC
SGGG 

CAGACGTGTGCTCTTCC
GATCT 

CCTAAT
CC CTA 

CAGACGTGTGCTCTTCCGATCTCCTAATCCCTATAGTCSAGRTC
GCASTCSGGG T2PKS 540 

UF_miSeq_T2PKSF03 
TSGCSTGYTTCGAYGCSA
TCM 

CTACACGACGCTCTTCC
GATCT 

AACTCA
CC GATA 

CTACACGACGCTCTTCCGATCTAACTCACCGATATSGCSTGYTTC
GAYGCSATCM 

UF_miSeq_T2PKS
R03 

TAGTCSAGRTCGCABKC
SGGR 

CAGACGTGTGCTCTTCC
GATCT 

AACTCA
CC GATA 

CAGACGTGTGCTCTTCCGATCTAACTCACCGATATAGTCSAGRT
CGCABKCSGGR T2PKS 540 

UF_miSeq_T2PKSF04 
TSKCSTGYTTCGAYRCSM
TSM 

CTACACGACGCTCTTCC
GATCT 

AAGGAC
AC A 

CTACACGACGCTCTTCCGATCTAAGGACACATSKCSTGYTTCGAY
RCSMTSM 

UF_miSeq_T2PKS
R04 

TAGTCSAGRTCGMRBKS
SGGR 

CAGACGTGTGCTCTTCC
GATCT 

AAGGAC
AC A 

CAGACGTGTGCTCTTCCGATCTAAGGACACATAGTCSAGRTCGM
RBKSSGGR T2PKS 540 

UF_miSeq_T2PKSF05 
GTNGCNTGYTTYGAYGC
NATH 

CTACACGACGCTCTTCC
GATCT 

GTGTTC
TA GATA 

CTACACGACGCTCTTCCGATCTGTGTTCTAGATAGTNGCNTGYTT
YGAYGCNATH 

UF_miSeq_T2PKS
R05 

RTARTCNARRTCNARYT
GNGG 

CAGACGTGTGCTCTTCC
GATCT 

GCGAGT
AA GATA 

CAGACGTGTGCTCTTCCGATCTGCGAGTAAGATARTARTCNARR
TCNARYTGNGG T2PKS 540 

UF_miSeq_T2PKSF06 
GTVGCSTGYTTYGAYGCS
ATY 

CTACACGACGCTCTTCC
GATCT 

CAAGAC
TA A 

CTACACGACGCTCTTCCGATCTCAAGACTAAGTVGCSTGYTTYGA
YGCSATY 

UF_miSeq_T2PKS
R06 

GTARTCSARRTCSARYT
GSGG 

CAGACGTGTGCTCTTCC
GATCT 

CGCATA
CA A 

CAGACGTGTGCTCTTCCGATCTCGCATACAAGTARTCSARRTCS
ARYTGSGG T2PKS 540 

UF_miSeq_T2PKSF07 
GTSGCVTGYTTYGAYGCV
ATH 

CTACACGACGCTCTTCC
GATCT 

AACCGA
GA TC 

CTACACGACGCTCTTCCGATCTAACCGAGATCGTSGCVTGYTTYG
AYGCVATH 

UF_miSeq_T2PKS
R07 

RTARTCBARRTCBARYTG
SGG 

CAGACGTGTGCTCTTCC
GATCT 

ACCTCC
AA TC 

CAGACGTGTGCTCTTCCGATCTACCTCCAATCRTARTCBARRTCB
ARYTGSGG T2PKS 540 

UF_miSeq_T2PKSF08 
VTSGCSTGYTWSGASGC
SVTS 

CTACACGACGCTCTTCC
GATCT 

TGGTGG
TA CTA 

CTACACGACGCTCTTCCGATCTTGGTGGTACTAVTSGCSTGYTWS
GASGCSVTS 

UF_miSeq_T2PKS
R08 

SWASTCSABSTCSABSTK
SGG 

CAGACGTGTGCTCTTCC
GATCT 

TAGGAT
GA CTA 

CAGACGTGTGCTCTTCCGATCTTAGGATGACTASWASTCSABST
CSABSTKSGG T2PKS 540 

UF_miSeq_T2PKSF09 
VTNGCSTGYTWBGASGC
SVTS 

CTACACGACGCTCTTCC
GATCT 

CAGCGT
TA GATA 

CTACACGACGCTCTTCCGATCTCAGCGTTAGATAVTNGCSTGYTW
BGASGCSVTS 

UF_miSeq_T2PKS
R09 

VWASTCSABSTCSABSTK
NGG 

CAGACGTGTGCTCTTCC
GATCT 

CCGACA
AC GATA 

CAGACGTGTGCTCTTCCGATCTCCGACAACGATAVWASTCSABS
TCSABSTKNGG T2PKS 540 

UF_miSeq_T2PKSF10 
VTNGCNTGYTWBGASGC
SVTS 

CTACACGACGCTCTTCC
GATCT 

ACGCTC
GA A 

CTACACGACGCTCTTCCGATCTACGCTCGAAVTNGCNTGYTWBG
ASGCSVTS 

UF_miSeq_T2PKS
R10 

VWASTCSABSTCSABNTK
NGG 

CAGACGTGTGCTCTTCC
GATCT 

ATTGGC
TC A 

CAGACGTGTGCTCTTCCGATCTATTGGCTCAVWASTCSABSTCS
ABNTKNGG T2PKS 540 

UF_miSeq_T2PKSF11 
VTNGCNTGYTWBGANGC
SVTS 

CTACACGACGCTCTTCC
GATCT 

AACTCA
CC CTA 

CTACACGACGCTCTTCCGATCTAACTCACCCTAVTNGCNTGYTWB
GANGCSVTS 

UF_miSeq_T2PKS
R11 

VWASTCSABSTCNABNT
KNGG 

CAGACGTGTGCTCTTCC
GATCT 

CAATGG
AA CTA 

CAGACGTGTGCTCTTCCGATCTCAATGGAACTAVWASTCSABST
CNABNTKNGG T2PKS 540 

UF_miSeq_TDF01 
STGCGGGTGCTGCCSGA
CGAC 

CTACACGACGCTCTTCC
GATCT 

AACGTG
AT A 

CTACACGACGCTCTTCCGATCTAACGTGATASTGCGGGTGCTGC
CSGACGAC UF_miSeq_TDR01 

SGCGTASAGGTACTGCA
GC 

CAGACGTGTGCTCTTCC
GATCT 

AACGTG
AT A 

CAGACGTGTGCTCTTCCGATCTAACGTGATASGCGTASAGGTAC
TGCAGC 

TryptophanDi
mer 487 

UF_miSeq_TDF02 
STGCGGGTGCTGCCSGA
CSAC 

CTACACGACGCTCTTCC
GATCT 

AAACAT
CG TC 

CTACACGACGCTCTTCCGATCTAAACATCGTCSTGCGGGTGCTG
CCSGACSAC UF_miSeq_TDR02 

SGCGTASAGGTACTGVA
GC 

CAGACGTGTGCTCTTCC
GATCT 

AAACAT
CG TC 

CAGACGTGTGCTCTTCCGATCTAAACATCGTCSGCGTASAGGTA
CTGVAGC 

TryptophanDi
mer 487 

UF_miSeq_TDF03 
STSCGGGTSCTGCCSGA
CSAC 

CTACACGACGCTCTTCC
GATCT 

ATGCCT
AA CTA 

CTACACGACGCTCTTCCGATCTATGCCTAACTASTSCGGGTSCTG
CCSGACSAC UF_miSeq_TDR03 

SGCGTASAGRTACTGVA
KC 

CAGACGTGTGCTCTTCC
GATCT 

ATGCCT
AA CTA 

CAGACGTGTGCTCTTCCGATCTATGCCTAACTASGCGTASAGRT
ACTGVAKC 

TryptophanDi
mer 487 

UF_miSeq_TDF04 
GTSMGVGTSCTGCCSGA
CSAC 

CTACACGACGCTCTTCC
GATCT 

ACATTG
GC GATA 

CTACACGACGCTCTTCCGATCTACATTGGCGATAGTSMGVGTSCT
GCCSGACSAC UF_miSeq_TDR04 

SGCGTASRKRTACTGVA
GC 

CAGACGTGTGCTCTTCC
GATCT 

ACATTG
GC GATA 

CAGACGTGTGCTCTTCCGATCTACATTGGCGATASGCGTASRKR
TACTGVAGC 

TryptophanDi
mer 487 

UF_miSeq_TDF05 
STSMGVGTSCTSCCSGA
CSAC 

CTACACGACGCTCTTCC
GATCT 

CAGATC
TG A 

CTACACGACGCTCTTCCGATCTCAGATCTGASTSMGVGTSCTSCC
SGACSAC UF_miSeq_TDR05 

SGCGTASRKRTACTGVA
KC 

CAGACGTGTGCTCTTCC
GATCT 

CAGATC
TG A 

CAGACGTGTGCTCTTCCGATCTCAGATCTGASGCGTASRKRTAC
TGVAKC 

TryptophanDi
mer 487 
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UF_miSeq_TDF06 
STNMGVGTSCTNCCSGA
YSAY 

