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Abstract

The specialization-disturbance hypothesis predicts that, in the event of a disturbance, generalists are favored, while
specialists are selected against. This hypothesis has not been rigorously tested in microbial systems and it remains unclear to
what extent it could explain microbial community succession patterns following perturbations. Previous field observations of
Pensacola Beach sands that were impacted by the Deepwater Horizon (DWH) oil spill provided evidence in support of the
specialization-disturbance hypothesis. However, ecological drift as well as uncounted environmental fluctuations (e.g.,
storms) could not be ruled out as confounding factors driving these field results. In this study, the specialization-disturbance
hypothesis was tested on beach sands, disturbed by DWH crude oil, ex situ in closed laboratory advective-flow chambers
that mimic in situ conditions in saturated beach sediments. The chambers were inoculated with weathered DWH oil
and unamended chambers served as controls. The time series of shotgun metagenomic and 16S rRNA gene amplicon
sequence data from a two-month long incubation showed that functional diversity significantly increased while taxonomic
diversity significantly declined, indicating a decrease in specialist taxa. Thus, results from this laboratory study corroborate
field observations, providing verification that the specialization-disturbance hypothesis can explain microbial succession

patterns in crude oil impacted beach sands.
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Introduction

Deciphering the role of disturbance in microbial community
dynamics is key to understanding ecosystem resilience and
recovery. The specialization-disturbance hypothesis, coined
by Vézquez and Simberloff [1], predicts that disturbances
negatively affect specialists while benefiting generalists.
This is because specialist taxa are adapted to narrow niches,
and thus are selected against when disturbance transforms
their environment outside of their niche boundaries. In
contrast, generalists are thought to have larger genomes and
encode for a larger number of (distinct) gene functions,
which could facilitate adaptation immediately after dis-
turbances [2, 3]. Although several previous studies applied
ecological theory to describe the response and recovery of
community dynamics to disturbance [4, 5], the relationship
of disturbance and specialization remains largely unex-
plored for microbial systems [6]. Specifically, disturbed
communities are often observed to encompass reduced
taxonomic and/or phylogenetic diversity compared with
undisturbed controls, but whether this pattern also translates
to increased functional diversity remains largely unknown.
We recently presented support for the specialization-
disturbance hypothesis when we showed that reduced
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taxonomic diversity coupled to increased functional diver-
sity characterized the response of sedimentary microbial
communities from Pensacola Beach (Florida, USA) to the
Deepwater Horizon (DWH) crude oil spill [7].
Specifically, weathered oil from the DWH well blowout
washed ashore between June and July 2010, with Total
Petroleum Hydrocarbon (TPH) concentrations reaching up
to ~2 kg per m of beach. Waves and storms buried the oil
and mixed it with the beach sand, forming a migratory oiled
sand layer in the sediment column [8]. Shotgun metage-
nomic and 16S rRNA gene amplicon sequencing of beach
sand samples revealed distinct successional patterns where
generalist hydrocarbon degrading taxa such as Alcanivorax
and “Candidatus Macondimonas” rapidly increased while

specialist taxa such as the chemolithoautotrophic archaea
Nitrosopumilus substantially deceased in abundance
[7, 9, 10]. However, the open-system nature of the field
study meant that dispersal mechanisms had potential effects
on the derived results that could not be accounted for,
including the possibility that functionally diverse taxa were
transported to the sampling site. Therefore, whether or not
the increase in functional diversity associated with oil spill
taxa necessarily demonstrated a larger niche breadth
remained to be tested.

In the present study, these concerns were addressed by
using a closed laboratory mesocosm system with a homo-
genous oil disturbance that eliminated dispersal mechan-
isms (Figs. 1 and S1). We employed advective transport
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Fig. 1 Experimental design and diversity results. The ex situ
mesocosm experiment (A) tested the effect of oxic-anoxic cycles (B)
on microbial oil biodegradation. The mesocosm experiment had three
oiled chambers and three control chambers that were sampled at
specific oxygen saturation points (oxygen levels dropped due to
microbial oil consumption and were reestablished based on manual
aeration of the chambers). Additionally, datasets from a field study at
Pensacola Beach (C) that had samples taken before oil contaminated
the beach (Pre-Spill), while the beach was contaminated with oil
(Spill-Oiled, and Weathered), and after oil had been removed/biode-
graded (Recovered) were reanalyzed here. Molecular functional
diversity was evaluated with the Chao-Shen Entropy Estimator and

