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26 Abstract

27  The Anones Lagoon, located in the island municipality of Vieques, Puerto Rico (PR),
28  received extensive bombing during military practices by the US Navy for decades.
29  After military activities ceased in 2003, the bombing range was designated as part of a
30 larger Superfund site by US EPA. Here, we employed shotgun metagenomic
31 sequencing to investigate how microbial communities responded to pollution by
32  heavy metals and explosives at this lagoon. Sediment samples (0-5 cm) from Anones
33  were collected in 2005 and 2014 and compared to samples from two reference
34 lagoons, i.e., Guaniquilla, Cabo Rojo (a natural reserve) and Condado, San Juan (PR’s
35 capital city). Consistent with selection under low anthropogenic impacts, Guaniquilla
36  exhibited the highest degree of diversity with lower frequency of genes related to
37  xenobiotics metabolism among the three lagoons. Notably, a clear shift was observed
38 in Anones, with Euryarchaeota becoming enriched (9% of total) and a concomitant
39 increase in community diversity, by about one order of magnitude, after almost 10
40  years without bombing activities. In contrast, genes associated with explosives
41  biodegradation and heavy metal transformation significantly decreased in abundance
42 in Anones 2014 (by 91.5%). Five unique population genomes were recovered from
43 the Anones 2005 sample that encoded genetic determinants implicated in
44  biodegradation of contaminants. Collectively, these results provided new insights into
45 the natural attenuation of explosive contaminants by the benthic microbial
46  communities of the Anones lagoon and could serve as reference points to enhance
47  bioremediation actions at this site and for assessing other similarly impacted sites.

48

49  Importance

50 This study represents the first assessment of the benthic microbial community
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51  inthe Anones Lagoon in Vieques, Puerto Rico after the impact of intense pollution by
52 bombs and unconventional weapons during military training exercises. Evaluating the
53  microbial diversity of Anones, represents an opportunity to assess the microbial
54 succession patterns during the active process of natural attenuation of pollutants. The
55  culture-independent techniques employed to study these environmental samples
56  allowed the recovery of almost complete genomes of several abundant species that
57  were likely involved in the biodegradation of pollutants and thus, represented species
58  responding to the strong selection pressure posed by military activities. Further, our
59  results showed that natural attenuation has proceeded to a great extend ten years after
60 the cease of military activities.

61

62  Introduction

63 Military exercises have left a legacy of pollution worldwide and represent
64 one of the most substantial anthropogenic disturbances of natural ecosystems.
65  Activities such as naval maneuvers and arms testing have resulted in the
66  contamination of air, water, and soil with heavy metals and explosive compounds (1,
67 2,3, 4,5). In cases where military bases or ranges have been established in natural
68  areas, a wide range of environmental damages has been documented (2, 3, 6, 7). At
69 the moment, little is known about the magnitude of contamination by military training
70  activities since a full-disclosure of what type and quantity of contaminants were used
71 in any given location is typically unavailable. This leads to a potentially serious
72 environmental hazard since explosive compounds cause not only physical damage of
73  the environment where they detonate but also may have long-term consequences due
74 to trace contamination or bi-products that can be arrested in soil, sediments, water,

75 and even leak in groundwater (3, 8). Two of the most commonly used nitramine
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76  explosives in military activities since World War 11 is hexahydro-1,3,5-trinitro-1,3,5-
77  triazine (RDX) and 2,4,6-trinitrotoluene (TNT). Both are categorized as carcinogenic
78 by the Environmental Protection Agency (US EPA). Other explosives commonly used
79 are octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and 2,4-dinitrotoluene
80 (2,4-DNT) (3, 8). In general, insufficient information is available for the current
81  pollution of soil and sediments by these explosives.

82 In Puerto Rico (PR), significant areas of the Island municipality of Vieques
83  were used by the US Navy in military training exercises for over 60 years. One of the
84  most impacted areas is the Anones Lagoon located at the center of the former Atlantic
85  Fleet Weapons Training Facilities (9). In 2004, a year after the military activities
86  ceased, the US EPA designated the area as a Superfund Site. Only a few studies on
87  the military impacts on Vieques have been conducted by the US EPA and local
88  scientists (10, 11, 12, 13, 14). These studies highlighted the impacts to plants, algae,
89 animals, and public health caused by the presence of metals, explosive compounds
90 and bi-products. Unfortunately, the ecological impacts in the Anones Lagoon by the
91 long-term bombing are still poorly understood.

92 The study of microorganisms in these atypical sites could reveal unique
93  diversity associated with environmental pollution and could help estimate, better
94  understand and model the biological attenuation processes associated with the area.
95  For instance, certain microbial species can serve as indicators of pollution or an
96 environmental disturbance (15). Microorganisms can also express specific genes to
97  biodegrade or biotransform contaminants into less hazardous compounds. Specific
98 metabolic pathways for degrading toxic compounds generated by military activities
99  have been elucidated, and are often enriched in this type of environment that is hostile

100 to life (16, 17, 18, 19). Genes, including nitroreductases, have been shown to be
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101 involved in degrading different explosives (20, 21, 22, 23, 24, 25). Although, these
102  approaches have advanced our understanding of the role of microbes in military
103  impacted sites, all rely on culture-dependent techniques in the laboratory and thus, the
104  relevance of the results obtained from in-situ activities and processes remain
105  frequently inaccessible.

