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Abstract

Anchialine Cave Environments:
a novel chemosynthetic ecosystem and its ecology

by
Michal Joey Pakes
Doctor of Philosophy in Integrative Biology
University of California, Berkeley

Professor Roy L. Caldwell, Co-Chair
Professor David R. Lindberg, Co-Chair

It was long thought that dark, nutrient depleted environments, such as the deep sea and
subterranean caves, were largely devoid of life and supported low-density assemblages of
endemic fauna. The discovery of hydrothermal vents in the 1970s and their subsequent
study have revolutionized ecological thinking about lightless, low oxygen ecosystems.
Symbiosis between chemosynthetic microbes and their eukaryote hosts has since been
demonstrated to fuel a variety of marine foodwebs in extreme environments. We also
now know these systems to be highly productive, exhibiting greater macrofaunal biomass
than areas devoid of chemosynthetic influx. This dissertation research has revealed
chemosynthetic bacteria and crustaceans symbionts that drive another extreme ecosystem
- underwater anchialine caves - in which a landlocked, discrete marine layer rests beneath
one or more isolated layers of brackish or freshwater.

Most anchialine caves contain low invertebrate abundances, yet some have
inexplicably large biomasses of shrimp and remipedes, a rare crustacean class endemic to
caves. Since only anecdotal evidence of remipede feeding in the field has been published
and little ecological information about anchialine organisms is known, in sifu studies are
crucial to understanding whether there are direct or indirect links between
chemosynthetic input into anchialine foodwebs and remipede abundance. This
dissertation research integrates studies of geochemistry, microbiology, invertebrate food
web dynamics, and behavior in these extreme ecosystems. Findings include the following:
1) highly stratified anchialine caves support communities of freeliving chemosynthetic
bacteria, 2) Typhlatya pearsi, an anchialine shrimp, harbors chemosynthetic
endosymbiotic bacteria, 3) the remipede, S. tulumensis, may also harbor chemosynthetic
symbionts ectobiotically 4) food webs in the cave are complex and vary spatially, driving
community structure changes 5) remipedes likely use chemical gradients and specialized
chemosensory receptors to navigate in their lightless environment.

This combined body of research provides the first systematic study into anchialine
ecology and has found them to be rich in taxa for comparative study with other
chemosynthetic systems. For example, the finding of the first chemosynthetic



endosymbiosis in a crustacean, 7. pearsi, and the first chemosynthetic epibiosis in a
remipede, S. tulumensis, allows for a variety of comparative coevolutionary studies.
Typhlatya, a genus of troglobytic shrimp, are found in anchialine systems across the
Caribbean and Bermuda and likely all contain chemoendosymbiotic bacteria. As such
this discovery provides a springboard for comparative research into the transmission and
evolution of chemosynthetic symbiotic associatons. The most interesting outcomes,
however, may result from comparing ecological and ecosystem function patterns
described in caves to those known for deepwater as well as molluscan and annelid
systems. Furthermore, anchialine systems, a primary source for agricultural, domestic,
and industrial water use, are especially susceptible to climate change. Therefore, not only
are studies of ecosystem function such as this imperative to conserving endemic cave
fauna and their suitable habitat, but they may also help in the preservation of clean water
caches for future generations.
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CHAPTER 1
Anchialine cave geomicrobiology: A multi-layered perspective

Abstract

The highly stratified water layers typical of anchialine caves likely house structured and
potentially chemosynthetic microbial communities. Yet, the presence of chemosynthetic
taxa in these extreme environments has only been inferred from a few geochemical and
phylogenetic studies. Here, I describe the geochemistry and beta diversity of microbes
across microhabitats of Cenote Crustacea, an anchialine cave in Quintana Roo, Mexico.
This cave is known for its relatively high densities of crustaceans and located in a region
of dense cave networks. Geochemical description of the water column and sediment of a
section of Cenote Crustacea was used to infer the microbial habitat and biogeochemical
processes at the time of sampling. Anaerobic enrichments inoculated with mat-containing
cave sediment collected at the time of geochemical analyses and incubated without light
have resulted in the isolation of nine sulfate-reducing chemolithoautotrophic bacteria and
over 20 other strains of bacteria. 16S rRNA gene sequencing of isolated bacteria and
subsequent phylogenetic analyses has revealed dominance of the Gammaproteobacteria
and Deltaproteobacteria. The use of oligonucleotide phylogenetic microarrays
(PhyloChips) has shown differences in active and persistent members of the microbial
community amongst and between these samples as well as communities structured by
microhabitat. Integration of geochemistry, enrichment, and microbial community
structure studies begins to elucidate the role of chemosynthetic microorganisms in
anchialine systems and illustrates their potential impact on ecosystem function.

Introduction

The availability of a variety of physicochemical microhabitats in anchialine caves make
them ideal systems in which to study microbial community structure and discover novel
chemosynthetic metabolisms (Seymour et al., 2007). These extreme environments are
formed in porous rocks, such as limestone, and are often devoid of light. Here, water
exchange with the landlocked marine habitat is severely restricted (Iliffe and Kornicker,
2009), resulting in stable gradients often including anoxic and sulfidic marine layers,
underlying brackish water layers [Pohlman et al., 1997; Cangenella et al., 2007; Iliffe and
Kornicker, 2009) (Figure 1). The distinct halocline at which these marine and brackish
waters meet is often called the zone of mixing (ZOM). Methane may also be present
where anoxic marine water sulfates are biogenically reduced in anoxic sediments
(Seymour et al., 2007), making these interfaces potentially viable habitats for
chemosynthetic microbes. Anchialine habitats thus contain both the highly structured
environment and redox gradients necessary for the persistence of highly structured
chemosynthetic communities. These metabolisms are especially important in cave
ecosystems, which are historically characterized by little nutrient supply (Engel, 2013).
As subterranean environments are difficult to access and sample, there are few
systematic studies of the ecological processes governing microbial community structure
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and function within them. Initial theories regarding dark, oligotrophic cave environments
made the following assumptions which lead to the hypothesis of low cave microbial
diversity and biomass: 1) Inability of bacteria to harness energy within subterranean
systems, 2) necessity of microbial transport into caves by abiotic or biotic vectors (Barton
and Northup, 2007) and 3) the assumption that few microbial species could survive these
extremely nutrient-limited environments (Palmer et al., 1991). Yet, these assumptions
appear to be unfounded. Chemosynthesis occurs in geothermal submerged limestone
(karst) caves (e.g., Hose et al., 2000; Dattagupta et al., 2007) as well as dry caves (Barton
Northup, 2007). In addition, novel microbial diversity has been reported in sunlit
portions of anchialine caves (Gonzalez et al., 2011). Microbes structured by depth in an
Australian dark anchialine sinkhole provide further evidence of complex and thriving
anchialine communities (Humphreys et al., 2012).

Phylogenetic beta diversity approaches allow for the incorporation of
evolutionary history into investigation of community structure differences across

microhabitats (Lozupone and Knight, 2008). While alpha diversity measures the number
of taxa in a single community, beta diversity measures how the structure of these

communities vary over time or space, taking similarities between taxa into consideration
when comparing the presence or abundance of operational taxon units between samples
(e.g., Shawkey et al., 2009). Phylogenetic microarray (PhyloChip) analysis may uncover
35 times the beta diversity of lower resolution techniques such as clone library analyses
(Wrighton et al., 2008). There is great variation in microbial communities from similar
environment types (Lozupone and Knight, 2007). Therefore, in order to uncover the
ecological processes shaping anchialine microbial communities, studies relating
abundance and diversity to geochemistry are needed at multiple spatial and temporal
timescales.