CTACACGACGCTCTTCC
GATCT 

GATAGA
CA CTA 

CTACACGACGCTCTTCCGATCTGATAGACACTASTNMGVGTSCTN
CCSGAYSAY UF_miSeq_TDR06 

SGCGTAVRKRTAYTGVA
KCAT 

CAGACGTGTGCTCTTCC
GATCT 

GATAGA
CA CTA 

CAGACGTGTGCTCTTCCGATCTGATAGACACTASGCGTAVRKRT
AYTGVAKCAT 

TryptophanDi
mer 487 

UF_miSeq_TDF07 
GTNMGNGTNYTNCCNGA
YCAY 

CTACACGACGCTCTTCC
GATCT 

GCCACA
TA GATA 

CTACACGACGCTCTTCCGATCTGCCACATAGATAGTNMGNGTNYT
NCCNGAYCAY UF_miSeq_TDR07 

NGCRTANARRTAYTGNA
RCAT 

CAGACGTGTGCTCTTCC
GATCT 

GCCACA
TA GATA 

CAGACGTGTGCTCTTCCGATCTGCCACATAGATANGCRTANARR
TAYTGNARCAT 

TryptophanDi
mer 487 

UF_miSeq_TDF08 
STNMGNGTNYTNCCNGA
YSAY 

CTACACGACGCTCTTCC
GATCT 

GCGAGT
AA A 

CTACACGACGCTCTTCCGATCTGCGAGTAAASTNMGNGTNYTNC
CNGAYSAY UF_miSeq_TDR08 

NGCRTANRDRTAYTGNA
DCAT 

CAGACGTGTGCTCTTCC
GATCT 

GCGAGT
AA A 

CAGACGTGTGCTCTTCCGATCTGCGAGTAAANGCRTANRDRTAY
TGNADCAT 

TryptophanDi
mer 487 

UF_miSeq_TDF09 
STVMGSGTSCTSCCSGAY
SAY 

CTACACGACGCTCTTCC
GATCT 

ATTGAG
GA A 

CTACACGACGCTCTTCCGATCTATTGAGGAASTVMGSGTSCTSCC
SGAYSAY UF_miSeq_TDR09 

BGCRTASRRRTAYTGBA
RCAT 

CAGACGTGTGCTCTTCC
GATCT 

ACACAG
AA A 

CAGACGTGTGCTCTTCCGATCTACACAGAAABGCRTASRRRTAY
TGBARCAT 

TryptophanDi
mer 487 

UF_miSeq_TDF10 
STVMGVGTSCTVCCSGAY
SAY 

CTACACGACGCTCTTCC
GATCT 

GACTAG
TA CTA 

CTACACGACGCTCTTCCGATCTGACTAGTACTASTVMGVGTSCTV
CCSGAYSAY UF_miSeq_TDR10 

SGCSWASABSWASTKSA
BCAT 

CAGACGTGTGCTCTTCC
GATCT 

TAGGAT
GA CTA 

CAGACGTGTGCTCTTCCGATCTTAGGATGACTASGCSWASABSW
ASTKSABCAT 

TryptophanDi
mer 487 

UF_miSeq_TDF11 
VTSCGSVTSVTSCCSGAS
MAS 

CTACACGACGCTCTTCC
GATCT 

ACCTCC
AA GATA 

CTACACGACGCTCTTCCGATCTACCTCCAAGATAVTSCGSVTSVT
SCCSGASMAS UF_miSeq_TDR11 

SGCVWASABVWASTKSA
BCAT 

CAGACGTGTGCTCTTCC
GATCT 

TCCGTC
TA GATA 

CAGACGTGTGCTCTTCCGATCTTCCGTCTAGATASGCVWASABV
WASTKSABCAT 

TryptophanDi
mer 487 

UF_miSeq_TDF12 
VTNCGSVTSVTSCCSGAS
MAS 

CTACACGACGCTCTTCC
GATCT 

CGACAC
AC A 

CTACACGACGCTCTTCCGATCTCGACACACAVTNCGSVTSVTSCC
SGASMAS UF_miSeq_TDR12 

SGCVWASABVWASTKNA
BCAT 

CAGACGTGTGCTCTTCC
GATCT 

AAGGAC
AC A 

CAGACGTGTGCTCTTCCGATCTAAGGACACASGCVWASABVWAS
TKNABCAT 

TryptophanDi
mer 487 

UF_miSeq_TDF13 
VTNCGNVTSVTSCCSGAS
MAS 

CTACACGACGCTCTTCC
GATCT 

GTCGTA
GA TC 

CTACACGACGCTCTTCCGATCTGTCGTAGATCVTNCGNVTSVTSC
CSGASMAS UF_miSeq_TDR13 

SGCVWASABVWANTKNA
BCAT 

CAGACGTGTGCTCTTCC
GATCT 

ACATTG
GC TC 

CAGACGTGTGCTCTTCCGATCTACATTGGCTCSGCVWASABVWA
NTKNABCAT 

TryptophanDi