106 Various studies have been conducted using metagenomics analysis to better
107  understand environments such as wastewater treatment plants (26), contaminated
108  freshwater and marine sediments by pesticides (27, 28), and contaminated sediments
109 by oil spills (15). Military sites remaining comparatively much less studied by
110  culture-independent techniques, especially in terms of studying the corresponding
111  microbial communities across time. To our knowledge, there has not been a
112  metagenomics survey of the Vieques military-impacted site or similar tropical lagoon
113  sites. Yet, the relative abundance of microorganisms over time and their gene
114  complement at Vieques could provide new insights into the process of natural
115  attenuation of explosive pollutants or enhanced restoration, and serve as biomarkers
116  for predicting the fate of explosives.

117 We hypothesized that microbial communities in Anones were enriched in
118 broad adaptive strategies, and perhaps unique biodegradation genes of explosives
119  selected by the long-term history of diverse pollution while increase in microbial
120  diversity could indicate progress of natural attenuation processes. We employed
121 shotgun whole-community metagenomics to test this hypothesis and characterize the
122  genetic diversity and biodegradation genes at the Anones Lagoon. Comparative
123 metagenomics with microbial communities from undisturbed and human-impacted
124  lagoons in Puerto Rico revealed that the Anones sediment communities harbor novel

125  diversity that has apparently contributed to the natural restoration of the site.
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126

127  Results

128  Site and sample description

129 The three lagoons used in this study were exposed to different natural or
130  anthropogenic effects. In the case of Guaniquilla Lagoon, The Department of Natural
131  and Environmental Resources of Puerto Rico has since 2002 designated the lagoon as
132 a natural wildlife reserve for native and endemic species (29). On the other hand,
133  Condado lagoon is located in San Juan, which is the capital city (~400,000
134  inhabitants) and urban area of Puerto Rico. Anthropogenic activities such as urban
135 development with significant sewage discharges has been extensively reported at the
136  site. However, in 2013 the lagoon was designated as an estuarine reservoir (30).
137  Finally, Anones lagoon, the most severely impacted site, was exposed to military
138 training exercises for over 60 years, since it was located in center of the former
139  Atlantic Fleet Weapons Training Facilities (10). At the present time, the lagoon is a
140  Superfund Site designated by US EPA since 2004 and been placed under the
141  jurisdiction of US Fish and Wildlife Service (USFWS). The lagoon is connected to
142  Bahia Salinas del Sur, the bay to the open sea, through a small channel and traces
143  from bullets and bombs are easily spotted at the surface throughout.

144 Each sediment sample had similar physicochemical characteristics since all
145  lagoons experience similar climatic and edaphic conditions. All samples originated
146  from the surface sediment of each lagoon, as shown in Table 1. In general, pH
147  measurements were nearly neutral, between 7.10 and 7.75, with Anones-2005 being
148  the most alkaline. All samples exceeded the ocean’s typical salinity (~3.5%), except
149  Condado. Heavy metals measurements showed that Condado and Anones-2005 had

150 the highest concentration of lead and cadmium, 15.8ug/g, 0.7ug/g and 34.9ug/g,
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151  0.3ug/g, respectively. Anones-2014 exhibited the highest level for copper, 63.4ug/g,
152 while Guaniquilla had the lowest concentration for all three elements (Table 1).
153  According to the interim freshwater sediment quality guidelines (ISQG) of the
154  Canadian Council of Ministers of the Environments (CCME) (31), Anones-2005
155  exceeded the cadmium guideline of 0.6 mg/kg, while Anones-2014 exceeded the
156  copper guideline of 35.7 mg/kg. These reference thresholds indicate the possible
157  adverse biological effects on aquatic systems (32)(CCME 1995). Interestingly,
158  Anones-2005 was the only sample in which explosives were detected above the U.S
159  EPA method 8330B limit.

160

161  Microbial community diversity patterns

162 DNA extraction for each of the four sediment samples (Anones-2005,
163 Anones-2014, Condado and Guaniquilla) was performed in triplicate. The pool of the
164 triplicate samples from each site was sequenced at about 5 Gbp/sample. As typical of
165 metagenomics surveys of complex sediment samples, sequencing did not cover the
166  total DNA diversity sampled (33). Nonpareil 3.0, a database-independent metric of
167  microbial community complexity and alpha-diversity (33, 34), with default
168  parameters showed that the coverage of each microbial community by sequencing
169 was 28%, 33%, 67.5%, and 13% for Guaniquilla, Condado, Anones-2005, and
170  Anones-2014, respectively. Coverage values and Nonpareil curve projections for
171  complete coverage showed that Anones-2005 saturated faster and required the least
172 sequencing effort for complete coverage, while Anones-2014 required the highest
173  (Figure 1A), revealing that Anones-2005 possessed the least diverse microbial
174 community. In particular, the Nonpareil index of sequence diversity (Nd), revealed

175  that Guaniquilla had the highest value Na = 21.22, closely followed by Anones-2014
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176  at 20.81, whereas Anones-2005 the smallest, Na =19.68 (note that Nq is a logarithmic
177  scale, thus a difference of 1 corresponds to 10 fold the absolute difference).
178  Comparing the metagenomes from this study to several reference metagenomes
179  determined previously (34), revealed that Guaniquilla and Anones-2014 metagenomes
180 were comparable to other typical sediment samples in terms of coverage and
181  microbial diversity, whereas Anones-2005 was similar to freshwater or heavily
182  impacted environments.

183

184  Taxonomic composition and relatedness among the sites

185 pH and salinity have been known to strongly influence the presence and/or
186 relative abundance of microbial populations (35, 36). In Anones-2005 and 2014, the
187  relative abundance of the two most dominant phyla, Proteobacteria and Bacteroidetes
188 was similar based on MyTaxa analysis of assembled the metagenomic contig
189  sequences (Figure 2A). In Anones-2005, Firmicutes was the third most abundant
190  phylum, making up ~12% of the total; with the remaining phyla collectively making
191  up only 9% of the population. In contrast, Anones-2014 was characterized by high
192  abundance of Euryarchaeota (9% of the total), followed by Firmicutes (5%),
193  revealing a clear broad taxonomical shift after 9 years, accompanied by an increase in
194  microbial diversity. Further, Anones-2005 was dominated by a few operational
195  taxonomic units (OTUs) based on 16S rRNA gene fragments recovered from the
196  metagenomes (Figure 2B), consistent with a low-diversity microbial community.

