




Fig. 2 Steps used in the generation of the metagenomic libraries. After extracting eDNA from soil (a), 40kb fragments were obtained
by shearing the eDNA by pipetting (b). The eDNA was blunt ended by end-repairing (c), and size selection was performed by
purifiying the eDNA from agarose gel after electrophoresis (d,e). (f) Finally, the chosen eDNA was ligated with the fosmid vector,(g)
packaged into lambda phages, and transferred into Escherichia coli by transduction (h).

2.4. Library generation

The purified eDNA was ligated with the fosmid vector pEpiFOS™-5 as previously described in [20]. MaxPlax lambda
packaging extracts were used to package the recombinant DNA into lambda phages following the manufacturer’s
protocol. The recombinant packaged DNA was transduced into EPI300™-T1R, plated in Luria Bertani (LB) agar plates
(Sigma St. Louis, MO) supplemented with chloramphenicol (Chl) (12.5 μg mL-1), and incubated at 37 °C for 2 days,
according to the manufacturer’s protocol. To identify the percentage of clones containing DNA inserts, random clones
were picked and grown in LB broth containing Chl for plasmid extractions. Plasmid purification was carried out using a
modified protocol from QIAprep spin miniprep kit (QIAgen, Valencia, Ca). The insert DNA was then analyzed by gel
electrophoresis (1 %) after a NotI (New England Bio Labs, Ipswich, MA) digest. The libraries were divided in subpools
and stored in 1.5 mL microtubes, containing LB with Chl and 20 % glycerol at -80 °C. A schematization of the whole
process can be seen in Fig. 2.

2.5. Library screening

2.5.1 Lipolytic screening

To test for lipolytic activity, library subpools were grown at 37 °C in LB broth supplemented with Chl for 40 min. After
growth, subpools were diluted with physiological buffer (0.85 % NaCl) to adjust the number of colonies to 300-450
colonies/plate. Using the appropriate dilution factor, clones were spread in LB agar supplemented with Chl and 1.5 %
emulsified tributyrin (Sigma) as the indicator substrate. Plates were incubated at 37 °C and scored after a 48 hr
incubation period for clear halos surrounding the colonies, which indicates presence of lipolytic activity.
Staphylococcus aureus (ATCC 6538) and Escherichia coli EPI300™-T1R were used as positive and negative controls
respectively to verify hydrolysis in the tributyrin agar base.

2.5.2. Selecting for antibiotic resistance.

All selections were carried out in LB agar with different antibiotic classes at the following concentrations: 50 µg mL-1

ampicillin (Amp) (Sigma) 25 µg mL-1 kanamycin (Kan) (Sigma), and 10 µg mL-1 tetracycline (Tet) (Sigma) following
the method described in [21]. Negative control Escherichia coli EPI300™-T1R presented no antibiotic resistance
activity at these concentrations throughout the selections. Metagenomic libraries were inoculated on the day of
selection in 5 mL LB broth plus 15 µg mL-1 of Chl. Cultures were incubated for 60 min at 37 ⁰C with shaking.  Cultures
were spread on LB agar plates containing the antibiotics described above, and incubated at 37 ⁰C for up to 3 days. To
confirm the resistance phenotype was conferred by the eDNA within the tested library fosmid, resulting colonies were
transferred onto LB agar plus Chl and the corresponding antibiotic and incubated overnight.  All resistant clones were
evaluated by a NotI restriction digest and retransformation to confirm the phenotypes.

2.5.3 Urease screening

Metagenomic library sub-pools were inoculated in 5 mL of LB with Chl for 60 min and then in 5 mL of urea broth (UB)
(Sigma). Positive subpools for the urea test were serially diluted and inoculated with UB containing Chl in 96 well
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plates to reduce the number of bacterial cells/subpool. The wells showing urease activity were streaked on LB agar with 

Chl to obtain single colonies. Colonies were further re-assessed for urease activity. To confirm that the cloned eDNA 

conferred the putative urease activity, the cloned fosmid fragment was extracted, analyzed with a NotI digest and 

retransformed into an isogenic strain. The transformants were grown in LB with Chl, and re-tested for the urease 

activity.  