mer 487 

UF_miSeq_TeF01 
TCTTCGGSCACAGCATG
GGSG 

CTACACGACGCTCTTCC
GATCT 

GGAGAA
CA A 

CTACACGACGCTCTTCCGATCTGGAGAACAATCTTCGGSCACAG
CATGGGSG UF_miSeq_TeR01 

AGTCGSCSCGCAGCGCG
GGCA 

CAGACGTGTGCTCTTCC
GATCT 

GGAGAA
CA A 

CAGACGTGTGCTCTTCCGATCTGGAGAACAAAGTCGSCSCGCAG
CGCGGGCA Thioesterase 

 

UF_miSeq_TeF02 
TSTTCGGGCACAGCMTS
GGSG 

CTACACGACGCTCTTCC
GATCT 

CACCTT
AC TC 

CTACACGACGCTCTTCCGATCTCACCTTACTCTSTTCGGGCACAG
CMTSGGSG UF_miSeq_TeR02 

AGTCGSCSCGCAGCGSS
GGCA 

CAGACGTGTGCTCTTCC
GATCT 

CACCTT
AC TC 

CAGACGTGTGCTCTTCCGATCTCACCTTACTCAGTCGSCSCGCA
GCGSSGGCA Thioesterase 

 

UF_miSeq_TeF03 
TSTTCGGSCACAGCMTS
GGBG 

CTACACGACGCTCTTCC
GATCT 

GGTGCG
AA CTA 

CTACACGACGCTCTTCCGATCTGGTGCGAACTATSTTCGGSCACA
GCMTSGGBG UF_miSeq_TeR03 

AGTCGSYSCGCAGCGSS
GGCA 

CAGACGTGTGCTCTTCC
GATCT 

GGTGCG
AA CTA 

CAGACGTGTGCTCTTCCGATCTGGTGCGAACTAAGTCGSYSCGC
AGCGSSGGCA Thioesterase 

 

UF_miSeq_TeF04 
TBTWYGGSCACAGCMTS
GGBG 

CTACACGACGCTCTTCC
GATCT 

TGAAGA
GA GATA 

CTACACGACGCTCTTCCGATCTTGAAGAGAGATATBTWYGGSCA
CAGCMTSGGBG UF_miSeq_TeR04 

AGTCGSYSCGSASSGSS
GGCA 

CAGACGTGTGCTCTTCC
GATCT 

TGAAGA
GA GATA 

CAGACGTGTGCTCTTCCGATCTTGAAGAGAGATAAGTCGSYSCG
SASSGSSGGCA Thioesterase 

 

UF_miSeq_TeF05 
TTYTTYGGNCAYAGYATG
GGN 

CTACACGACGCTCTTCC
GATCT 

AAGAGA
TC A 

CTACACGACGCTCTTCCGATCTAAGAGATCATTYTTYGGNCAYAG
YATGGGN UF_miSeq_TeR05 

RTCNCCNCKNARNGCNG
GNAR 

CAGACGTGTGCTCTTCC
GATCT 

GATAGA
CA A 

CAGACGTGTGCTCTTCCGATCTGATAGACAARTCNCCNCKNARN
GCNGGNAR Thioesterase 

 

UF_miSeq_TeF06 
TWSTWSGGSMASHCRAT
GGGS 

CTACACGACGCTCTTCC
GATCT 

TCCGTC
TA GATA 

CTACACGACGCTCTTCCGATCTTCCGTCTAGATATWSTWSGGSM
ASHCRATGGGS UF_miSeq_TeR06 

STCSCCSCGSABSGCSG
GSAB 

CAGACGTGTGCTCTTCC
GATCT 

CACCTT
AC GATA 

CAGACGTGTGCTCTTCCGATCTCACCTTACGATASTCSCCSCGS
ABSGCSGGSAB Thioesterase 

 

UF_miSeq_TeF07 
TWBTWBGGSMASHCSAT
GGGS 

CTACACGACGCTCTTCC
GATCT 

AAGAGA
TC A 

CTACACGACGCTCTTCCGATCTAAGAGATCATWBTWBGGSMASH
CSATGGGS UF_miSeq_TeR07 

STCSCCSCGSABSGCSG
GNAB 

CAGACGTGTGCTCTTCC
GATCT 

CCTAAT
CC A 

CAGACGTGTGCTCTTCCGATCTCCTAATCCASTCSCCSCGSABS
GCSGGNAB Thioesterase 

 

UF_miSeq_TeF08 
TWBTWBGGNMASHCSAT
GGGS 

CTACACGACGCTCTTCC
GATCT 

ACGTAT
CA TC 

CTACACGACGCTCTTCCGATCTACGTATCATCTWBTWBGGNMAS
HCSATGGGS UF_miSeq_TeR08 

STCSCCSCGSABSGCNG
GNAB 

CAGACGTGTGCTCTTCC
GATCT 

AGCCAT
GC TC 

CAGACGTGTGCTCTTCCGATCTAGCCATGCTCSTCSCCSCGSAB
SGCNGGNAB Thioesterase 

 