197 The constantly human-impacted lagoon at Condado was dominated by
198  Bacteroidetes (68%) and Proteobacteria (29%); and only 3% of the metagenomic
199  sequences were assignable to other phyla. Meanwhile, the Guaniquilla lagoon, the

200 least impacted ecosystem by human activity, did not appear to have a dominant
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201  phylum with higher than ~30% overall relative abundance. Also, Guaniquilla had the
202  highest abundance of unclassified OTUs (7% of the total) and OTUs assigned to
203  Ignavibacteriae (7%), which contrasted with <0.5% Ignavibacteriae in the other
204  metagenomes (Figure 2A). Consistent with these findings, the MASH-based distances
205 among the metagenomes showed that Condado was the most distant from either of the
206  Anones samples, reflecting presumably its constant human-induced impact, while
207  Guaniquilla appeared to be more similar to Anones-2014 in complexity (Fig. S2).

208 To further investigate if the high abundance of the Bacteroidetes phylum in
209  Condado lagoon reflected the presence of human-gut associated taxa (due to the
210 location of this lagoon in the city of San Juan), the metagenomic reads were searched
211  against the human gut microbiome IGC reference database (37) for high identity
212  matches (>95% of nucleotide identity). Human gut-associated Bacteroidetes genera
213  such as Bacteroides, Prevotella and Porphyromonas were present in Condado at very
214  low relative abundances (< 0.001%), similar to the other lagoons (Fig. S3). Further,
215  40% of the detected Bacteroidetes belonged to the Flavobacteria 3% to Cytophagia
216  and 3% to Shingobacteria classes, which are typically associated with natural settings
217  such as fresh/saltwater, soil, activated sludge, and compost (38). Hence, it appears
218 that environmentally-adapted populations made up most of the Bacteroidetes signal in
219  Condado.

220

221  Biodegradation genes of explosives and heavy metals

222 In the Anones samples, a significant functional shift was observed between
223 2005 and 2014 samples (Figure 3). Anones-2014 showed an average decrease of
224  91.5% in reads mapping to several key genes encoding enzymes involved in the

225  biodegradation of explosives and nitroreductases, including cytochrome P450-like
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226  protein (xplA), xenobiotic reductase B (xenB), xenobiotic reductase A (xenA), major
227  oxygen-insensitive nitroreductase (nfsA), oxygen-insensitive nitroreductase B (nfsB),
228  oxygen-insensitive nitroreductase (nitA), oxygen-insensitive nitroreductase (nitB),
229  cadmium-transporting ATPase P-type (cadA), zinc, cobalt and lead efflux system
230  (zntA), Pb(ll) resistance ATPase (pbrA), copper-exporting P-type ATPase A (copA),
231  copper-exporting P-type ATPase B (copB) genes compared to Anones-2005; while
232  xplA, xenB, nfsB, nitA and cadA did not recruit any reads. In fact, Anones-2014
233  looked more similar to the reference, pristine lagoons in this respect, e.g., only
234  0.017%, 0.018% and 0.027% of the total reads mapped to the above mentioned genes
235  for Anones-2014, Guaniquilla, and Condado, respectively, contrasting with 0.2% for
236  Anones-2005, i.e., a ~10 fold higher abundance, on average (Table S2). Interestingly,
237  CcOpA, a copper-exporting P-type ATPase, appeared to be the gene with the highest
238  number of matching reads in all metagenomes. This finding is consistent with in-situ
239  copper concentrations in each sediment lagoon, which were higher than the other two
240  heavy metals assessed.

241

242  Novel organisms in Anones 2005

243 Due to the low complexity of Anones-2005, we were able to recover the
244  genome of five metagenome-assembled genomes (MAGS) representing relatively
245  abundant populations, with high completeness (>83.2%) and low contamination
246  (<10%) using binning techniques (Table 2). The estimated size of these genomes
247  ranger between 2.6 and 4.5 Mbp. Their closest relative in NCBI’s RefSeq prokaryotic
248 genome database showed <50% genome-aggregate amino-acid identity (AAIl) and
249  was affiliated with different phyla, indicating that these genome bins (MAGS)

250  represent diverse, novel genera, if not families (39). MAG 2 especially appeared to

10
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251  represent a class-level novel taxon with a low GC (%) content of 31.7% in
252  comparison with the other MAGs (Table S3). Interestingly, all MAGs recovered in
253  Anones-2005 did not appear to be present 9 years later in Anones-2014 (Fig. S4).
254  MAG 3 had a related but distinct microbial population in the Condado metagenome
255  (~90% AAI; Fig. S4). Also, MAG 2 and MAG 7 appear to have a related microbial
256  population in Guaniquilla (Fig. S4).

257 MAG 1 (Rhodospirilaceae sp., Alphaproteobacteria) had a relative
258 abundance of 12% (of the total metagenome) and, together with MAG 3
259  (Gammaproteobacteria sp.) (6.5%), were assignable to the Proteobacteria phylum.
260 MAG 2 (Mollicutes sp.) (4.8%) was assignable to the Tenericutes phylum. Mollicutes
261 (MAG 2) and Bacteroidetes sp. (MAG 5) represented more deep-branching members
262  of the Tenericutes and Bacteroidetes phyla, respectively, compared to MAG 1 and
263  MAG 3, based on their best AAI values against RefSeq genomes, and phylogenetic
264  relationships using 57 universal housekeeping genes (Figure 4). All five genomes
265  together accounted for about ~29% of the total metagenome.