2.6 Identifying and sequencing active tetracycline resistance and urease genes 

To facilitate finding the gene(s) of interest within the 40 kb DNA insert size, an in vitro transposon mutagenesis was 

carried out using the Genome Priming System (GPS-1, New England Biolabs) according to the manufacturer’s protocol. 

Insertion mutants that either failed to grow on tetracycline or failed the urease test were identified as having 

transpositions within the active gene. Clones presenting loss of function were sequenced using the manufacturer’s GPS-

1 primers. The sequencing reactions were carried out using the Macrogen sequencing system 

(http://dna.macrogen.com/eng/order/order_seq.jsp). Sequences were annotated using available Internet databases such 

as the Basic Local Alignment Search Tool (BLAST http://blast.ncbi.nlm.nih.gov/) [25]. 

3. Results 

3.1. Generation of fosmid libraries 

In order to characterize, describe and compare the microbial community and possible phenotypes found in two different 

environments, fosmid metagenomic libraries were generated from “El Yunque” National Forest Reserve and Guánica’s 

Dry Forest. The two libraries were designated RF (Rainy Forest) and DF (Dry Forest), respectively.  

3.2. Characterization of both libraries 

The total library is composed of approximately 32 Gbp of eDNA. The RF library consists of 14,631 clones. 

Approximately 0.06% (n=10) of the clones were examined for insert by restriction digest analysis; 100% contained 

insert DNA. The DF library consists of 781,199 clones. Approximately 0.003% (n=30) of the clones were examined for 

insert; 87% contained insert DNA. Based on the restriction digest analysis of both libraries, and given that the NotI 

recognition sequence is 5’-GCGGCCGC-3’, the data qualitatively suggests that our libraries contain eDNA that differ 

in GC content. Clones from DF contain more NotI recognition sites within the insert than clones from RF. Both libraries 

contain inserts where the maximum size is approximately 40 kb as seen in Fig. 3. 

3.3. Library screening 

3.3.1. Lipolytic screening 

Subpools of clones were screened no less than 3-fold times their original number.  No presence of lipases has been 

identified in the RF library under current experimental conditions. As for the DF clones, approximately 17 % of the 

metagenomic library has been screened. To date, no lipase presence has been identified in this metagenomic library.  

3.3.2. Selecting for antibiotic resistance 

DF and RF library subpools were assayed for antibiotic resistance to Kan, Tet, and Amp as described above. 

Approximately 6 %, 5 %, and 11 % of the RF clones resistant to Kan, Tet, Amp, respectively, were verified by NotI 

restriction analysis. Likewise, approximately 5 %, 25 %, and 2 % of the DF clones resistant to the antibiotics mentioned 

above were also verified by NotI restriction analysis. Restriction analysis of tetracycline resistant clones revealed low 

diversity in the RF library. Values can be seen in Table 1. 

 
Table 1. Number of antibiotic resistant clones present in both libraries   

 
 

DF-Dry Forest, RF- Rainy Forest, TAC- Total Antibiotic Resistant Clones, NCV-Number of Clones Verified, NDC- Number of 

Different Clones 
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Fig. 3 Restriction digest analysis of clones from (a) Guánica Dry Forest and (b) Yunque Rain Forest libraries, digested with NotI. 

The line indicates the fosmid vector. First lane on the left contains the 1 Kb ladder. Comparing the number of internal NotI 

recognition sites, DF clones have DNA inserts higher in GC content than RF. 

3.3.3. Urease Screening 

DF and RF library subpools were assayed for urease activity as described above. To date no urease activity has been 

detected in the DF library. However, 37 clones were identified with urease activity in the RF library. Approximately 81 

% were verified by a NotI restriction analysis, from which 73 % differ in their restriction pattern. This suggests that the 

eDNA insert among the tested clones is different.  