converted to true diversity ('D) to be in effective GO terms (D).
Taxonomic diversity based on metagenomic 16S rRNA gene frag-
ments (E) and 16S rRNA gene V4 amplicons (F) was evaluated with
coverage-based rarefaction at diversity order g = 2. Dis equivalent to
the inverse Simpson index and represents the effective number of
dominant OTUs. In D through F, Pensacola field samples are desig-
nated by letters that are identical to those used in our previous study
[7] and shown in C. In categories with replicates, the sample means are
shown with one standard deviation and the number of replicates
analyzed. N/A* indicates that no DNA from T10 amplified during
PCR. N/A** indicates that C and F did not have amplicons sequenced
for them.
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chambers that closely simulate redox oscillations and water
transport phenomena observed in the sandy beach intertidal
zone [11] (Fig. 1) and allowed for consistent hydrocarbon
degradation dynamics (Fig. S2). Consistent with these
expectations, we observed a high degree of similarity
between the microbial communities in the chambers when
inoculated with DWH oil and the previous field samples
[12], further validating our mesocosm as tools to reliably
study in situ microbial processes. For the present study,
generalist taxa were defined as operational taxonomic units
(OTU) having broad niche breadth reflected by increased
number of non-redundant protein functions (measured as
the number of molecular function gene-ontology -GO-
terms), whereas specialist taxa were defined as OTUs hav-
ing a narrow niche breadth characterized by fewer non-
redundant protein functions.

Results and discussion

We performed shotgun metagenome (assessing functional
diversity) and 16S rRNA gene V4 amplicon (assessing
taxonomic diversity) sequencing of time-series samples
from the closed laboratory mesocosm chambers with oil
addition (oiled) or without (control) to test whether or not
the specialization disturbance hypothesis could explain the
microbial community succession patterns (response).
Additionally, metagenomic datasets from the Pensacola
Beach field study [4] were included for comparison. The
latter datasets represented beach sands before the oil had
reached the coast (Pre-Spill), while the beach was con-
taminated (Spill-Oiled and Weathered), and after the oil

concentrations in beach sands had reached undetectable
levels (Recovered) (Fig. 1). The detailed description of the
sample processing, sequencing, and bioinformatic analyses
can be found in the Supplementary Online material (Figs.
S3 and S4). Nonpareil, a tool that estimates what fraction of
the microbial community is represented in a metagenome
(i.e., the coverage) by examining the level of redundancy
among the metagenomic reads [13], showed that coverage
of the sampled microbial communities by sequencing was
adequate for comparison [14], with 60-75% sample cov-
erage for oiled mesocosm and 45-70% for control sample.
In addition, Nonpareil sequence diversity (V,), an estimate
of the total diversity in sequence space harbored by a
microbial community, and other diversity metrics showed
that control samples (no oil added) harbored higher diver-
sity. Applying the commonly used pipeline of assigning
16S rRNA gene fragments recovered in the metagenomes
against the SILVA database release 132 (ref. [15]) using
VSEARCH in QIIME2 [16] and 97% nucleotide identity for
a match (closed OTU picking) resulted in 11% fewer reads
assigned for control vs. oiled mesocosm metagenomes and
27% fewer reads assigned for clean vs. oiled Pensacola
metagenomes.

These results indicated that the control samples poten-
tially harbored more novel (uncharacterized) taxa that could
confound taxonomic comparisons due to the comparatively
lower number of taxonomically identified sequences. To
account for this effect, we employed a manual pipeline with
BLASTn [17], and a lower cut-off (90% nucleotide identity)
for read assignment to the database (Method 2). Addition-
ally, we performed our analysis based on both 16S
rRNA gene amplicon sequences as well as 16S-carrying

Table 1 Summary statistics and hypothesis testing for functional diversity and species diversity indices.