266

267  Functional description of MAGs

268 As expected, subsystem categories such as protein metabolism, cofactors,
269  vitamins, prosthetic group, pigments, and amino acid and derivatives were the most
270  abundant pathways in each MAG, followed by DNA and RNA metabolism (Table
271  S4). In addition, each MAG encoded various specialized functions such as: (1)
272  cellular response to DNA damage, (2) response to heat, (3) response to stress, (4)
273  sodium ion transport, (5) SOS response, while no MAG represented photosynthetic
274  bacteria (Figure 5). All MAGs also encoded various manually verified genes with

275  significant homology (e.g., >30% amino acid identity across >70% of the gene length)

11
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276  to genes previously shown to be involved in the transformation and biodegradation of
277  explosives and heavy metals resistance. A brief description of the functional gene
278  content of each MAG follows:

279

280 MAG 1 (Rhodospirilaceae sp.):

281 The most abundant MAG appears to belong to the Proteobacteria phylum, has
282  agenome size of 3.1Mbp, a GC content of 62.6%, and coding density of ~90%. MAG
283 1 harbors genes for sulfate assimilation, including adenylyl-sulfate kinase (cysC) and
284  phosphoadenosine phosphosulfate reductase (cysH) genes. Therefore, this genome is
285 likely from a sulfate-reducing bacterium using sulfate as terminal electron acceptor.
286  Interestingly, MAG 1 is unique among the other four MAGs in harboring the full gene
287  complement (e.g., 25 genes) of a nitrogen fixer, including nitrogenase iron protein 1
288  (nifH). MAG 1 also has genes for chemotaxis, including flagellar motor switch
289  proteins, such as fliN and fliG, indicating that it is potentially motile. Presence of
290  efflux system proteins involved in response to antibiotics were also detected. In
291 addition, MAG 1 harbors a (predicted) homologous gene to xenobiotic reductase
292  (xenA) and copper exporting (copA) (Table S5).

293

294  MAG 2 (Bacilli sp.) and MAG 7 (Spirochaetales sp.):

295 MAG 2 was the most deep-branching of all MAGs with respect to the
296 available genomes of isolates in NCBI’'s RefSeq prokaryotic database and did not
297  appear to be motile, with a genome size of 2.3Mbp, GC content of 31.7%, and coding
298  density of ~93%. MAG 2 has genes for resistance to antibiotics, reactive oxygen
299  species, and ultraviolet radiation (UV) by homodimerization activity. Viral genome

300 integration proteins, including int for integrase functions, appears to be present,

12
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301 indicating vphage predation for this population. Using PHASTER with default
302 parameters (40), only this MAG showed the presence of phage-like proteins,
303 including transposase, portal protein, integrase, head protein and terminase in three
304  different contigs. However, the phage genome was not intact/complete, but most
305 likely represents a remnant prophage. For specific genes of interest, this MAG harbors
306  (predicted) genes associated with cadmium transporter (cadA) and copper exporter
307  (copA), xenobiotic reductase (xenA) and oxygen nitroreductase (nitB) (Table S5).

308 MAG 7 has a genome size of 2.7Mbp, GC content of 50.8%, and coding
309  density of ~93.2%. This genome harbors sulfur utilization proteins such as L-cystine-
310 binding protein (fliY) and antibiotic resistance genes (e.g., efflux pump systems).
311 Genes encoding the homologous functions for oxygen nitroreductase (nitA),
312  xenobiotic reductase (xenA), copper exporting (copB) were also observed (Table S5).
313

314  MAG 3 (Gammaproteobacteria sp.):

315 The second most abundant genome appears to belong to the Proteobacteria
316  phylum, has a genome size of 3.2Mbp, GC content of 51.2%, and coding density of
317  ~90%. The presence of nitrate and nitrate reductases indicated that MAG 3 was a
318  denitrifying bacterium encoding primarily facultative anaerobic heterotrophic
319 lifestyle. MAG 3 also harbors genes for chemotaxis (fliN and fliG) and thus, like
320 MAG 1, appears to be motile. Also present were genes for antibiotic resistance (e.g.,
321  efflux pump system), and response to gamma and ultraviolet radiation. For specific
322  genes of interest, MAG 3 appears to carry a gene encoding the XenB protein, which
323  works under anaerobic conditions and less toxic compounds are produced during

324  biodegradation, (50%, that has a high amino acid identity to a previously

13
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325  characterized XenB (41)), oxygen nitroreductase (nfsB), and copper exporting (copA)
326 genes (Table S5).

327
328 MAG 5 (Bacteroidetes sp.):

329 MAG 5 has a genome size of 3.2Mbp, GC content of 42.2%, and coding
330 density of ~92.5%. It harbors sulfate assimilation genes, including phosphoadenosine
331 phosphosulfate reductase (cysH); therefore could be a sulfate-reducing bacterium,
332  likely using sulfate as terminal electron acceptor. It also harbors nitrous-oxide
333  reductase (nosZ) gene, i.e., nitrous oxide reductase to atmospheric dinitrogen. MAG 5
334  also possesses genes for fliN and fliG genes involved in chemotaxis and thus, likely
335 represents a motile population. Also, present are genes involved in antibiotic
336  resistance (e.g., efflux system), response to radiation, including UV by
337  homodimerization activity, and presence of int gene, for viral/prophage integration.
338  Finally, this MAG possesses homologs of oxygen nitroreductase (nfsA), copper
339  exporting (copA, copB), cadmium transporter (cadA), and lead resistance (pbrA)
340  genes (Table S5).