The many microbial ecology studies aimed at molecular identification of 16S rRNA
sequences in the environment leave major questions unanswered about microbial
community function (Manefield et al., 2002; Wrighton et al., 2008). Inferring metabolic
(e.g., chemolithoautotrophic) presence or capacity through phylogenetic affinity is
impossible. As such, while there is evidence for chemosynthetic taxa in anchialine
systems without geothermal input, more study remains to confirm their presence. Stable
1sotope food web analyses of cave animals (Pohlman, et al., 2007) along with studies of
water geochemistry (Stoessell et al., 1993; Socki et al., 2002) indicate that these caves
also support dynamic and potentially chemosynthetic bacteria. For example, the low
348:%S ratio of sulfide relative to sulfate in Cenote Xcolac in the Yucatan Peninsula
suggests fractionation caused by bacterially mediated sulfate reduction to sulfide (Socki
et al., 2002). In addition, stratified concentrations of sulfate, hydrogen sulfide,
bicarbonate, and nitrate suggest microbially mediated oxidation and reduction reactions
in various microhabitats of Maya Blue and Angelita Yucatan cenotes (Stoessell et al.,
1993).

The present study uses both cultivation-dependent and cultivation-independent
approaches to examine the microbial community function of both water column and
sediment communities in a macrofauna-rich anchialine system in Mexico, a region of
high cave density. Phyogenetic microarray (PhyloChip) analysis provided greater
understanding of the drivers of beta diversity in this cave and allows correlation with
geochemical parameters. Enrichment of microbes in cave sediment yielded the first
known cultured bacterial strains isolated from anchialine systems. Anaerobic enrichments
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inoculated with mat-containing cave sediment resulted in the isolation of nine sulfate-
reducing chemolithoautotrophic bacteria and over 20 other strains of bacteria. These
Gammaproteobacteria and Deltaproteobacteria confirm the identity of
chemosynthetically capable strains of microbes in anchialine caves.

Materials and Methods

Study Site

Divers collected samples from Cenote Crustacea, a Quintana Roo cave system in
Mexico’s Yucatan Peninsula (Figure 2). This site was chosen due to the high numbers of
crustaceans in sections of Cenote Crustacea as compared with surrounding caves
(Koenemann et al., 2007) and variation in geochemistry and macrofaunal densities
throughout the cave (Haukebo, 2013; pers. observ.). In addition, Cenote Crustacea
contains many blackened areas of the sediment, potentially thickened with extracellular
polymeric secretions, in areas of high remipede densities (pers. observ. 2008). Blackened
sediment may be microbial mat and may be correlated with high local macro-crustacean
densities.

Fieldwork and Sample Collection

All fieldwork was performed on SCUBA approximately 400m from the cenote entrance
in October 2008. Salinity-, temperature-, pH-, dissolved oxygen- (DO), and oxidative
reductive potential- (ORP) depth profiles were collected in situ with a SONDE
multiprobe. Water samples collected from above, in, and below the zone of mixing and
from sediment samples were collected in triplicate for geochemical analysis. 1M HCL
was added to a subset of each of these samples until pH fell below 2 for subsequent
ferrous iron and anion quantification. All water and sediment samples preserved for
geochemical analysis were kept at 4°C for transport to UC Berkeley. Three additional
black sediment samples were kept in the dark at 4°C for bacterial enrichment until UC
Berkeley, as well. SCUBA divers also collected two black and one non-black sediment
sample in addition to one-liter water samples from the following depths: 1m above, at,
and 1m below the zone of mixing. Water samples were subsequently vacuum pump
filtered with .22micron Millipore filters. These sediment and filter samples were
preserved in RNAlater for transport back to UC Berkeley and subsequent PhyloChip
preparation and analysis.

Geochemical description of Cenote Crustacea

Geochemical data collected across a vertical section of Cenote Crustacea provided data
for description of microhabitats and subsequent correlation between specific abiotic
factors and microbial communities. Anions present in sediment water samples, as well as
water samples collected above, in and below the halocline in Cenote Crustacea were
quantified by ion chromatography on a Dionex DX500 employing a CD20 conductivity
detector suppressed with an ASRS®-ULTRA II 4-mm system. In addition, we quantified
Chemical Oxygen Demand in samples from these microhabitats as previously described
(Gaudy, 1964). Organic acid concentrations in the same samples were quantified by
HPLC with UV detection using an HL-75H+ a cation exchange column (Hamilton
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#79476). Fe(Il) was quantified in these samples as well as in sediment samples in
triplicate as previously described (Stookey, 1970).

Enrichment and Isolation

To definitively associate taxonomic identification of anchialine microbes with their
physiological function, bacteria from anchialine sediments were isolated and their 16S
rDNA fragments were sequenced. This strategy allowed me to determine 1) what
microbes were present in Cenote Crustacea and 2) what metabolic capabilities these
microbes have. Sediment was enriched in the dark in presterilized, anoxic, bicarbonate
buffered (pH 6.8-7.0), marine artificial poor water or basal media. Media was prepared
anaerobically under 80:20 N,/CO, headspace as previously described (Achenbach et al.,
2001) and one of the following electron donors: 10mM formate, 10mM lactate, and
10mM Hydrogen, as well as one of the following electron acceptors: 10mM sulfate and
10mM AQDS (a humic substance analogue) were added after sterilization and before the
addition of sediment samples. Bacteria were transferred at least three times using each

electron donor acceptor media condition before isolation and isolated using the agar
shake-tube technique (Coates et al., 1996). Pure cultures were confirmed using DNA
extraction and subsequent 16S rRNA Gene Amplification.

Nucleic acid isolation

For Phylochip— Nucleic acids were extracted from RNAlater-preserved Millipore filters
and sediment samples using a modified CTAB extraction buffer (equal volumes of 10%
CTAB in .7M NaCl and 240mM potassium phosphate buffer, pH 8). First, 1ml of liquid
nitrogen was first poured on filters in order to make them brittle enough to break them
into pieces with forceps. One half of each filter or a 1g subsample of sediment sample
was then added to Lysing Matrix E tubes (Biol101 Systems, CA, USA) containing 0.5 ml
CTAB buffer, 0.1 mg ml" proteinase K (AMbion, TX, USA), which was then dipped in
liquid nitrogen. Samples were then mechanically lysed by beadbeating at 550 r.p.m. for
20 s. We extracted nucleic acids first with phenol: chloroform:isoamyl alcohol (25:24:2),
followed by a chloroform:isoamyl alcohol extraction (24:1). An overnight precipitation
of nucleic acids with isopropanol at -20 degrees followed and pellets were subsequently
rinsed with 70% ethanol. Pellets were resuspended in 50 ul TE buffer. RNA and DNA
were purified using the All Prep DNA/RNA kit (Qiagen, CA, USA). On column DNAse
digestion with DNAse-free RNAse set (Qiagen) was used to purify RNA, removing any
potentially contaminating DNA. Absence of DNA contamination was confirmed with
PCR amplifications using non-reverse transcribed DNAse treated RNA as a control. Only
samples that did not PCR amplify were reverse transcribed into cDNA using Superscript
IT reverse transcriptase per the manufacturers protocol (Invitrogen, CA, USA).

For isolates— Genomic DNA (gDNA) was extracted from isolate growth cultures by
adding Iml of culture containing media to MoBio® Power Soil DNA kit (MoBio®
Laboratories Inc., Solana Beach, CA) and subsequently following the manufacturer’s
protocol.