Mesocosm Experiment

Oiled Control Welch p value
Mean SD n AD p value Mean SD n A-D p value
Molecular function diversity (‘D) 191 18.4 12 0.000630 106 31.9 9 0.353 1.14 x 107°
Taxonomic diversity (*D) 16 S 274 146 4 NA 896 85.8 3 NA 8.89 x 107*
Taxonomic diversity (*D) V4 67.3 35.8 7 NA 201 11.3 5 NA 1.50 x 107°
Pensacola field study
Oiled Control Welch p value
Mean SD n AD p value Mean SD n A-D p value
Molecular function diversity ('D) 199 165 6 NA 116 334 8 0.770 728 x 107
Taxonomic diversity (D) 16S 304 124 6 NA 775 304 3 NA 0.123
Taxonomic diversity (*D) V4 84.7 34.2 12 0502 332 67.3 19 0529 8.54 x 107

ID is the true diversity of molecular functions in effective GO terms. 2D, equivalent to the inverse Simpson index, is the effective number of
dominant OTUs. SD is the standard deviation. AD p value is the p value for Anderson Darling normality test. The AD p values were not computed
when n < 8. The two-tailed Welch’s #-test was considered significant when the p value was <0.05.
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metagenomic reads, and employed Hill numbers, repre-
sented as ‘D, a group of diversity indices that take into
account species abundance and richness to compute the
equivalent number of species at an order g, where g adjusts
the sensitivity to rare species (see also [18] and references
therein). Our results, after rarefying the 16S rRNA gene
fragment OTU abundance to the metagenomic dataset with
the lowest coverage [18], showed that the inverse Simpson
index (*D) was lower in oiled chambers with a mean of 274
(SD = 146) than in control chambers with a mean of 896
(SD =86; Table 1). The Welch’s t-test revealed a sig-
nificant difference at alpha 0.05 (p value = 8.89e—4).
Amplicon data from the same mesocosm samples (Fig. 1) or
analysis at the sequence variant level (ASVs; Fig. S5)
showed similar results (Fig. 1). See supplementary results
and discussion for further details (Fig S6).

Functional diversity was analyzed based on the number of
metagenomic reads matching molecular function gene ontol-
ogy (GO) terms [19] as previously described [7]. Our analysis
showed that functional diversity ('D) was higher in oiled
chambers with a mean of 193 equivalent GO terms (SD = 18)
compared to control chambers with a mean of 105 equivalent
GO terms (SD = 31; Table 1; Chao-Shen Entropy Estimator;
p value = 1.14e-05, two-tailed Welch’s t-test).

Collectively, the results presented here from closed
system mesocosms, which were designed to limit fluctua-
tions in environmental conditions, stochasticity, and dis-
persal, showed that the specialization disturbance
hypothesis can explain microbial succession patterns fol-
lowing crude oil perturbations in coastal beach sand
environments. Recent incubation experiments of microbial
communities from sandy soils have also provided evidence
in support of the specialization-disturbance hypothesis
(preprint available at the time of writing [6]), and the close
agreement of these results with those of previous field
observations (e.g., Table 1, Fig. 1) [7] suggested that this
underlying explanation/mechanism is robust even in light of
environmental variation and drift. The high similarity in
taxonomic composition between our mesocosms and our
previous field data also suggested that the key oil degraders
were present in the clean sands at the time of sampling for
establishing the mesocosms, 7 years after the DWH oil spill.
The survival strategy of oil degraders in the clean sand
remains an interesting question, and has implications for
whether or not their niche breadth includes uncontaminated
sandy sediments. It would be interesting to test whether
similar patterns are observed in other habitats (e.g., beach
sand from an alternative source lacking a history of oil
exposure) and other types of perturbation in order to test the
universal applicability of the results reported here. With
sufficient background data available on the unperturbed
ecosystem, we believe that the approach outlined here based
on specialist vs. generalist taxa should be able to elucidate

whether or not the specialization disturbance can explain
microbial responses to other types of perturbations and/or
identify recovered ecosystems.

Data availability

All sequencing data is available through the NCBI
Sequence Read Archive (SRA) under BioProject identifiers
PRINA722673 (mesocosm experiment amplicons),
PRINA690167 (mesocosm metagenomes), and
PRINA260285 (field experiment). Additional metadata is
available through the Gulf of Mexico Research Initiative
Information & Data Cooperative (GRIIDC) at https://data.
gulfresearchinitiative.org/data/R5.x278.000:0001.
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