3.4. Transposon mutagenesis and sequencing 

The genes responsible for tetracycline resistance phenotypes and urease activity were interrupted by transposon 

insertion to facilitate their identification. Upon transformation of an in vitro transposition reaction of an RF insert 

conferring tetracycline resistance, 758 clones were observed. 

 Because the selection for antibiotic resistance can be done using solid media, patching was used to identify loss of 

function as seen in Fig 4. A total of 200 transformants were transferred sequentially in a fixed order to 3 plates 

containing the appropriate markers. Loss of function of the original phenotype suggests that a transposition has occurred 

within the gene responsible for the activity. This loss of function was observed on approximately 154 clones. The 

transposon’s primers were then used to sequence outward of the transposon and over the gene of interest.   

 For the urease activity, UB was used to identify gene inactivation. Upon transformation of an in vitro transposition 

reaction of 10 inserts conferring urease activity, 4 different transformants were observed to have a loss of function 

phenotype. Preliminary sequencing data alignment with Blast X showed that fragments had similarity with DNA 

fragments from Acidobacterium capsulatum (E=2e-16), Koribacter versatillis (E=2e-95) and Solibacter usitatus (E=8e-

51). 

 
Fig. 4 The mutation of interest caused by transposition results in loss of antibiotic resistance function. Transposon mutagenized 

clones were individually transferred (patched) onto: media containing the library (Chl) and transposon (Kan) selection markers (A 

and C), and to media containing both markers from the first plate and tetracycline (Tet) (B). The chosen clone shows a loss of Tet 

resistance (no growth on B) due to transposition.  
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4. Discussion 

4.1 Generation and molecular characterization of fosmid libraries 

Before the advent of Metagenomics, the isolation and characterization of novel molecules was limited and biased by the 

dependence on culturing pure organisms, leaving behind the uncultivable. Here, as in previous works, we demonstrate a 

straightforward procedure of cloning the soil metagenome to attempt unbiased expression of total microbial genetic 

content, regardless the type of soil.  

 Two fosmid libraries with 100 g of forest topsoil from a tropical dry and rainforest were generated and screened for 

different activities. Approximately 14,631 clones were generated from El Yunque Rain forest, with approximately a 40 

kb eDNA insert size which represents a total of ~585 Mbp of eDNA. On the other hand, for the Guánica Dry forest, we 

were able to generate approximately 781,199 clones. The total DF library represents ~3.12 Gbp of eDNA with an 

average insert size of ~40 kb. Though the same procedure was used for both samples, the DF library surpassed the total 

library clones generated when compared to the RF library. The reason for this goes beyond the scope of this work, but 

one possible explanation could be that the different environmental factors and type of soil plays an important role in 

cloning efficiency.  

 Molecular differences were observed between both libraries. According to the restriction digest analysis with NotI, 

DF clones contained DNA higher in GC content than RF clones as seen in Fig. 3. The temperature and precipitation 

discrepancies between both environments may contribute to more stable DNA in their respective environments. 

Microorganisms inhabiting the Guánica Dry Forest, a hotter and more arid environment when compared to the Yunque 

Rainforest, have likely undergone genome-wide adaptations, which have resulted in comparatively higher GC content 

and, subsequently, a higher number of hydrogen bonds between DNA strands to prevent denaturation.  

4.2 Library screening strategy  

Various methods have been employed to find these biomolecules activities: selecting for antibiotic resistance and 

screening for lipases using solid media, and screening for ureases using liquid media. Of these strategies, potential 

eDNA genes have been found that confer antibiotic resistance or urease activity.   