341

342  Discussion

343 The microbial community structure of surface sediment samples from three
344  different coastal lagoons in Puerto Rico was evaluated. Anones was impacted by a
345 major and toxic disturbance; the lagoon was sampled two years after continuous
346  pollution disturbance stopped and then 11 years later. Condado has continuous
347  anthropogenic disturbance due to its proximity to Puerto Rico’s capital city. Finally,
348  Guaniquilla lagoon which is a proxy for a pristine lagoon, since it is a natural reserve.
349  Collectively, our results showed that microbial diversity of the Anones Lagoon during

350 2005 was negatively affected by military activities since microbial community was

14
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351 ten times or more less complex than the average sediment from reference lagoons or
352  Anones nine years later, and encoded at least 10 times more genes related to
353  biotransformation of xenobiotics and heavy metals. These results indicated that
354  continuously bombing for decades selected for a few populations well-adapted to an
355  environment containing explosive chemicals. Nonetheless, about a decade later,
356  conditions became favorable for bacterial diversity to recover, at least partially. Our
357  findings are consistent with several studies that have documented reduction in
358  microbial community diversity following a major environmental disturbance (42), but
359 also enrichment of specific microbes after exposure to explosives (19, 43, 44, 45, 46,
360  47).

361 The substantial microbial community shifts from 2005 to 2014 in Anones
362 also indicated a well-adapted/enriched community to the explosives and under
363  transition in 2005. The major changes observed in microbial composition and
364  diversity nine years after indicates that changes were likely occurring at the end of
365 2003, when bombing ceased, and the 2005 sample represented an early recovery
366  stages of the microbial community from the use of explosives. Anones-2005 also had
367 the most alkaline pH among the sampling sites, contrary to other military impacted
368  zones with acidic pH (7), which is consistent with a transitional state for the 2005
369  community. Unfortunately, samples from 2003 or earlier were not available to further
370  corroborate these interpretations. Further, enrichment of Archaea has previously been
371  shown to be related to community recovery from an oil spill (15), and Euryarcheaota
372 were collectively much more abundant in Anones 2014 vs. 2005. Therefore, it appears
373 that such archaeal populations may represent good indicators of less-polluted

374 ecosystems or recovered communities.
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375 The Anones-2014 microbial community was characterized by a higher
376  number of microbial taxa and lower frequency of biodegradation process genes
377  compared to Anones-2005 or Condado lagoons. The decrease in relative abundance of
378  known genes related to the transformation/biodegradation of explosive compounds
379  between 2005 and 2014 samples strongly indicated that Anones Lagoon has been
380 undergoing natural attenuation. For instance, nitroreductases such as those detected in
381 the Anones-2005 metagenomes and MAGs are known to act by cleaving
382  nitroaromatics rings, including those found in explosives like TNT (22, 23, 24, 25).
383  These findings further confirmed that microbes are capable of faster recovery and
384  adaptation when compared to multicellular organisms (48, 49, 50), and can be used as
385  more sensitive biomarkers of the current state and future projection of ecosystem
386  recovery (51).

387 Bioinformatics functional prediction of the recovered MAGs from Anones-
388 2005 indicated that the organisms sampled were, at least partially, responsible for the
389  bioremediation enhancement in Anones. MAGs encoded genes related to explosives
390 and heavy metals (e.g., cadmium, copper, and lead resistance genes), including genes
391 for the biodegradation/transformation of nitroaromatics such as TNT and RDX (16,
392 17, 18), that were absent in other lagoons or Anones-2014. Also, based on AAI
393 values, these organisms represented at least novel families, revealing that disturbed
394  tropical sites by military activities may have selected for novel organisms that need to
395 be studied in more detail both taxonomically as well as functionally for their
396  biodegradation/transformation potential.

397 The differences in microbial community composition observed in the
398 Anones samples are unlikely to be attributed to seasonal effects or sample

399  heterogeneity. First, our samples represent composite samples of multiple DNA
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400 extractions in order to reduce sample-specific patterns and were collected at the same
401 time of the year (summer). Further, previous studies have shown that bacterial
402  communities inhabiting sediments of tropical coastal lagoons do not show strong
403  seasonal patterns (52, 53), consistent with relative small seasonal variations in
404  temperature in the tropics.

405 In conclusion, this study has revealed the potential functions and organisms
406  associated with transformation/biodegradation of explosives and resistance of heavy
407  metals in a former bombing range. Even though our results indicated that natural
408  attenuation has been occurring since 2005 in Anones, it is important to note that it
409  only involved the surface of the lagoon’s sediment. Thus, the structure of microbial
410 communities residing at deeper sediments remains uncharacterized. Several questions
411  also remain to be addressed in future studies; most notably, how much the identified
412  microbial populations contributed to natural attenuation and if their activities are
413  adequate for complete bioremediation of a site constantly disturbed for over 60 years
414 by military activities. Tracking temporal shifts after the disturbance, coupled to in-situ
415 rate measurements, could be a useful approach to better quantify the role of benthic
416  microbes for natural attenuation of explosives and other environmental pollutants, and
417  provide biomarkers for better modeling the attenuation process and predicting the
418 toxic effects of specific chemical compounds. The genes and genome sequences
419  recovered here can also provide reference points for future experiments related to the
420 remediation of Anones or other contaminated sites, e.g., by providing sequences for
421  gPCR assays.