16S rRNA Gene Amplification for PhyloChip and Isolate Identification
The 16S rRNA gene was amplified from gDNA and cDNA using universal primers for
bacteria and Achaea:



Bacteria: 27F (5° -AGAGTTTGATCCTGGCTCAG)
1492R (5’ -GGTTACCTTGTTACGACTT)

Archaea: 4Fa (5’ -TCCGGTTGATCCTGCCRG-3’)
1492R

PCR amplifications were set up according to standard protocols for Phylochip
preparation (Flanagan et al., 2007). All samples underwent equivalent PCR conditions.

This pooled sample was concentrated by precipitation and resuspended in 50 ul sterile
nuclease-free water.

Sequence Alignment and phylogenetic analysis of isolates

16S rRNA gene fragments of isolates were assembled using Sequencher
(www.genecodes.com). Concatenated sequences were then compared to known cultured
and uncultured bacteria retrieved from GENBANK. These additional 16S rRNA gene
sequences always included the closest hit for each isolate’s 16STRNA sequence and were
used for future phylogenetic analyses. Primers were trimmed from all fragments, which
were subsequently aligned using MUSCLE 3.6 (Edgar, 2004). A Maximum Likelihood
Analysis of 16S rRNA gene phylogeny was constructed using RaxML (Stamatakis, 2008)
in order to illustrate the phylogenetic position of isolates procured from sediment in
Cenote Crustacea.

16S rRNA amplicon analysis by PhyloChip hybridization

Taxonomic identity of microorganisms present in Cenote Crustacea in October, 2008 was
inferred by running amplified 16S rRNA community samples on high-density
phylogenetic microarrays (Phylochips), containing ribosomal 16S sequences of bacterial
representatives (Wrighton et al., 2008). A total of 12 PhyloChips were examined,
including DNA arrays for each of the six microhabitats (above, in and below the zone of
mixing (ZOM), two black, and one non-black sediment) and cDNA arrays for the same
microhabitat samples. DNA arrays were loaded with 400ng of archaeal and bacterial
combined PCR product that resulted from the gDNA template. cDNA arrays were loaded
with 60ng of bacterial PCR and 10ul of PCR product resulting from cDNA template.
Samples were spiked with known concentrations of synthetic 16S rRNA gene fragments
and non-16S rRNA gene fragments as internal standards for normalization, with
quantities ranging from 5.02 x10® to 7.29 x 10" molecules applied to the final
hybridization mix. Target fragmentation, biotin labeling, PhyloChip hybridization,
scanning and staining, as well as background subtraction, noise calculation and detection
and quantification criteria were described by Flanagan et al., 2007. A taxon was
considered present in the sample when 90% or more of its assigned probe pairs for its
corresponding probe set were positive (positive fraction = 0.90).

Comparing anchialine microhabitat community membership and dynamic
populations by PhyloChip

To compare organisms that occur in the various microenvironments (above, in, and below
the ZOM, as well as black and non black sediment) in Cenote Crustacea to known
microorganism 16S sequences on Phylochips, cave microorganism genomic were
hybridized and resultant data was assessed. Both cDNA and DNA chips from the
aforementioned microhabitats were hybridized and analyzed to determine whether
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differences occurred between active and persistent communities, respectively, across
samples. 16S rRNA and 16S rDNA (synthesized to cDNA prior to hybridization)
PhyloChip arrays were performed on the following samples: three sediment arrays (two
black and one non-black) and arrays from above, in, and below the halocline 400 m from
the cenote entrance in Crustacea. Hierarchical cluster analyses were performed on
PhyloChip outputs from 16S rRNA and 16S rDNA arrays in fast unifrac (Hamaday et al.,
2010). These analyses were weighted in order to incorporate abundance of OTUs present
and data was normalized. Principal components analysis performed in Fast Unifrac
allowed for the further incorporation of environmental data on microhabitats in order to
explain variation in both active and persistent community structure between samples.
Since DNA sediment and water samples clustered separately, these sets of samples were
later pooled to examine which taxa were more abundant (or enriched) in the water
column than in the sediment and vice versa. In order to determine whether enrichment
between microhabitats occurs, hybridization intensity score (HybScore) differences
between samples were assessed for focal taxa. HybScore differences were used as a direct
measurement of changes in gene copy number; 1000-fold change in HybScore is
proportional to a single log change in relative abundance (Brodie et al., 2007).

Results

Geochemistry of anchialine microhabitats

A vertical profile of a section of Cenote Crustacea showed that temperature, dissolved
oxygen, pH, and oxidative reductive potential (ORP) varied with depth (Figure 3).
Specifically, decreases in temperature and ORP were measured at the halocline, whereas
decreases in DO and pH occurred at depths slightly greater than the halocline (Figure 3,
4). Sulfate (30.06 +/- 4.54) and Iron (II) (76.92 +/-69.82) concentrations were greatest in
the marine layer, while nitrate was most concentrated in brackish waters above the
halocline (2.97 +-0.39) (Figure 4, Table 1).

PhyloChip analysis of microbial communities

DNA and cDNA PhyloChip analyses, representing the persistent (via 16S DNA) and
Active (via 16S rRNA) hybridization illustrated community structure processes (Figure 5,
6). For example, rank abundance curves for samples were similar when considering 16S
rDNA outputs (Figure 5a). In contrast, trajectories of these curves varied by microhabitat
for 16S rRNA hybridization data with more even communities in water column samples
than in sediment samples (Figure 5b). Fastunifrac principle component analyses of
community structure PhyloChip datasets weighted for abundance showed grouping of
water column samples versus sediment samples for both 16S rDNA and 16S rRNA
outputs (Figure 6). However, the relationships within these groups differed for 16S rDNA
and 16S rRNA hybridization intensity data. For instance, within the water column,
communities in the zone of mixing and below it were most similar when considering 16S
rDNA outputs (Figure 6a). Yet, 16S rRNA datasets showed a more close relationship
between communities in the zone of mixing and above it (Figure 6b). A hierarchical
cluster analysis of PhyloChip intensity data comparing the overall community structure
within and between water column and sediment samples showed detected three clusters:
sediment 16S rDNA communities, sediment 16S rRNA communities, and a combined
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cluster of water column communities derived from 16S rDNA and 16S rRNA hybridized
chips (Figure 6¢). Within the water column cluster, 16S rDNA and 16S rRNA profiles
did not cluster (Figure 6c¢).

There were 145 taxa enriched in water column samples versus sediment samples
(1000x log difference in hybridization intensity) as opposed to 59 taxa that were enriched
in the sediment (Figure 7). The majority of both of these sets of enriched persistent taxa
were Proteobacteria (Figure 7). However, Proteobacteria that were relatively abundant in
the water column were mostly Betaproteobacteria (Figure 7). For example, the order
Burkholderiales was commonly abundant (67%) taxa in this subset (Appendix 1). In
contrast, those taxa enriched in the sediment, were largely Deltaproteobacteria (Figure 7)
comprised of 62% Desulfobacteriales (Appendix 1).

Isolation of bacteria from anchialine sediments

Phylogenetic analyses of placement of 16S rRNA sequences of bacteria isolated
anaerobically from Cenote Crustacea sediment fell out among the Proteobacteria (Figure
8). Gammaproteobacterial and deltaproteobacterial chemolithoautotrophic strains were
discovered to use sulfate as an electron acceptor and hydrogen as an electron donor
(Figure 8). Metabolisms of isolated deltaproteobacterial chemosynthetic strains also
included the use of AQDS as an electron acceptor and hydrogen as an electron donor
(Figure 8). Gamma- and deltaproteobacterial chemosynthetic strains were also isolated
using formate as an electron donor and sulfate as an electron acceptor (Figure 8).
Enrichments that provided lactate as an electron donor and sulfate as an electron donor
also led to the isolation of a representative of the Gammaproteobacteria (Figure 8).