 The lipolytic screen requires every individual clone in the library be observed on solid media to determine lipolytic 

activity.  Thus, for a +700,000 clone library and the capability of only being able to screen approximately 450 clones 

per plate, this strategy is the most resource consuming and least effective. Lipolytic clones had been characterized in 

libraries containing between 35,000 to 100,000 clones with an average 40 kb eDNA insert size [16]. Due to the small 

number of clones obtained in the RF library, results suggest that indeed the RF library does not necessarily represent the 

entire microbial community present in the rainforest. Thus, it is of no surprise that no lipolytic clone has been identified 

in this library. As for the DF library, only 17 % has been presently screened. Previous screenings of cultivable isolates 

from Guánica’s dry forest soil were identified to have lipase activity (data not shown). This suggests that indeed 

lipolytic genes may be present in the DF library, but require further thorough screening efforts to be detected.     

 The urease screens consisted of liquid media in which metagenomic library subpool fractions were assayed at a time. 

Urea broth media contains phenol red as a pH indicator. Under alkaline conditions, the media turns fuchsia allowing 

detection of urease activity due to ammonia accumulation. Serial dilutions were performed to narrow down any possible 

urease-positive candidates. This strategy allowed us to find putative urease-positive clones within the DF library, and 

was comparably quicker and more effective than the lipolytic screen. The restriction analysis done showed that 22 of 

them differ in their restriction pattern. However, due to the insert DNA size, whether these 22 clones hold different 

urease genes without sequencing cannot be stated. Preliminary in silico analysis done for putative urease-positive clones 

showed that the most prevailing sequence in the DNA inserts came from members of the Acidobacteria class. Previous 

molecular studies have shown that the most dominant microorganism present in soils belongs to this class [26].  Due to 

the limited number of sequences obtained, further transposition reactions and sequencing are required to understand and 

unveil the identity of the putative urease genes. 

 Though 22 different putative urease-positive clones were isolated, hundreds of antibiotic resistant clones were 

isolated within days, because of the type of monitoring strategy used. Selection strategies eliminate the need to observe 

all library clones by allowing only the growth of clones with inserts conferring the desired phenotype, in this case 

antibiotic resistance. Thus, provided that the activity being assayed for is present within the DNA fragments of the 

metagenomic clones and readily expressed by its surrogate host, a selection assay should be the quickest and most 

effective strategy, followed by screening on liquid media, and finally by screening on solid media.  

 Coupling transposon mutagenesis with a functional assay facilitated the search for the activities detected.  Given the 

average size of the library inserts and the average size of tetracycline resistance genes (< 1 kb), it would not have been 

cost-effective to employ a primer-walking strategy to find our gene of interest.  As seen in Fig. 4, if a clone is able to 

grow on plates (A) and (C) but not (B), this may suggest the clone contains a transposition within the tetracycline 

resistance gene, or perhaps any other genetic element such as promoters or upstream genes (if the gene of interest is co-

transcribed) which interrupt the resistance phenotype. Ongoing work is being done to increase the number of sequences 
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obtained to characterize the putative tetracycline resistance genes. Once the genes conferring the respective activity are 

fully described, PCR cloning can be used to isolate the gene products and continue with biochemical characterization 

and comparison with other antibiotic resistome projects. For example, Allen et al. (2009) found both ancient and novel 

β-lactamases in Alaskan soil, which provides evidence that resistance may be evolving in soil due both to human and 

natural selective pressures, even in remote locations [21]. Further comparison of antibiotic resistance reservoirs from 

different environments, including from the human distal gut [22], may provide clues to find the origin of antibiotic 

resistance and their transfer to clinical settings, and mechanisms to diminish the prevalence of multi-drug resistant 

pathogens. 

4.3 Soil metagenomics as a tool 

Cloning the soil metagenome of two different forests in Puerto Rico has allowed access to activities with biomedical 

and biotechnological applications present in microbes that cannot grow by standard methods. The growing field of 

Metagenomics casts a new perspective on soils, by providing tools to better understand the role microorganisms play in 

their ecosystem, and to unearth previously hidden microbial genes and their products. These generated libraries will 

remain both as a source to continue exploring other biological and functional traits, including the diversity of the 

microbial communities present, and as an educational tool to increase awareness in the general public towards the 

importance of soil and its conservation as a valuable natural resource. 
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