UF_miSeq_TeF09 
TWBTWBGGNMANHCSAT
GGGS 

CTACACGACGCTCTTCC
GATCT 

AATGTT
GC CTA 

CTACACGACGCTCTTCCGATCTAATGTTGCCTATWBTWBGGNMA
NHCSATGGGS UF_miSeq_TeR09 

STCSCCSCGSABNGCNG
GNAB 

CAGACGTGTGCTCTTCC
GATCT 

GTCTGT
CA CTA 

CAGACGTGTGCTCTTCCGATCTGTCTGTCACTASTCSCCSCGSA
BNGCNGGNAB Thioesterase 

 

UF_miSeq_TeF10 
TWBTWBGGNMANHCNAT
GGGS 

CTACACGACGCTCTTCC
GATCT 

CTCAAT
GA GATA 

CTACACGACGCTCTTCCGATCTCTCAATGAGATATWBTWBGGNM
ANHCNATGGGS UF_miSeq_TeR10 

STCSCCSCGNABNGCNG
GNAB 

CAGACGTGTGCTCTTCC
GATCT 

AGGCTA
AC GATA 

CAGACGTGTGCTCTTCCGATCTAGGCTAACGATASTCSCCSCGN
ABNGCNGGNAB Thioesterase 

 

UF_miSeq_AryCF01 
GASGAYCTGATCAGCMA
GCTS 

CTACACGACGCTCTTCC
GATCT 

AGCACC
TC TC 

CTACACGACGCTCTTCCGATCT AGCACCTC TC 
GASGAYCTGATCAGCMAGCTS 

UF_miSeq_AryCR
01 

GCCSAGRCAGAARTGGA
TGCY 

CAGACGTGTGCTCTTCC
GATCT 

CCATCC
TC TC 

CAGACGTGTGCTCTTCCGATCTCCATCCTCTCGCCSAGRCAGAA
RTGGATGCY AryC 496 

UF_miSeq_AryCF02 
GASGATCTSAYCAGCMR
SCTS 

CTACACGACGCTCTTCC
GATCT 

CCGTGA
GA CTA 

CTACACGACGCTCTTCCGATCTCCGTGAGACTAGASGATCTSAYC
AGCMRSCTS 

UF_miSeq_AryCR
02 

RCCSAGRCARWARTGGA
TKCC 

CAGACGTGTGCTCTTCC
GATCT 

AAACAT
CG CTA 

CAGACGTGTGCTCTTCCGATCTAAACATCGCTARCCSAGRCARW
ARTGGATKCC AryC 496 

UF_miSeq_AryCF03 
GASGAYCTSAYCAGCMR
SCTS 

CTACACGACGCTCTTCC
GATCT 

AAACAT
CG GATA 

CTACACGACGCTCTTCCGATCTAAACATCGGATAGASGAYCTSAY
CAGCMRSCTS 

UF_miSeq_AryCR
03 

RCCSAGRCARWARTGGA
TKCY 

CAGACGTGTGCTCTTCC
GATCT 

AATGTT
GC GATA 

CAGACGTGTGCTCTTCCGATCTAATGTTGCGATARCCSAGRCAR
WARTGGATKCY AryC 496 

UF_miSeq_AryCF04 
GASGASCTSATHAGYMR
SCTS 

CTACACGACGCTCTTCC
GATCT 

GTGTTC
TA A 

CTACACGACGCTCTTCCGATCTGTGTTCTAAGASGASCTSATHAG
YMRSCTS 

UF_miSeq_AryCR
04 

SCCSAGRCARAARTGDA
TNGA 

CAGACGTGTGCTCTTCC
GATCT 

ACGTAT
CA A 

CAGACGTGTGCTCTTCCGATCTACGTATCAASCCSAGRCARAAR
TGDATNGA AryC 496 

UF_miSeq_AryCF05 
GANGASCTSATHAGYMR
SCTS 

CTACACGACGCTCTTCC
GATCT 

CGCATA
CA CTA 

CTACACGACGCTCTTCCGATCTCGCATACACTAGANGASCTSATH
AGYMRSCTS 

UF_miSeq_AryCR
05 

SCCNAGRCARAARTGDA
TNGA 

CAGACGTGTGCTCTTCC
GATCT 

GACAGT
GC CTA 

CAGACGTGTGCTCTTCCGATCTGACAGTGCCTASCCNAGRCARA
ARTGDATNGA AryC 496 

UF_miSeq_AryCF06 
GANGANCTSATHAGYMR
SCTS 

CTACACGACGCTCTTCC
GATCT 

CATCAA
GT GATA 

CTACACGACGCTCTTCCGATCTCATCAAGTGATAGANGANCTSAT
HAGYMRSCTS 

UF_miSeq_AryCR
06 

NCCNAGRCARAARTGDA
TNGA 

CAGACGTGTGCTCTTCC
GATCT 

AGAGTC
AA GATA 

CAGACGTGTGCTCTTCCGATCTAGAGTCAAGATANCCNAGRCAR
AARTGDATNGA AryC 496 

UF_miSeq_AryCF07 
GANGANCTNATHAGYMR
SCTS 

CTACACGACGCTCTTCC
GATCT 

AGTACA
AG A 

CTACACGACGCTCTTCCGATCTAGTACAAGAGANGANCTNATHAG
YMRSCTS 

UF_miSeq_AryCR
07 

SCCSABRCASWASTKSA
BYGD 

CAGACGTGTGCTCTTCC
GATCT 

ACCACT
GT A 

CAGACGTGTGCTCTTCCGATCTACCACTGTASCCSABRCASWAS
TKSABYGD AryC 496 

UF_miSeq_AryCF08 
GANGASVTSVTSHCSMAS
VTS 

CTACACGACGCTCTTCC
GATCT 

CGCTGA
TC TC 

CTACACGACGCTCTTCCGATCTCGCTGATCTCGANGASVTSVTSH
CSMASVTS 

UF_miSeq_AryCR
08 

SCCSABRCAVWASTKSA
BNGD 

CAGACGTGTGCTCTTCC
GATCT 

CGGATT
GC TC 

CAGACGTGTGCTCTTCCGATCTCGGATTGCTCSCCSABRCAVWA
STKSABNGD AryC 496 

UF_miSeq_CysJF01 
TGGCCSCGSAAGCARTG
GTTC 

CTACACGACGCTCTTCC
GATCT 

ACTATG
CA CTA 

CTACACGACGCTCTTCCGATCTACTATGCACTATGGCCSCGSAAG
CARTGGTTC 

UF_miSeq_CysJR
01 

CATGTTGTCSAGCATSAC
SAC 

CAGACGTGTGCTCTTCC
GATCT 

AGCCAT
GC CTA 

CAGACGTGTGCTCTTCCGATCTAGCCATGCCTACATGTTGTCSA
GCATSACSAC CysJ 611 

UF_miSeq_CysJF02 
TGGCCSCGSAARCARTG
GTTY 

CTACACGACGCTCTTCC
GATCT 

CCTCTA
TC GATA 

CTACACGACGCTCTTCCGATCTCCTCTATCGATATGGCCSCGSAA
RCARTGGTTY 

UF_miSeq_CysJR
02 

CATRTTRTCSAGCATSAC
SAC 

CAGACGTGTGCTCTTCC
GATCT 

ATCCTG
TA GATA 

CAGACGTGTGCTCTTCCGATCTATCCTGTAGATACATRTTRTCSA
GCATSACSAC CysJ 611 

UF_miSeq_CysJF03 
TGGCCNCGSAARCARTG
GTTY 

CTACACGACGCTCTTCC
GATCT 

CTGGCA
TA A 

CTACACGACGCTCTTCCGATCTCTGGCATAATGGCCNCGSAARC
ARTGGTTY 

UF_miSeq_CysJR
03 

CATRTTRTCSAGCATSAC
NAC 

CAGACGTGTGCTCTTCC
GATCT 

CAAGGA
GC A 

CAGACGTGTGCTCTTCCGATCTCAAGGAGCACATRTTRTCSAGC
ATSACNAC CysJ 611 
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PrimerNameF PrimerF MiSeq_Fadaptor BarcodeF 
Space
rF Full_SEQ_F PrimerNameR PrimerR MiSeq_R_adaptor 