Discussion

The integrated culture independent and culture-dependent design of this study has
illustrated the dominant role of Proteobacteria with chemosynthetic metabolisms in dark,
anchialine systems. These results not only confirm the ability of these microbes to fix
carbon endogenously within these extreme systems, but also allow inference of microbial
community metabolism through the correlation of taxonomic abundance data with
geochemical variation. Findings reported here give basis to evidence suggesting that
macrofauna in anchialine systems are dependent on a chemosynthetic source of carbon
(Pohlman et al, 1997). In addition, here we allow comparison between microbes present
in the system and those found in deep (Humphreys et al., 2013) or lit (Gonzalez et al.,
2013) anchialine habitats. More recently, subterranean ecosystems have been described
as a continuum of chemosynthetically-dependent ecosystems rather than discrete
environment types that extend from near shore anchialine “continental estuaries” to the
deep substrata beneath hydrothermal vents (Dov Por, 2008). Further comparisons of
anchialine data with those collected in cave systems with geothermal input (e.g., Movile
Cave, Romania, Sarbu et al., 1996; Frasassi cave system, Italy, Macalady et al., 2008)
may also inform our understanding of chemosynthetic energy production and nutrient
flow in the substrata.

Significance of anchialine chemosynthetic Proteobacteria
Together the 16S rDNA and rRNA PhyloChip results imply that Proteobacteria play a
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major role in the anchialine community. 16S rDNA sequences belonging to the
Proteobacteria have previously been detected in anchialine cave wall microfilms
(Gonzalez et al., 2011; Humphreys et al., 2013). However, these studies did not include
investigations of the sediment. In addition, only one study has reported 16S rDNA data
from a dark anchialine system (Humphreys et al., 2013) that may be comparable to the
Cenote Crustacea system.

Furthermore, this study marks the first report of a culture-based approach to
describe members of the anchialine bacterial community, linking taxonomic identity to
physiology. We isolated several bacteria representing three genera (Shewanella,
Pseudomonas, Marinobacter) of Gammaproteobacteria and several representatives of the
Deltaproteobacteria (e.g., Geobacter, Desulfovibrio species). PhyloChip analyses
indicated that Deltaproteobacteria represent the most dominant clade enriched in the
sediment community. Isolates were capable of chemosynthetic metabolisms using sulfate
or AQDS as an electron acceptor.

Stratified microhabitats drive microbial community structure

Geochemical data combined with beta diversity analyses shed light on the links between
geochemical differentiation and beta diversity amongst these highly stratified systems.
Understanding microbial resource use will also provide insight into nutrient sources
available to macrofauna endemic to these extreme habitats (e.g., Remipedia Yager,
1981). Most directly, further study of the suite of bacteria living freely in these
environments will give insight into transmission strategies of anchialine symbioses (see
Chapter 2, 3).

The microhabitats present in anchialine systems (sediment, below ZOM, above
Z0OM, and in ZOM) are physiochemically distinct and provide varying substrate for
microbial metabolism likely driving community structure variation. For example,
Burkholderiales (Betaproteobacteria) were enriched in the water column with respect to
the sediment communities. The zone of mixing which is oxygen poor was found to
contain depleted concentrations of nitrate and increased Fe(II) with respect to the
brackish water above the zone of mixing. These data suggest that microbial nitrate
reduction coupled to iron oxidation may occur at this redox zone. As members of the
Burkholderiales found in this study are involved with these annamox reactions, further
study is recommended to confirm the presence of these physiologies in situ or in culture.
Nitrification has also been suggested in Australian anchialine systems at this type of
halocline (Seymour et al., 2007) pointing to this zone as an important for the nitrogen
cycle.

The anchialine marine sediment water interface likely represents another
microhabitat of microbially-mediated oxidation-reduction reactions. Here, increased
Fe(II) concentrations in the sediment pore water as compared to waters directly above the
sediment imply anoxic reducing sediment. Additionally, the depleted concentrations of
sulfate in the sediment pore-water indicate sulfate reduction. As communities enriched in
the sediment were dominantly Proteobacteria, and specifically Deltaproteobacteria
known to reduce sulfate anaerobically (e.g., Desulfovibrio spp. and Desulfobacteraceae)
(Miyatake et al., 2009). Geochemical and stable isotope data has suggested redox cycling
of sulfate and nitrates in similar anchialine systems (Socki et al., 2002). Therefore, this
zone is likely a region of great microbial activity and metabolic diversity.
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Active versus persistent community structure

PhyloChip data supported discrepancies between persistent (16S rDNA) and active (16S
rRNA) communities that have been noted in other systems (e.g., Manefield et al., 2002,
Wrighton et al., 2008). These studies emphasize the importance of examining RNA in
functional diversity studies. As the first report comparing persistent and active
communities in anchialine systems, whether these differences exist in other caves and
blueholes remains to be seen. The current study noted a high similarity among 16S rDNA
and 16S rRNA communities from anchialine sediments, but variation between them.
RNA, which is susceptible to enzymatic and environmental degradation, is more likely to
reflect the phylogenetic composition of metabolically active communities than DNA
(Kerkoff and Kemp, 1999). Therefore, these data indicate that there may be great
turnover in the microbial communities dominating the substrate. It is possible that molted
crustacean carapaces seen on occasion on dives, carcasses of macrofauna or excrement
may be providing resources for bursts of microbial activity and growth. These data
suggest that communities may greatly vary across seasonal and finescale time periods.
Such findings indicate a need for future temporal and successional studies into anchialine
microbial community structure.

In contrast, the phylogenetic distance between active and persistent communities
in the water column was not as marked. However, evenness of the persistent brackish
water (above ZOM) community was generally greater than that of the corresponding
active one. These differences in community structure based on 16S rDNA and 16S rRNA
hybridization data suggest that turnover of dominant members may be higher in this
oxygenated, brackish water region than in areas surrounding it. Findings such as these
support early hypotheses that anchialine systems are both highly stratified and dynamic
(Seymour et al., 2007).

Future research into anchialine microbial ecology will have implications for a variety of
fields. New clades of microbes isolated from these environments, such as those reported
here, may exhibit novel metabolisms. Furthermore, investigating the microbial function
in the laboratory and in situ will inform our understanding of the physiochemical
processes governing anchialine communities. These habitats are important inputs into the
industrial and agricultural water supply in Mexico (Humphreys, 2006) and subterranean
freshwater caches may impact future water supply (Post et al., 2013).
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Table Caption

Table 1. Ex-situ geochemistry of Cenote Crustacea. lon chromotography and ferrozine
assays of samples taken from above, in and below the halocline, as well as from
blackened areas of the sediment reveals that the marine layer of Cenote Crustacea is low
in fatty acids (data not shown) and nitrates. Ferrous Iron and Sulfate concentrations
suggest anaerobic conditions in the sediment typical of anoxic marine sediment.

Table
Table 1.
8042' mmvy  Fedh (M) NO, (uM)
Above ZOM  8.19+/-0.99  39.05 +/-8.93 2.97 +-0.39
In ZOM 12.49 +/-7.89  3.55 +/-3.55 2.69 +/-0.49
Below ZOM  30.06 +/-4.54 76.92 +/-69.82 0.49 +/-0.17
H20 of Black 22.30 +/-2.42 91.12 +/-30.83 2.68 +/-0.87
Sediment
Black N/A 198.46 +/- N/A
Sediment 83.43
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Figure Captions

Figure 1. (above) Anchialine Cave. A. Pakes collecting in Mexican system. Photo by T.
Thomsen. B. Schematic of anchialine cave, illustrating meteoric brackish water lens
overlaying marine layer as well as access points (adapted from Moritsch, Pakes, and
Lindberg (accepted, Org. Divers. Evol.)