422

423  Materials and Methods

424 Sampling
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425 Soil samples from the sediment surface (0-5cm), where heavy metals and
426  explosives residues were mainly deposited (6, 7), were collected in Corning® 50mL
427  centrifuge tubes from Anones at two time points (October 2005 and June 2014).
428  Similarly, sediment surface soil smaples from the pristine Guaniquilla and urban
429  impacted and Condado lagoons (Fig. S1) were collected in June 2013. All samples
430  were stored at 4°C until further analyzed. Temperature measurements were taken in-
431  situ by immersion of a mercury thermometer in sediment; a salinity refractometer was
432  used to measure salinity of water above the sampled sediment, and pH measurements
433  were taken on the samples in the laboratory with a pH meter (ATl Orion Model
434  230A).

435

436  Heavy Metal and Explosive Concentrations

437 To measure heavy metals an acid extraction was done, approximately 3g of
438 homogenous sediment sample was incinerated for 3hrs at 600°C in ceramic crisols.
439  After incineration, samples were pulverized with approximately 1mL of concentrated
440 HCI and transferred to a 250mL beaker by rinsing with 1mL of HCI for a total of
441  three washes in order to transfer all the sample to the beaker. One mL of nitric acid
442  was added to each sample while warming samples without drying, for a total of two
443  washes and a last wash of 3mL concentrated HCI. By the end of the washes, the
444 sediment was white in color. The acid extraction was then filtered through a
445  Whatmann filter #40 and 5% HCI added for a total of 100mL of sample. Lead (Pb),
446  cadmium (Cd), and copper (Cu) were measured by atomic absorption
447  spectrophotometer (Perkin ElImer Model AA100). Concentrations for RDX and 2,6-
448 DNT were measured by High Performance Liquid Chromatography (HPLC)

449  according to U.S EPA method 8330B (54).
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450

451  DNA extraction protocol

452 Metagenomic DNA extraction was performed with the modified DNA
453  extraction protocol Method 2 wusing the QlAamp DNA Micro Kit from
454  QIAGEN® (55). Briefly, approximately 0.5g of homogeneous sediment sample was
455  subjected to a two-step cell lysis. First, a chemical lysis was performed by addition of
456  an enzyme cocktail as follows: Mutanolysin (1,500 u/ml), Lysostaphin (510 u/ml),
457  and Lysozyme (10mg for 2ml), plus a lysis buffer [0.5M EDTA and of 1M Tris (pH
458  8.3)] and incubation at 37°C for 1h with rotation to mix. Second, a physical lysis was
459  performed with approximately 0.22g of each bead (0.1mm glass and 0.5mm
460  ziconia/silica beads) and 600ul Phenol:Chloroform at 3,500rpm for 1:30 min. After
461  centrifugation at 3,000rpm for 5min and transferring of the supernatant to a new
462  microtube, AL Buffer (QIAGEN Kkit) and 100% EtOH were added to the supernatant.
463  The rest of the protocol followed the QlIAamp DNA Micro Kit manual from step 17
464  to protocol end.

465

466  High-throughput sequencing and sequences processing

467 Community DNA (libraries) was sequenced using an Illumina MiSeq reagent
468 V2 kit for 500 cycles (2 x 250 bp paired end run) on an Illumina MiSeq instrument
469  (located in the School of Biological Sciences, Georgia Institute of Technology). Prior
470  to sequencing, DNA sequencing libraries were prepared using the Illumina Nextera
471  XT DNA library prep kit according to manufacturer’s instructions except the protocol
472 was terminated after isolation of cleaned double stranded libraries. Library
473  concentrations were determined by fluorescent quantification using a Qubit HS DNA

474 kit and Qubit 2.0 fluorometer (ThermoFisher Scientific) and samples run on a High
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475  Sensitivity DNA chip using the Bioanalyzer 2100 instrument (Agilent) to determine
476 library insert sizes. Adapter trimming and de-multiplexing of sequenced samples was
477  carried out on the MiSeq instrument. Raw metagenomic reads were trimmed using
478  Solexa Q4 (56). Each resulting trimmed pair-end read was merged together with its
479  sister read, when overlapping, using PEAR with default parameters (57) (Table S1).
480

481  Metagenome coverage and de-novo assembly

482 Nonpareil, which assesses coverage of extracted community DNA by
483  sequencing based on the frequency of unmatched reads in the metagenomic datasets
484 (35, 58), was used determine the level of microbial community coverage and
485  sequence diversity. In the present study, Nonpareil 3.0 was used, which represents a
486  faster, k-mer-based method than the original Nonpareil, and in addition, provides an
487  estimation of the alpha-diversity of the sample (58). Assembly of the metagenomic
488  reads was performed with IDBA 1.1.1 (59) with a minimum k-mer value of 35 and a
489  maximum value of 75. The k-mer size that resulted in the highest number of
490 assembled reads was selected for each metagenome.

491

492  Taxonomic classification of DNA sequences and estimation of in-situ relative
493  abundance

494 Taxonomic classification was assessed in two ways: (1) assembled contigs or
495  binned genomes were classified using the stand-alone MyTaxa analysis (60) and
496  reported at the Phylum level; (2) 16S rRNA gene-encoding reads were identified
497 using Parallel-META 2.0 (61) followed by QIIME 1.9.0 (62) for taxonomic
498 classification and the top 75 most abundant genera reported.

499 Trimmed reads were mapped on predicted genes of contigs using BLAT in
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500 order to assess relative abundance of the gene or population bin, based on a minimum
501 cut-off for a match of 97% nucleotide identity. Finally, a distance matrix was
502  developed to estimate sequence relatedness between metagenomes based on MASH
503 distance analysis (63) at the whole metagenome level, and visualized using the PCA
504  plot function of the QIIME principal_coordinates.py script (62).