Barcode
R 

Space
rR Full_SEQ_R Target 

AmpliconLen
ght 

UF_miSeq_CysJF04 
TGGCCNCGNAARCARTG
GTTY 

CTACACGACGCTCTTCC
GATCT 

TCCGTC
TA CTA 

CTACACGACGCTCTTCCGATCTTCCGTCTACTATGGCCNCGNAAR
CARTGGTTY 

UF_miSeq_CysJR
04 

CATRTTRTCSAGCATNAC
NAC 

CAGACGTGTGCTCTTCC
GATCT 

CAACCA
CA CTA 

CAGACGTGTGCTCTTCCGATCTCAACCACACTACATRTTRTCSAG
CATNACNAC CysJ 611 

UF_miSeq_CysJF05 
TWSCCSCGSSTSMASTW
STWS 

CTACACGACGCTCTTCC
GATCT 

CAGCGT
TA GATA 

CTACACGACGCTCTTCCGATCTCAGCGTTAGATATWSCCSCGSST
SMASTWSTWS 

UF_miSeq_CysJR
05 

CATSTKSTCSABCATSAB
SAB 

CAGACGTGTGCTCTTCC
GATCT 

ACAGCA
GA GATA 

CAGACGTGTGCTCTTCCGATCTACAGCAGAGATACATSTKSTCSA
BCATSABSAB CysJ 611 

UF_miSeq_CysJF06 
TWBCCSCGSVTSMASTW
STWS 

CTACACGACGCTCTTCC
GATCT 

TGGCTT
CA A 

CTACACGACGCTCTTCCGATCTTGGCTTCAATWBCCSCGSVTSMA
STWSTWS 

UF_miSeq_CysJR
06 

CATSTKSTCSABCATSAB
NAB 

CAGACGTGTGCTCTTCC
GATCT 

TAGGAT
GA A 

CAGACGTGTGCTCTTCCGATCTTAGGATGAACATSTKSTCSABCA
TSABNAB CysJ 611 

UF_miSeq_CysJF07 
TWBCCNCGSVTSMASTW
STWS 

CTACACGACGCTCTTCC
GATCT 

AAGGAC
AC TC 

CTACACGACGCTCTTCCGATCTAAGGACACTCTWBCCNCGSVTS
MASTWSTWS 

UF_miSeq_CysJR
07 

CATSTKSTCSABCATNAB
NAB 

CAGACGTGTGCTCTTCC
GATCT 

TGGTGG
TA TC 

CAGACGTGTGCTCTTCCGATCTTGGTGGTATCCATSTKSTCSABC
ATNABNAB CysJ 611 

UF_miSeq_CysJF08 
TWBCCNCGNVTSMASTW
STWS 

CTACACGACGCTCTTCC
GATCT 

GATGAA
TC CTA 

CTACACGACGCTCTTCCGATCTGATGAATCCTATWBCCNCGNVTS
MASTWSTWS 

UF_miSeq_CysJR
08 

CATSTKSTCNABCATNAB
NAB 

CAGACGTGTGCTCTTCC
GATCT 

AGCCAT
GC CTA 

CAGACGTGTGCTCTTCCGATCTAGCCATGCCTACATSTKSTCNAB
CATNABNAB CysJ 611 

UF_miSeq_GriFF01 
GTSCAGGGCAGCGGVCC
GGTY 

CTACACGACGCTCTTCC
GATCT 

CGAACT
TA GATA 

CTACACGACGCTCTTCCGATCTCGAACTTAGATAGTSCAGGGCAG
CGGVCCGGTY 

UF_miSeq_GriFR0
1 

GTACTGSCCGAYGAYSA
GGTA 

CAGACGTGTGCTCTTCC
GATCT 

TGGTGG
TA GATA 

CAGACGTGTGCTCTTCCGATCTTGGTGGTAGATAGTACTGSCCG
AYGAYSAGGTA GriF 373 

UF_miSeq_GriFF02 
GTBCAGGGCAGYGGVCC
SGTY 

CTACACGACGCTCTTCC
GATCT 

AGTGGT
CA A 

CTACACGACGCTCTTCCGATCTAGTGGTCAAGTBCAGGGCAGYG
GVCCSGTY 

UF_miSeq_GriFR0
2 

GTACTGSCCSAYRAYSA
GRTA 

CAGACGTGTGCTCTTCC
GATCT 

AGAGTC
AA A 

CAGACGTGTGCTCTTCCGATCTAGAGTCAAAGTACTGSCCSAYR
AYSAGRTA GriF 373 

UF_miSeq_GriFF03 
GTNCARGGYWGYGGSCC
SGTS 

CTACACGACGCTCTTCC
GATCT 

GACTAG
TA CTA 

CTACACGACGCTCTTCCGATCTGACTAGTACTAGTNCARGGYWG
YGGSCCSGTS 

UF_miSeq_GriFR0
3 

GTAMTGSCCRAYRAYVA
SRTA 

CAGACGTGTGCTCTTCC
GATCT 

CAAGGA
GC CTA 

CAGACGTGTGCTCTTCCGATCTCAAGGAGCCTAGTAMTGSCCRA
YRAYVASRTA GriF 373 

UF_miSeq_GriFF04 
GTNCARGGYWGYGGSCC
BGTB 

CTACACGACGCTCTTCC
GATCT 

CTGGCA
TA GATA 

CTACACGACGCTCTTCCGATCTCTGGCATAGATAGTNCARGGYW
GYGGSCCBGTB 

UF_miSeq_GriFR0
4 

RTAYTGNCCNACNACSA
GRTA 

CAGACGTGTGCTCTTCC
GATCT 

GAACAG
GC GATA 

CAGACGTGTGCTCTTCCGATCTGAACAGGCGATARTAYTGNCCN
ACNACSAGRTA GriF 373 

UF_miSeq_GriFF05 
GTNCARGGNWGYGGNC
CSGTS 

CTACACGACGCTCTTCC
GATCT 

ACCACT
GT A 