Figure 2. Map of Yucatan Peninsula, illustrating anchialine localities known for their
endemic macrofauna (at circles) with sea level dropped to less than 20. Closed circle and
arrow illustrates Cenote Crustacea, the site used in the current study. Map adapted from
Moritsch, Pakes, and Lindberg (accepted, Org. Divers. Evol.)

Figure 3. In-situ geochemistry of Cenote Crustacea. October, 2008 Temperature-(°C),
Salinity- (ppt), DO- (mg/L), pH, ORP- (V) depth (m) SONDE profiles at collection site
of Cenote Crustacea, illustrating changes in geochemistry with depth. This profile
suggests that the marine layer in Cenote Crustacea can support the sulfate reducing
metabolisms exhibited in isolates.

Figure 4. Principle components analysis of Cenote Crustacea microhabitats (In, Above,
and Below Zone of Mixing as well as Sediment pore water) in October, 2008.
Temperature-(°C), Salinity- (ppt), DO- (mg/L), pH, ORP- (V) were collected with a
SONDE profiler and averaged across microhabitat depths. Sediment pore water
approximation for these parameters is for readings near sediment. Chemical Oxygen
Demand (COD), Fe(Il), NOs4", PO4", SO4, depth (m) SONDE profiles at collection site of
Cenote Crustacea, also illustrate distinct microhabitats. Not that Nitrates and Phosphates
are characteristic of the upper water layer ans zone of mixing, respectively.

Figure 5. Rank abundance curves for bacterial communities within microhabitats of
Cenote Crustacea, Mexico. (A) 16S rDNA rank- abundance curves illustrate similar
richness and evenness between samples when examinging persistent communities. (B)
Active communities (16S rRNA data) examined revealed differences in community
structure between samples with black sediment samples showing less evenness than
water column samples.

Figure 6 UniFrac analyses showing community relationships between microhabitats in
Cenote Crustacea, Mexico. (A) Principle component analysis of PhyloChip DNA
hybridization data reflect similarity of sediment samples as well as in and below zone of
mixing samples B) Principle component analysis of PhyloChip cDNA hybridization data
reflect similarity of sediment samples as well as above and below zone of mixing samples
(C) Bacterial communities measured by PhyloChip hybridization intensity cluster into
three distinct groups: sediment DNA, sediment cDNA and water column samples. All
analyses incorporated normalized PhyloChip hybridization intensity as a measure of
abundance.

Figure 7. Relative abundance of bacteria in water column versus sediment. (A) Identity of
bacterial clades found in 1xlog greater abundance in the water column than in the
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sediment shown at top. (B) Identity of bacterial clades found at 1xlog greater abundance
in the sediment than in the water column shown at bottom. Both subsets were most likely
to occur in the Proteobacteria. Those proteobacterial OTUs that were more abundant in
the 1xlog water column or the sediment are further broken down by family at right of (A)
and (B) with Betaprotebacteria enriched in the water column and Deltaproteobacteria
enriched in the sediment.

Figure 8. Phylogenetic placement of bacteria isolated anaerobically from Cenote
Crustacea sediment revealed that chemosynthetic isolates were Proteobacteria according
to 16S rRNA gene analysis. All isolates were grown anaerobically and in the dark. Tree
was constructed using Maximum Likelihood analysis. Bootstrap values (1000 replicates)
are shown at nodes. Gammaproteobacterial and deltaproteobacterial
chemolithoautotrophic strains reducing sulfate and using hydrogen as an electron donor
(closed stars) were isolated. Deltaproteobacterial chemosynthetic strains reducing AQDS
and using hydrogen as an electron donor (open stars) were also isolated. Other isolated
strains used formate (closed circle) or lactate (open circle) as an electron donor and
sulfate as an electron acceptor and when sequenced were found to represent the
Gammaprotebacteria and Deltaproteobacteria. The outgroup consists of Acidobacterium
capsulatum and Holophaga foetida strain TMBS4-T in the Acidobacteria.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 8.
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Appendix
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Appendix 1. Enriched persistent taxa in water column versus sediment samples (A)
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CHAPTER 2

An unusual symbiosis in discovered in anchialine shrimp,
Typhlatya pearsei

Abstract

Mutualisms with chemosynthetic microbes are surprisingly rare in arthropods and their
relatives. Despite the evolutionary benefit assumed in retaining symbionts through
growth cycles, this molting group also lacks intracellular mutualisms. We report our
findings of the first chemosynthetic intracellular symbiosis in the Arthropoda, discovered
in extreme anchialine caves. These unusual groundwater systems enclose a landlocked
marine layer, are typified by sharp salinity and oxygen gradients and are analogous to
better studied extreme environments (e.g., hydrothermal vents, methane seeps). Our
investigations via electron microscopy, stable isotope analysis and an enrichment
experiment reveal that shrimp harbor endosymbiotic mutualistic bacteria. As intracellular
mutualisms require more morphological and genetic adaptations than their extracellular
counterparts, our findings shed light on the selective pressures towards endosymbiosis in
extreme ecosystems. Intracellular symbiosis may serve as an innovation for maintenance
of mutualistic bacteria through molt cycles in systems that are sparsely populated with
low concentrations of chemosynthetic substrates.

Introduction

While arthropods and their molting relatives (Ecdysozoa) comprise over 1.2 million
species (Chapman, 2009) only 21 genera host chemosynthetic symbioses, the majority of
which are extracellular (ectosymbiosis). Only three known Ecdysozoan genera host
intracellular (endosymbiosis) chemosynthetic symbionts Nematode genera (Ott et al.,
1982; Miljutin et al., 2006). In contrast, in the much less taxonomically diverse
(<130,000 species) Lophotrochozoa (i.e., brachiopods, annelids, mollusks, etc.)
(Chapman, 2009), more than 60 genera are known to host chemosynthetic symbionts and
the majority (> 45) of these associations are intracellular (endosymbiosis). This
phylogenetic pattern is not habitat driven: endosymbiotic lophotrochozoa and
ectosymbiotic Arthropoda co-occur in a diversity of habitats, including intertidal,
hydrothermal vent, methane seep, sulfur spring cave, whale and wood fall ecosystems
(Cavanaugh et al., 2006). The rarity of ectosymbiosis in molting organisms, such as
arthropods, is expected as the microbes are thought to be lost with every molt cycle and
must be maintained through replacement from a microbe population in close proximity
(e.g., discarded molts) (Gebruk et al., 2000). Given the nutritional benefits of symbiosis,
it is therefore surprising that intracellular modified cells (bacteriocytes) to host
endosymbionts are nearly absent in ecdysozoans as this morphological adaptation would
eliminate the need to repopulate symbionts after molts.

Symbioses (Joy, 2013), and particularly the association of eukaryotes with
microbes capable of harnessing energy from chemical gradients in dark, extreme
environments have resulted in the diversification of symbiotic partners [Macalady et al,
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2008; Dattagupta et al., 2009; Wernegreen , 2012). These pairs live at steep chemoclines
(sharp chemical gradients) between the high-energy substrates necessary for
chemosynthetic metabolism (e.g. methane or sulfides) present in anoxic environments
and the oxygen used for oxidation of these compounds (Gebruk et al., 2000; Polz et al.,
2000; Dubilier et al., 2008). These chemoclines, found in hydrothermal vents, methane
seeps, and sulfidic groundwater systems are also typical in anchialine caves. Here, water
exchange with the landlocked marine habitat is severely restricted, creating stable
gradients between anoxic and sulfidic marine layers and overlying brackish layers (Iliffe
and Kornicker, 2009; Cangenella et al., 2007; Seymour et al., 2007) (Figure 1D). Toxic to
many organisms, these caves are populated by a low-density, endemic crustacean fauna
(Neiber et al., 2011). The increase in methane at marine-brackish interfaces and in
sulfides at marine-sediment interfaces (Pohlman et al., 1997), make these habitats ideal
for chemosynthetic mutualisms (Figure 1A-B).