505

506  Gene prediction and functional annotation of biodegradation genes

507 Gene prediction was performed with MetaGeneMark (64) using trimmed
508 metagenomic reads or assembled contig sequences as input. Predicted genes were
509  compared against a manually curated in-house database of biodegradation genes using
510 BLAST (65) for complete alignment, conservation of functional domains and at least
511  30% amino acid identity (minimum bitscore cutoff of 60 for a match). The database
512 included genes related to explosives (xplA, xenB, xenA, nfsA, nfsB, nitA, nitB) and
513 heavy metals resistance for Pb, Cd and Cu (bmtA, cadA, zntA, pbrA, cadD, copA,
514  copB).

515

516  Recovering population genomes by binning

517 Assembled contigs for each metagenome were binned into MAGSs using
518 MaxBin software (66) in order to obtain whole or partial genomes. For each MAG,
519  coverage, genome size, completeness, and contamination were estimated using the
520 HMM.essential.rb script as implemented in the Microbial Genomes Atlas (MiGA)
521  webserver (67). Average Amino Acid identity (AAI) values (68) against the RefSeq
522  prokaryotic genome database from NCBI (https://www.ncbi.nlm.nih.gov/refseq) were

523  also computed by the MiGA webserver.
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524 To further improve the quality of the recovered MAG sequences, the likely
525  phylogenetic origin of the contigs was evaluated as follows: every gene encoded by
526  the contigs of a MAG was searched against the RefSeq prokaryotic genome database
527  for its best match. Contigs that provided matches to different taxonomic families or
528  provided highly divergent AAI values were manually removed from the MAG.
529  Phylogenetic relationships of the resulting MAGs and their best-three matching
530 RefSeq genomes were determined based on their AAI values as well as sequence
531 alignment of 57 essential genes shared by all genomes using RAXML (69) and were
532  checked for consistency. Functional analysis for each MAG was performed with
533 SEED and Swiss-Prot database for more specific functional prediction. Predicted
534  genes were also compared to manually curated biodegradation genes related to
535  explosives and heavy metals resistance as described above.

536

537 The raw sequences of each metagenome are available in the Sequence Read

538  Archive (https://www.ncbi.nim.nih.gov/sra/SRP156313) under Bioproject “Vieques

539  metagenomes” (PRIJNA483958) and accession numbers: SAMNO09754619,
540 SAMNO09754620, SAMNO09754621, SAMNO09754622. MAG sequences are available
541  through http://enve-omics.ce.gatech.edu/data/vieques

542
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837  Table 1. Physicochemical measurements of the sediment samples from each lagoon.

Lagoon Date pH Temperature Salinity Pb Cd Cu RDX 2,6-DNT
(sample) (°C) (%) (ug/g) (Hg/g) (ug/9) (umoles/kg) (umoles/kg)
Anones 2005 7.75 ND? 3.8 15.788 0.748 21.320 7.164 10.516
Anones 2014 7.10 35.7 7.1 17.664 0.585 63.382 <0.2uM < 0.1uMB
Condado 2013 7.54 ND? 0 34.898 0.258 31.218 <0.2uM < 0.1uMB
Guaniquilla 2013 7.12 ND2 7.0 9.321 0.263 17.714 <0.2uM <0.1uM

a Not determined.

838
839

840 Table 2. Statistics of the MAGs recovered from the Anones-2005 Lagoon by

841  MaxBin.
Genome Estimated Estimated
MAG Average Size Completeness Contamination? ~Genome Relative AAI (%) ~ -
Coverage  (MB) %) %) Sized Abundance © Anones-2014 Condado Guaniquilla
(MB) (%)
Magnetospirillum No matches ~ No matches ~ No matches
MAG 1 37.6 3.1 100.0 1.9 3.1 12 magneticum AMB 1
(50.21%)
. ) No matches No matches Related
MAG2 206 2.3 89.7 3.1 2.6 4.8 Mollicutes bacterium HR1 population
(45.82%)
MAG3 20.1 3.2 99.1 0.9 3.3 6.5 Thioalkalivibrio sulfidiphilus ~ NO matches Related No matches
HL EbGr7 (50.2%) population
. No matches No matches No matches
MAG 5 9.7 3.9 86.9 4.0 45 3.9 Rhodothermus marinus
DSM 4252 (42.73%)
No matches No matches Related
MAG 7 6.2 2.7 83.2 9.0 3.2 1.7 Spirochaeta smaragdinae population

DSM 11293 (50.01%)

842

843 2 Posible chimeras.

844 " Represents genome size divided by completeness.

845  © Represents genome size times the coverage times read length divided by total of
846  reads of metagenome.

847 9 Closest relative based on Average Amino Acid ldentity.

848

849

850

851
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Figure 1. Community diversity of the three lagoons sampled. (A) Nonpareil 3.0

curves of the Guaniquilla, Condado, Anones-2005 and Anones-2014 lagoon

metagenomes, showing the estimated average coverage of the corresponding

microbial communities (dots) and the amount of sequencing required to achieve 95%

or 99% coverage (dashed lines on the top). Note that curves to the right require more

sequencing effort in order to reach high coverage, therefore, the corresponding

communities are more diverse. (B) Rarefaction curves of Guaniquilla, Condado,

Anones-2005 and Anones-2014 lagoon metagenomes based on 16S rRNA gene

fragments recovered. The graph shows the number of unique OTUs per number of

sequences analyzed.
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Figure 2. Taxonomic classification of the abundant organisms present in the
metagenomes of this study. (A) Phylum-level and (B) genus-level taxonomic
classification of the lagoon microbial communities. The graphs are based on MyTaxa
analysis of assembled contigs. Numbers indicate relative abundance of each phylum,
based on the total reads of the metagenomic dataset (minimum abundance shown is

5%).
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Figure 3. Relative abundance of biodegradation genes involved in explosive and
heavy metal (Pb, Cd and Cu) biotransformations in the metagenomes of this
study. Relative abundance was estimated as the fraction of metagenomic reads
assigned to each specific gene, divided by the number of total reads in each

metagenome.