CTACACGACGCTCTTCCGATCTACCACTGTAGTNCARGGNWGYG
GNCCSGTS 

UF_miSeq_GriFR0
5 

SWASTKSCCSASSASSA
BSWA 

CAGACGTGTGCTCTTCC
GATCT 

TTCACG
CA A 

CAGACGTGTGCTCTTCCGATCTTTCACGCAASWASTKSCCSASS
ASSABSWA GriF 373 

UF_miSeq_GriFF06 
GTNCARGGNWGYGGNC
CNGTS 

CTACACGACGCTCTTCC
GATCT 

GTGTTC
TA TC 

CTACACGACGCTCTTCCGATCTGTGTTCTATCGTNCARGGNWGY
GGNCCNGTS 

UF_miSeq_GriFR0
6 

SWASTKSCCSASSABSA
BSWA 

CAGACGTGTGCTCTTCC
GATCT 

ATTGAG
GA TC 

CAGACGTGTGCTCTTCCGATCTATTGAGGATCSWASTKSCCSAS
SABSABSWA GriF 373 

UF_miSeq_GriFF07 
GTNCARGGNWGYGGNC
CNGTN 

CTACACGACGCTCTTCC
GATCT 

ATTGAG
GA CTA 

CTACACGACGCTCTTCCGATCTATTGAGGACTAGTNCARGGNWG
YGGNCCNGTN 

UF_miSeq_GriFR0
7 

VWASTKSCCSABSABSA
BVWA 

CAGACGTGTGCTCTTCC
GATCT 

CGCATA
CA CTA 

CAGACGTGTGCTCTTCCGATCTCGCATACACTAVWASTKSCCSA
BSABSABVWA GriF 373 

UF_miSeq_GriFF08 
VTNMANGGNHCSGGSCC
SVTS 

CTACACGACGCTCTTCC
GATCT 

GATAGA
CA GATA 

CTACACGACGCTCTTCCGATCTGATAGACAGATAVTNMANGGNH
CSGGSCCSVTS 

UF_miSeq_GriFR0
8 

VWASTKSCCSABSABNA
BVWA 

CAGACGTGTGCTCTTCC
GATCT 

AAGGAC
AC GATA 

CAGACGTGTGCTCTTCCGATCTAAGGACACGATAVWASTKSCCS
ABSABNABVWA GriF 373 

UF_miSeq_HolEF01 
GMACGCTTYTTTAATRTY
GAT 

CTACACGACGCTCTTCC
GATCT 

AGTCAC
TA A 

CTACACGACGCTCTTCCGATCTAGTCACTAAGMACGCTTYTTTAA
TRTYGAT 

UF_miSeq_HolER
01 

WGGCCCRAGYCGATAW
CCATC 

CAGACGTGTGCTCTTCC
GATCT 

GAGCTG
AA A 

CAGACGTGTGCTCTTCCGATCTGAGCTGAAAWGGCCCRAGYCG
ATAWCCATC HolE 576 

UF_miSeq_HolEF02 
GSSCATTTTTTYRMTGTM
GAT 

CTACACGACGCTCTTCC
GATCT 

CTGGCA
TA CTA 

CTACACGACGCTCTTCCGATCTCTGGCATACTAGSSCATTTTTTYR
MTGTMGAT 

UF_miSeq_HolER
02 

WGGCCCRASYCGATAHC
CATC 

CAGACGTGTGCTCTTCC
GATCT 

ATAGCG
AC CTA 

CAGACGTGTGCTCTTCCGATCTATAGCGACCTAWGGCCCRASYC
GATAHCCATC HolE 576 

UF_miSeq_HolEF03 
GMRYRYTTYTTTAATRTY
GAT 

CTACACGACGCTCTTCC
GATCT 

CCGTGA
GA GATA 

CTACACGACGCTCTTCCGATCTCCGTGAGAGATAGMRYRYTTYTT
TAATRTYGAT 

UF_miSeq_HolER
03 

WGGSCCSAGSCGRTASC
CRTC 

CAGACGTGTGCTCTTCC
GATCT 

CCTAAT
CC GATA 

CAGACGTGTGCTCTTCCGATCTCCTAATCCGATAWGGSCCSAGS
CGRTASCCRTC HolE 576 

UF_miSeq_HolEF04 
GARCGNTTYTTYAAYATH
GAY 

CTACACGACGCTCTTCC
GATCT 

ATGCCT
AA A 

CTACACGACGCTCTTCCGATCTATGCCTAAAGARCGNTTYTTYAA
YATHGAY 

UF_miSeq_HolER
04 

SGGSCCSAGSSGRTANC
CRTC 

CAGACGTGTGCTCTTCC
GATCT 

TAGGAT
GA A 

CAGACGTGTGCTCTTCCGATCTTAGGATGAASGGSCCSAGSSGR
TANCCRTC HolE 576 

UF_miSeq_HolEF05 
GASCGSTWSTWSMASVT
SGAS 

CTACACGACGCTCTTCC
GATCT 

ACCACT
GT TC 

CTACACGACGCTCTTCCGATCTACCACTGTTCGASCGSTWSTWS
MASVTSGAS 

UF_miSeq_HolER
05 

SGGSCCSAGNSGRTANC
CRTC 

CAGACGTGTGCTCTTCC
GATCT 

CGCATA
CA TC 

CAGACGTGTGCTCTTCCGATCTCGCATACATCSGGSCCSAGNSG
RTANCCRTC HolE 576 

UF_miSeq_HolEF06 
GANCGSTWSTWSMASVT
SGAS 

CTACACGACGCTCTTCC
GATCT 

ATCCTG
TA CTA 

CTACACGACGCTCTTCCGATCTATCCTGTACTAGANCGSTWSTW
SMASVTSGAS 

UF_miSeq_HolER
06 

SGGSCCNAGNSGRTANC
CRTC 

CAGACGTGTGCTCTTCC
GATCT 

GAGTTA
GC CTA 