Our investigation of anchialine cave organisms has revealed the first occurrence of
chemosynthetic, intracellular endosymbionts in an arthropod host - the shrimp Typhlatya
pearsei (Atyidae; Crustacea). Electron microscopic examination of 7. pearsei showed
evidence of: 1) chemosynthetic microbial symbioses, 2) host-mediated adaptations to
their symbionts, and 3) host-mediated adaptations to sulfide toxicity. In addition, carbon
stable isotope values of these crustaceans are similar to those of invertebrates known to
harbor chemosynthetic symbionts. To illustrate that there is likely transfer of dissolved
inorganic carbon from the water column to the host-symbiont system, we also report the
results of stable isotope enrichment experiments. Our findings provide the foundation for
understanding the ecosystem function of these unique environments and implications for
understanding evolution of endosymbioses in molting organisms.

Material and Methods

Collection

Typhlatya pearsei were collected from Cenote Crustacea, in Quintana Roo, Mexico, both
for microscopic investigation of symbionts location or freezing for stable isotope
analysis. All specimens were collected on SCUBA and kept alive until dissection or
freezing.

Scanning and Transmission electron microscopy
Most subsamples for both TEM and SEM were immediately fixed in 2% glutaraldehyde
in 0.1 M sodium cacodylate (pH7.2). Some subsamples for SEM were fixed in 5%
formalin in methanol. All samples were then stored at 4°C until post fixation at UC
Berkeley Electron Microscopy Laboratory. Antennule, antennae, and eye complexes,
maxillipeds and mandibles, legs, and carapace were dissected from 7. pearsei after 1-6
months in initial fixative. The tissues were then rinsed in the 0.1 M sodium phosphate
buffer and postfixed for 1 h in 1% osmium tetroxide in a 0.1 M sodium phosphate buffer.
After fixation, samples were rinsed several times with this buffer and then
distilled water. Tissues were then incubated in the dark at 4°C in 0.5% aqueous Uranyl
Acetate for one hour (as in Kenicutt et al., 1992). Following rinsing with distilled water,
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samples were dehydrated in an ethanol gradient (as in Kenicutt et al., 1992). Samples for
SEM were critical point dried before viewing on a Hitachi TM-1000 Scanning Electron
Microscope. Ultra thin (70nm) and semi-thin (100um) sections of TEM samples
embedded in Epon resin (Eponate 12, Ted Pella, Inc.) were prepared on a Reichert Jung-
Ultracut E microtome with a Diatome ultracut 45° knife. After staining with uranyl
acetate and lead citrate, sections were viewed using JEOL JEM-1200ex and FEI Tecnai
12 Transmission electron microscopes.

Stable Isotope Enrichment

Ten T. pearsei individuals were collected from the meteoric layer of Cenote Crustacea to
determine whether inorganic carbon uptake occurs in shrimp-microbe pairs . These
individuals were separated into closed 50ml BD falcon tubes filled with 25ml of meteoric
cave water pre-sterilized by vacuum pump filtration using Millipore GS filters (0.22 um
pore size). Six mg of NaH'?CO3, an enriched inorganic carbon source, was added to the
water of five individuals prior to incubation for 24 hours in the dark at ambient
temperature. After incubation, specimens were stored frozen for transport to UC
Berkeley, where scaphognathites of shrimp were dissected and prepared for stable isotope
analysis. Samples were then analyzed for carbon stable isotope analysis at UC Berkeley.

Results

Location of symbionts

Filamentous bacteria and polysaccharide excretions were found on the exterior surfaces
of T. pearsei (Figures 2A,E—G). In addition, the lamellar surfaces of 7. pearsei gills
(Figure 2A) are covered with nodules (Figures 2B-C), which are packed with dividing
rod shaped bacteria (Figure 2D). Such nodules were also found with SEM at the base of
appendages, such as the maxilliped mouthparts (Figure 2f). Actively growing bacterial
colonies were also seen on the underside of exoskeleton (Figure 2E). Frequently, plumose
setae, found on shrimp, were covered with polysacharide excretions and a hardened
matrix typical of biofilms (Figure 2E). TEM revealed endosymbiotic bacteria in
numerous 7. pearsei tissues (Figure 2H-J). These rod-shaped bacteria are housed in
densely colonized nucleated bacterioctyes located in the gills and maxillipeds (Figure
2H-J). Bacteriocytes were also found near the thinner cuticle of maxillipeds as well as
adjacent to carapace exoskeleton (Figure 2H,I).

T. pearsei gill lacuna, which contain oxygen transporting hemolymph, are often
surrounded by mineral deposits and cocci bacteria (see Appendix 1). In addition, electron
dense deposits as well as numerous mitochondria packed with electron dense granules
always surround bacteriocytes (see Appendix 1). These electron dense are also housed in
mitochondrial cristae and resemble minerals (see Appendix 1). They may be sulfide
deposits Cells containing mitochondrial aggregations generally had electron dense
deposits outside of their cell membrane, as well (see Appendix 1).

Stable isotope analysis and enrichment experiments
Mean natural stable isotope values for 7. pearsei were 0C -37.2 (=SD 0.5), ON 2.1 (xSD
0.6), and 0S -9.5 (=SD 0.9) (N = 54 with individuals ranging from 3-20mm; Figure 3a).
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T. pearsei gills had a similar value of -37.1 (=SD 3.0; N=5) with individuals ranging from
4.5-8.5mm; Figure 3a).

013C values of shrimp gills from 7. pearsei and bacterial pairs (-10.62+8.38) kept
in 013C enriched meteoric cave water after 24-hour dark incubations were more enriched
in 013C than values of those pairs kept in control conditions (-37.12+1.50) (Figure 3B).
This significant difference in means (p<0.05) suggests inorganic carbon uptake by shrimp
and microbe pairs.

Phylogenetic distribution of chemosynthetic symbiont hosts

Chemosynthetic symbioses are more common in the Lophotrochozoa (i.e., mollusks and
annelids) than in the Ecdysozoa, a clade encompassing crustaceans and hexapods (Figure
4). In addition, while most lophotrochozoan chemosynthetic symbionts are intracellular,
endosymbiosis is rare in the Ecdysozoa and 7. pearsei is the first reported arthropod
harboring a chemosynthetic endosymbiont (Figure 4).

Discussion

Our report provides evidence that while mutualism facilitates the colonization and
occupation of extreme habitats in a diversity of invertebrate taxa, symbiont presence and
type is unevenly distributed across host phylogeny. Dark, geologically isolated, oxygen-
poor habitats, such as caves and the deep sea, were long thought to be devoid of life due
to low nutrient influx (Barton and Northup, 2007). Yet the biogenically and
geochemically produced sulfides and methane often associated with these systems (i.e.,
deep-sea vents and seeps) that are toxic to eukaryotic aerobic respiration also provide
ecological opportunities for the diversification of eukaryotes that form chemosynthetic
mutualisms with bacteria (Macalady et al., 2008). The ecosystem and life history of
anchialine shrimp has resulted in the evolution of not only chemosynthetic
ectosymbionts, but also endosymbionts- not previously known to occur in the Arthropoda
(Figure 4). The evolution of such mutualisms in anchialine shrimp shed light on
conditions resulting in selection of intracellular symbioses in extreme systems.