38


https://doi.org/10.1101/389379

bioRxiv preprint doi: https://doi.org/10.1101/389379. this version posted August 10, 2018. The copyright holder for this preprint (which was

882
883

884

885

886

887

888

889

890

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Tree scale: 0.1 +—

Streptomyces roseosporus NRRL 11379

BIN2

BIN7

—
{7
i

BINS
Salinibacter ruber DSM13855
Rhodothermus marinus DSM4252

Lo Thiolapillus brandeumn
™ Tenericutes 4@ Sedimenticola thiotaurini

® Cirmicutes Thioalkalivibrio sulfidophilus HL-EbGr7
Spirochaetes BIN3
Ignawba_cterlae BINL
Bacteroidetes - .
Proteobacteria Azospirillum lipoferum-4B
Actinobacteria E Magnetospirillum gryphiswaldense MSR-1v2

Magnetospirillum magneticum AMB-1

Figure 4. Phylogenetic relationships among recovered genomes (MAGs) from the
metagenomes of this study and selected reference genomes. The phylogeny is
based on a maximum likelihood analysis of the concatenated alignment of 57 single

copy genes using RAXML and color-coded by phylum.
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Figure 5. Functional gene annotation of MAGs based on the SwissProt database.
Heatmap shows the counts (i.e., number of genes found; see scale bar on top) of gene
functional categories (rows) in each metagenome of this study (columns). For each

functional category shown, all genes assigned to this function in SwissProt were used

to estimate the counts.
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Table 1. Physical and chemical properties of the four sediment samples from each lagoon.

Lagoon Date pH Temperature Salinity Pb Cd Cu RDX 2,6-DNT
(sample) (°C) (%) (Hg/9) (Hg/9) (Mg/9) (umoles/kg) (umoles/kg)
Anones 2005 7.75 ND2 3.8 15.788 0.748 21.320 7.164 10.516
Anones 2014 7.10 35.7 7.1 17.664 0.585 63.382 <0.2uM <0.1um
Condado 2013 7.54 ND?2 0 34.898 0.258 31.218 <0.2uM <0.1uM
Guaniquilla 2013 7.12 ND?2 7.0 9.321 0.263 17.714 <0.2uM <0.1um

a Not determined.


https://doi.org/10.1101/389379

Table 2. Genomes recovered from Anones-2005 Lagoon by binning with MaxBin and statistics.

Genome Estimated Estimated
MAG Average Size Completeness Contamination® Genome Relative AAI9 (%) _ -
Coverage  (MB) (%) (%) Sizeb Abundance © Anones-2014 Condado Guaniquilla
(MB) (%)
Magnetospirillum No matches ~ Nomatches  No matches
MAG 1 37.6 3.1 100.0 1.9 3.1 12 magneticum AMB 1
(50.21%)
. i No matches No matches Related
MAG2 20.6 23 89.7 3.1 2.6 4.8 Mollicutes bacterium HR1 ;
population
(45.82%)
MAG3  20.1 3.2 99.1 0.9 3.3 6.5 Thioalkalivibrio sulfidiphilus ~NO matches Related No matches
HL EbGr7 (50.2%) population
) No matches No matches No matches
MAG 5§ 9.7 3.9 86.9 4.0 4.5 3.9 Rhodothermus marinus
DSM 4252 (42.73%)
No matches No matches Related
MAG 7 6.2 2.7 83.2 9.0 3.2 1.7 Spirochaeta smaragdinae population

DSM 11293 (50.01%)

a Posible quimeras.
b Represents genome size divided by completeness.

¢ Represents genome size times the coverage times read length divided by total of reads of metagenome.

d Closest relative based on Average Amino Acid Identity.
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Figure 1. Community diversity of the three lagoons sampled. (A) Nonpareil 3.0
curves of the Guaniquilla, Condado, Anones-2005 and Anones-2014 l|agoon
metagenomes, showing the estimated average coverage of the corresponding microbial
communities (dots) and the amount of sequencing required to achieve 95% or 99%
coverage (dashed lines on the top). Note that curves to the right require more
sequencing effort in order to reach high coverage, therefore, the corresponding
communities are more diverse. (B) Rarefaction curves of Guaniquilla, Condado,
Anones-2005 and Anones-2014 lagoon metagenomes based on 16S rRNA gene
fragments recovered. The graph shows the number of unique OTUs per number of
sequences analyzed.
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Figure 2. Taxonomic classification of the abundant organisms present in the
metagenomes of this study. (A) Phylum-level and (B) genus-level taxonomic
classification of the lagoon microbial communities. The graphs are based on
MyTaxa analysis of assembled contigs. Numbers indicate relative abundance of
each phylum, based on the total reads of the metagenomic dataset (minimum
abundance shown is 5%).
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metagenomes of this study. Relative abundance was estimated as the
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number of total reads in each metagenome.
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Figure 4. Phylogenetic relationships among recovered genomes (MAGs)
from the metagenomes of this study and selected reference genomes.
The phylogeny is based on a maximum likelihood analysis of the
concatenated alignment of 57 single copy genes using RAXML and color-
coded by phylum.
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Figure 5. Functional gene annotation of MAGs based on the
SwissProt database. Heatmap shows the counts (i.e., number of genes
found; see scale bar on top) of gene functional categories (rows) in each
metagenome of this study (columns). For each functional category
shown, all genes assigned to this function in SwissProt were used to

estimate the counts.
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