CAGACGTGTGCTCTTCCGATCTGAGTTAGCCTASGGSCCNAGNS
GRTANCCRTC HolE 576 

UF_miSeq_HolEF07 
GANCGNTWSTWSMASVT
SGAS 

CTACACGACGCTCTTCC
GATCT 

GGAGAA
CA GATA 

CTACACGACGCTCTTCCGATCTGGAGAACAGATAGANCGNTWST
WSMASVTSGAS 

UF_miSeq_HolER
07 

SGGNCCNAGNSGRTANC
CRTC 

CAGACGTGTGCTCTTCC
GATCT 

TATCAG
CA GATA 

CAGACGTGTGCTCTTCCGATCTTATCAGCAGATASGGNCCNAGN
SGRTANCCRTC HolE 576 

UF_miSeq_HolEF08 
GANCGNTWNTWSMASVT
SGAS 

CTACACGACGCTCTTCC
GATCT 

GTGTTC
TA A 

CTACACGACGCTCTTCCGATCTGTGTTCTAAGANCGNTWNTWSM
ASVTSGAS 

UF_miSeq_HolER
08 

NGGNCCNAGNSGRTANC
CRTC 

CAGACGTGTGCTCTTCC
GATCT 

AACTCA
CC A 

CAGACGTGTGCTCTTCCGATCTAACTCACCANGGNCCNAGNSGR
TANCCRTC HolE 576 

UF_miSeq_NgnN4F01 
GCGATGCWGGCGGYGC
TGCGC 

CTACACGACGCTCTTCC
GATCT 

AACTCA
CC CTA 

CTACACGACGCTCTTCCGATCTAACTCACCCTAGCGATGCWGGC
GGYGCTGCGC 

UF_miSeq_NgnN4
R01 

TTCGGTCGGGCCATACA
GGTT 

CAGACGTGTGCTCTTCC
GATCT 

ATCATTC
C CTA 

CAGACGTGTGCTCTTCCGATCTATCATTCCCTATTCGGTCGGGC
CATACAGGTT NgnN4 576 

UF_miSeq_NgnN4F02 
GCSATGCTSGCSGYSCTS
CGS 

CTACACGACGCTCTTCC
GATCT 

AATGTT
GC GATA 

CTACACGACGCTCTTCCGATCTAATGTTGCGATAGCSATGCTSGC
SGYSCTSCGS 

UF_miSeq_NgnN4
R02 

YTCSGTSGGSCCRTASA
GRTT 

CAGACGTGTGCTCTTCC
GATCT 

CACTTC
GA GATA 

CAGACGTGTGCTCTTCCGATCTCACTTCGAGATAYTCSGTSGGS
CCRTASAGRTT NgnN4 576 

UF_miSeq_NgnN4F03 
GCNATGCTSGCSGYSCT
SCGS 

CTACACGACGCTCTTCC
GATCT 

AGTACA
AG A 

CTACACGACGCTCTTCCGATCTAGTACAAGAGCNATGCTSGCSGY
SCTSCGS 

UF_miSeq_NgnN4
R03 

YTCSGTSGGSCCRTANA
GRTT 

CAGACGTGTGCTCTTCC
GATCT 

GATAGA
CA A 

CAGACGTGTGCTCTTCCGATCTGATAGACAAYTCSGTSGGSCCR
TANAGRTT NgnN4 576 

UF_miSeq_NgnN4F04 
GCNATGCTNGCSGYSCT
SCGS 

CTACACGACGCTCTTCC
GATCT 

ACAGAT
TC TC 

CTACACGACGCTCTTCCGATCTACAGATTCTCGCNATGCTNGCSG
YSCTSCGS 

UF_miSeq_NgnN4
R04 

YTCSGTNGGSCCRTANA
GRTT 

CAGACGTGTGCTCTTCC
GATCT 

AATGTT
GC TC 

CAGACGTGTGCTCTTCCGATCTAATGTTGCTCYTCSGTNGGSCC
RTANAGRTT NgnN4 576 

UF_miSeq_NgnN4F05 
GCNATGVTSGCSGYSVTS
CGS 

CTACACGACGCTCTTCC
GATCT 

AAGGAC
AC CTA 

CTACACGACGCTCTTCCGATCTAAGGACACCTAGCNATGVTSGCS
GYSVTSCGS 

UF_miSeq_NgnN4
R05 

STCYGDSGGSCCSWASA
BSTK 

CAGACGTGTGCTCTTCC
GATCT 

ATTGAG
GA CTA 

CAGACGTGTGCTCTTCCGATCTATTGAGGACTASTCYGDSGGSC
CSWASABSTK NgnN4 576 

UF_miSeq_NgnN4F06 
GCNATGCTNGCNGYNCT
SCGS 

CTACACGACGCTCTTCC
GATCT 

CGCATA
CA GATA 

CTACACGACGCTCTTCCGATCTCGCATACAGATAGCNATGCTNGC
NGYNCTSCGS 

UF_miSeq_NgnN4
R06 

STCSGDSGGSCCVWASA
BNTK 

CAGACGTGTGCTCTTCC
GATCT 

AGCACC
TC GATA 

CAGACGTGTGCTCTTCCGATCTAGCACCTCGATASTCSGDSGGS
CCVWASABNTK NgnN4 576 

UF_miSeq_NgnN4F07 
GCNATGVTNGCNGYSVT
SCGS 

CTACACGACGCTCTTCC
GATCT 

GCTCGG
TA A 

CTACACGACGCTCTTCCGATCTGCTCGGTAAGCNATGVTNGCNG
YSVTSCGS 

UF_miSeq_NgnN4
R07 

STCSGDSGGSCCVWANA
BNTK 

CAGACGTGTGCTCTTCC
GATCT 

CAATGG
AA A 

CAGACGTGTGCTCTTCCGATCTCAATGGAAASTCSGDSGGSCCV
WANABNTK NgnN4 576 

UF_miSeq_NgnN4F08 
GCNATGVTNGCNGYNVT
SCGS 

CTACACGACGCTCTTCC
GATCT 

CGCTGA