Anchialine crustacean symbionts
The location and morphology of the cave shrimp endosymbionts show greater similarity
to chemosynthetic annelid and mollusk (Lophotrochozoa) symbionts than to previously
observed crustacean chemosynthetic symbionts. As in other endosymbiotic taxa (e.g., the
bivalve mollusks Bathymodiolus spp.) (Dubilier et al., 2008), T. pearsei harbors two
morphotypes of symbionts, which are segregated in different parts of the shrimp tissue.
Crustacean ectosymbiotic symbionts are typically reported to be filamentous long, rod-
shaped bacteria of 10um of greater (Cavanaugh et al., 2006; Dattagupta et al., 2009), and
are morphologically distinct from the cocci and rod shape bacteria reported here. While
morphological plasticity of microbes prevents definitive phylogenetic assignment, the
overall similarity of the shrimp endosymbionts with those previously reported in
Lophotrochozoa (Dubilier et al., 2008) is striking and may indicate a shared bacterial
lineage or convergence.

We found mitochondria and bacterial aggregations near lacuna and electron dense
granules suggesting host or symbiont-mediated positioning at metabolically optimal

28



gradients. Lacuna contain hemolymph that carries the oxygen necessary for both host and
sulfide-oxidizing symbiont metabolisms. Electron dense granules, which were not
identified by crystallographic methods, resembled minerals (i.e., sulfide mineralization)
(Compere et al., 2002), and may serve as substrates for symbiont metabolism. This
orientation has been described in other chemosynthetic endosymbiotic organisms (i.e.,
lophotrochozoan bivalves and annelids (Compere et al., 2002; Hourdez and Lallier,
2007; Tresguerres et al., 2013). In lophotrochozoans (i.e., R. pachyptila), sulfur-binding
proteins may also serve to detoxifying body fluids of sulfides as well as transporting
sulfides to chemosymbiont rich tissues (Hourdez and Lallier, 2007). In addition, sulfides
may be directly used in mitochondria to facilitate the production of ATP in both
invertebrates (Parrino et al., 2000) and vertebrates (Fu et al., 2012). The presence of these
putative mineral accumulations and symbionts concentrated around mitochondria may
indicate sulfide- detoxification or facilitated ATP production in anchialine shrimp. These
granules were found localized at the edges of bacteriocytes and mitochondrial
aggregations, further indicating host-mediated transport and concentration of
chemosynthetic substrates.

Stable isotope analysis provides further evidence that anchialine shrimp host
chemosynthetic symbionts. Typhlatya shrimp have 0C values (-37.2 + 3.8) that are
depleted in "°C relative to photosynthetically fixed carbon (-18 to -28) (Cavanaugh et al.,
2006). These OC values are similar to vent and seep bivalve mollusks with sulfide
oxidizing endosymbionts (-27 to -35) than to vent crustaceans with ectobionts or annelid
worms with endosymbionts (both -9 to -16) (Figure 3A). These values can also vary
because of carbon selectivity by fixation enzymes or different sources of available carbon
(e.g., dissolved CO, versus methane). Based on these comparisons, it appears that
Typhlatya symbionts are using Form II RubisCo for sulfide oxidation or are methanogens
(Figure 3A). In contrast, vent and seep tube worms and vent rimicarid shrimp have
bacterial symbionts that use Form I RubisCo thereby producing a more enriched 013C
value. The enrichment experiments reported above also suggest that bacteria living in
shrimp are capable of fixing carbon chemoautotrophically (Figure 3B).

The evolution of chemosynthetic endosymbiosis

Endosymbiosis is thought to be more derived than ectosymbiosis (Smith, 1979). This
theory stems from the increased necessity for host-symbiont recognition and host
specificity as well as reduction of bacterial symbiont genomes and morphological
adaptation associated with intracellular associations (see Cavanaugh et al., 2006;
Wernegreen, 2012). Selective pressures for the evolution of chemosynthetic
endosymbiotic relationships may include: 1) a dependence on chemosynthetic microbes
for nutrition, 2) low environmental concentrations of substrates (e.g., sulfide) available
for symbiont chemosynthetic metabolisms and 3) the absence of a mode to repopulate
symbionts that are susceptible to cyclic loss (e.g., molting of exoskeletons) (Gebruk et
al., 2000).

Like hydrothermal vent alvinocarid shrimp (Gebruk et al., 2000), Typhlatya likely
gain most of their nutrition from their chemosymbioses as adults but may also scrape
microbial biofilms from surfaces (De Grave et al., 2008; pers. observ. MJP). Both groups
shed their epibionts at each molt stage. However, there are several differences between
these systems. At hydrothermal vents, both microbes and hosts (shrimp) occur at much
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higher densities than in caves. For example, Rimicaris exoculata grazes in aggregations
of up to 3000 individuals m™ on the dense bacterial mats that cover sulfide black smoker
chimneys (Gebruk et al., 2000). In contrast, meager microbial growth in most anchialine
caves (Gonzalez et al., 2011; pers. observ. MJP) suggest a reduced environmental food
source alternative for shrimp. Furthermore, densities of cave crustacean fauna in are low
(Pohlman et al., 2000) and shrimp residing in upper water layers of the cave lose access
to sinking exoskeletons. Without localized shedding of symbiont covered exoskeletons,
the chances of epibiont reinnoculation facilitated by host swarms are reduced.

Lastly, there is lower chemosynthetic substrate availability for chemosynthetic
bacteria in anchialine environments than analogous chemosymbiotic systems. In contrast
to the high sulfide levels present in hydrothermal vents (i.e., 4-8 mmol H,S in vent fluid)
(Hourdez and Lallier, 2007) or sulfidic groundwater systems (i.e., up to 1.2mmol in
Frasassi cave water) (Macalady et al., 2008) where we find epibiotic mutualisms,
anchialine caves with crustacean fauna lack the mineral rich groundwater. Sulfides in
these systems are produced geomicrobially (Socki et al., 2002) and occur at low levels
(i.e. <2mmol H,S L") (Pohlman et al., 2000) Likewise, methane at a nearby anchialine
cave was measured at less than 200nM (Pohlman et al., 1997). Low environmental
sulfide and methane abundance may favor the establishment of endosymbiosis in order to
allow for the concentration of this substrate internally in host tissues packed with
symbionts. Our findings of chemosynthetic symbioses in anchialine systems (less densely
populated than vents) present the opportunity to further examine evolutionary hypotheses
surrounding the drivers selecting for endosymbioses in chemosynthetic systems.
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Figure Captions

Figure 1. A representative limestone anchialine cave with endemic crustacean
inhabitants. (A) Photo of dark anchialine cave, Cenote Crustacea, with two divers and
stalactites hanging from ceiling. (B) A Typhlatya shrimp at arrow near the ceiling and
above the halocline of Cenote Crustacea. (C) Physio-chemical profile of a section of
Cenote Crustacea showing salinity (red), temperature (blue), and dissolved oxygen
(green) changes with depth. Note the marked change in all three at the halocline and the
decrease in dissolved oxygen and temperature near the sediment. Photographs by T.
Thomsen.