TC CTA 

CTACACGACGCTCTTCCGATCTCGCTGATCCTAGCNATGVTNGCN
GYNVTSCGS 

UF_miSeq_NgnN4
R08 

STCSGDSGGNCCVWANA
BNTK 

CAGACGTGTGCTCTTCC
GATCT 

CAGCGT
TA CTA 

CAGACGTGTGCTCTTCCGATCTCAGCGTTACTASTCSGDSGGNC
CVWANABNTK NgnN4 576 
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PrimerNameF PrimerF MiSeq_Fadaptor BarcodeF 
Space
rF Full_SEQ_F PrimerNameR PrimerR MiSeq_R_adaptor 

Barcode
R 

Space
rR Full_SEQ_R Target 

AmpliconLen
ght 

UF_miSeq_TmlUF01 
TTRCCGYTKTTCCACGTC
AAY 

CTACACGACGCTCTTCC
GATCT 

GAGTTA
GC GATA 

CTACACGACGCTCTTCCGATCTGAGTTAGCGATATTRCCGYTKTT
CCACGTCAAY 

UF_miSeq_TmlUR
01 

GTTGTRGCCSCCGCGRA
TGAT 

CAGACGTGTGCTCTTCC
GATCT 

CAAGAC
TA GATA 

CAGACGTGTGCTCTTCCGATCTCAAGACTAGATAGTTGTRGCCS
CCGCGRATGAT TmlU 714 

UF_miSeq_TmlUF02 
TTGCCGYTVTTYCAYGTC
AAY 

CTACACGACGCTCTTCC
GATCT 

GAACAG
GC A 

CTACACGACGCTCTTCCGATCTGAACAGGCATTGCCGYTVTTYCA
YGTCAAY 

UF_miSeq_TmlUR
02 

GTTGTRKCCSCCRCGRA
TRAT 

CAGACGTGTGCTCTTCC
GATCT 

CGAACT
TA A 

CAGACGTGTGCTCTTCCGATCTCGAACTTAAGTTGTRKCCSCCR
CGRATRAT TmlU 714 

UF_miSeq_TmlUF03 
TTRCCGYTDTTYCAYGTC
AAY 

CTACACGACGCTCTTCC
GATCT 

ACATTG
GC TC 

CTACACGACGCTCTTCCGATCTACATTGGCTCTTRCCGYTDTTYC
AYGTCAAY 

UF_miSeq_TmlUR
03 

GTTGTRKCCRCCDCGRA
TRAT 

CAGACGTGTGCTCTTCC
GATCT 

CCTCTA
TC TC 

CAGACGTGTGCTCTTCCGATCTCCTCTATCTCGTTGTRKCCRCC
DCGRATRAT TmlU 714 

UF_miSeq_TmlUF04 
TTRCCGYTNTTYCAYGTC
AAY 

CTACACGACGCTCTTCC
GATCT 

AAGGTA
CA CTA 

CTACACGACGCTCTTCCGATCTAAGGTACACTATTRCCGYTNTTY
CAYGTCAAY 

UF_miSeq_TmlUR
04 

RTTRTGSCCSCCSCGRA
TDAT 

CAGACGTGTGCTCTTCC
GATCT 

AGGCTA
AC CTA 

CAGACGTGTGCTCTTCCGATCTAGGCTAACCTARTTRTGSCCSC
CSCGRATDAT TmlU 714 

UF_miSeq_TmlUF05 
TTRCCRYTNTTYCAYGTY
AAY 

CTACACGACGCTCTTCC
GATCT 

CAGCGT
TA GATA 

CTACACGACGCTCTTCCGATCTCAGCGTTAGATATTRCCRYTNTT
YCAYGTYAAY 

UF_miSeq_TmlUR
05 

RTTGTRBCCVCCDCGRA
TRAT 

CAGACGTGTGCTCTTCC
GATCT 

GCGAGT
AA GATA 

CAGACGTGTGCTCTTCCGATCTGCGAGTAAGATARTTGTRBCCV
CCDCGRATRAT TmlU 714 

UF_miSeq_TmlUF06 
CTNCCNCTNTTYCAYGTS
AAY 

CTACACGACGCTCTTCC
GATCT 

AAACAT
CG A 

CTACACGACGCTCTTCCGATCTAAACATCGACTNCCNCTNTTYCA
YGTSAAY 

UF_miSeq_TmlUR
06 

RTTRTGSCCNCCNCGDA
TDAT 

CAGACGTGTGCTCTTCC
GATCT 

AATCCG
TC A 

CAGACGTGTGCTCTTCCGATCTAATCCGTCARTTRTGSCCNCCN
CGDATDAT TmlU 714 

UF_miSeq_TmlUF07 
CTNCCNCTNTTYCAYGTN
AAY 

CTACACGACGCTCTTCC
GATCT 

TCTTCA
CA CTA 

CTACACGACGCTCTTCCGATCTTCTTCACACTACTNCCNCTNTTY
CAYGTNAAY 

UF_miSeq_TmlUR
07 

RTTRTGNCCNCCNCGDA
TDAT 

CAGACGTGTGCTCTTCC
GATCT 

GTCGTA
GA CTA 

CAGACGTGTGCTCTTCCGATCTGTCGTAGACTARTTRTGNCCNC
CNCGDATDAT TmlU 714 

UF_miSeq_TmlUF08 
VTNCCSVTSTWSMASVTS
MAS 

CTACACGACGCTCTTCC
GATCT 

ATCCTG
TA GATA 

CTACACGACGCTCTTCCGATCTATCCTGTAGATAVTNCCSVTSTW
SMASVTSMAS 

UF_miSeq_TmlUR
08 

STKSTKSCCSCCSCGNA
BNAB 

CAGACGTGTGCTCTTCC
GATCT 

AACGTG
AT GATA 

CAGACGTGTGCTCTTCCGATCTAACGTGATGATASTKSTKSCCSC
CSCGNABNAB TmlU 714 

 