Figure 2. Location of symbionts of shrimp Typhlatya pearsei from Cenote Crustacea, an
anchialine cave in the Yucatan peninsula. (A) 7. pearsei with locations of carapace (c),
gill (g) and maxillipeds (m) noted. Scanning Electron Micrographs (SEM) of (B)
lammelar surface of 7. pearsei gills, (C) nodules on gill surface that likely contain
bacteria, and (D) dividing rod shaped bacteria (db) inside of gill tissue. (E) Rod shaped
bacteria can be seen on the exterior of the carapace via SEM. (F) SEMs of the base of the
maxillipeds, such as the 1st maxilliped reveal many nodules likely filled with bacteria.
(G) The setae of these endopods, such as the plumose setae of the 2nd maxilliped shown
here in SEM contains communities of cocci with what appears to be polysacharide
excretions and a hardened matrix typical of biofilms. (H-J) Bacteria are also located
intracellularly in bacteriocytes in the gills and maxillipeds, such as near the cuticle (cu) of
the second maxilliped. (I) Nucleus (nu) of bacteriocyte shown. (J) illustrates bacteria in
bacteriocytes. Single arrows indicate mineral deposits lining the exterior membrane of
bacteriocytes or membranes, double arrows illustrate inner and outer membranes of
bacteria. Scale bars: A= 5mm; J= 100nm; [= 0.5 pm; B=100pum; C, F, G=30um; H =
Sum; 10pm= D, E.

Figure 3. Carbon Stable Isotopes indicating chemosynthetic activity of Shrimp
symbionts. (A) Naturally occurring carbon stable isotope values of anchialine and deep-
sea specimens. 7. pearsei shrimp 013C values are more similar to vent and seep bivalve
values than to that of environmental samples from anchialine caves (filtered water from
above in and below the halocline or microbial mat) or to crustaceans and annelids from
deep-sea chemosynthetic communities. Dotted Line separates anchialine samples
collected in this study (upper) from published vent and seep studies (lower). Individual
013C values are shown where available (back circles). Averages (open circles) and
standard deviations are also shown. Subscript key is as follows. Numbers indicate sample
size, letters indicate habitat for non-cave samples (V = vent, S = seep), and symbols
indicate references for data acquired from other studies: *=data from Gebruk et al.,
(2000), t=data from Rau (1981), and 77= data from Kennicutt et al., (1992). (B)
Enrichment of 013C of Typhlatya pearsei -symbiont pairs from Cenote Crustacea,
Quintana Roo, MX. Uptake of 013C labeled inorganic carbon in filtered cave water by
symbiont and crustacean pairs after 24-hour dark incubations, indicating the presence of
chemosynthetic activity in 7. pearsei host-symbiont pairs (n=5).
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Figure 4. Phylogeny of Bilateria with chemo-endosymbiotic and ectosymbiotic genera
mapped onto it. Numbers on branches at left are genera with chemoendosymbiotic
associations. Those at right are chemosynthetic ectobiotic associations. Number in red
with asterix indicates new endosymbiotic association reported by this study. Tree adapted
from Hejnol et al., (2009). References for symbiotic taxa as follows: Ott et al., 1982; Polz
et al., 2000; Macalady et al., 2008; Dattagupta et al., 2009. Also see Appendix 2 for
references supporting this figure.
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APPENDICES

Appendix 1.

IR

Tum Exoskeleton 700 nm Gill

Appendix 1. Bacteria-rich Typhlatya pearsei tissues are located in close proximity
of oxygen-containing hemolymph and electron dense particles resembling
sulfides. (A) Cocci bacteria line the exterior edge of gill lacuna containing
hemolymph (LH), which transports oxygen. The arrow indicates mineral deposits
in close proximity to the bacteria. Both these cocci bacteria and rod-shaped
bacteria, shown in (B) have clearly visible inner and outer bacterial membranes,
indicated by double arrows and are also surrounded by electron dense deposits,
resembling minerals, such as iron sulfides. (C) These electron dense deposits also
lined intracellular bacteriocytes, packed with rod-shaped bacteria, such as the one
shown here on the interior of the carapace on the exoskeleton. (D) High densities
of mitochondria were often found in gill tissues, which were also lined with
mineral deposits, resembling sulfides. These mitochondria were frequently filled
with electron dense granules that may also be sulfides. Single arrows indicate
mineral deposits lining the exterior membrane of bacteriocytes or membranes,
double arrows illustrate inner and outer membranes of bacteria, mitochondria are
indicated by (mt), asterices (*) show electron dense granules in mitochondria, and
nuclei are indicated by (nu). Scale bars B= 20nm; D= 100nm; A =0.5um; C =
Ium.
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CHAPTER 3

Chemosynthetic ectosymbiosis in Speleonectes tulumensis
(Remipedia)

Abstract

Mutualisms between chemosynthetic microbes and invertebrates form the basis of
foodwebs in dark, extreme habitats (i.e. hydrothermal vents) and have likely
facilitated the invasion of underwater caves, as well. Dark, anchialine caves often
include distinct water layers of varying concentrations of dissolved oxygen and
sulfide and provide an ideal system for the discovery of chemosynthetically based
systems and novel symbioses. These caves may be harsh environments for
eukaryotes, but they contain gradients favorable for chemosynthetic symbiotic
microbes. Here, we present chemosynthetic ectosymbiosis in the class Remipedia
(Crustacea; Arthropoda) through electron microscopy and stable isotope analysis.
Remipedes are considered to be predators through anecdotal observations of
feeding in the lab and field and description of venomous apparati, but may
supplement their diet with microbes. This finding sheds light on opportunistic
feeding behaviors that may have evolved to combat resource -limited
environments, such as underwater caves.

Introduction

Anchialine caves, dominated by crustacean fauna, are ripe for the
discovery of chemosynthetic communities and novel types of mutualisms between
microbes and their hosts. In these dark systems, the marine habitat is landlocked.
As a consequence of severely restricted water access in these tidally influenced
systems, they often exhibit stable physico-chemical gradients, such as brackish
water layers overlying the marine habitat (Seymour et al., 2007). Distinct water
layers also often include anoxic and highly sulfidic marine waters and redox
zones that may support chemosynthetic bacteria (e.g., Canganella et al., 2007;
Socki et al., 2002, Gonzalez et al., 2011, Chapter 1) (Figure 1). A diversity of
eukaryotes benefit from chemosynthetic microbes that thrive and harness energy
from the chemical gradients in these systems. These hosts generally live at steep
chemoclines (sharp chemical gradients) between high-energy metabolites
necessary for chemosynthetic metabolism, such as the methane or sulfides present
in anoxic environments, and the oxygen used for oxidation of these compounds.
Chemoclines are typical of the junction of anchialine water interfaces where
anoxic marine water sulfates are biogenically reduced in anoxic sediments or at
the marine- and oxygen-rich brackish water interface. Similar junctures occur at
vent and seep fluids, reducing sediments, biogenic substrates (whale-wood fall
material) and relatively oxygen-rich marine water. Many animals, including Riftia
tube worms (Annelida) and Rimicaris spp. shrimp (Crustacea), that have endo or
episymbiotic bacteria associate with these chemical gradients in order to supply
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their symbiont community with the optimal compounds for chemosynthesis
(Gebruck et al., 2000; Polz et al., 2000; Dubilier et al., 2008). Recently
chemosynthetic symbionts have been found on a cave amphipod (Crustacea) from
a sulfur fed groundwater system, which contains similar gradients (Dattagupta,
2011) as well as endosymbiotically in the anchialine endemic atyid shrimp,
Typhlatya pearsei (see Chapter 2).

The unique anchialine cave habitat has led to the evolution of a crustacean
fauna specific to its various water layers and generally found at low density
(Neiber et al., 2011). Remipedia (Yager, 1981), a class of Crustacea are restricted
to the marine layer of subtropical anchialine systems (Neiber et al., 2011) (Figure
1A). These hermaphroditic crustaceans likely predate or scavenge on atyid shrimp
and blind cave fish (Carpenter, 1999; Koenemann et al., 2007) (Figure 1B). Some
remipede setae appear to be enervated and glandular suggesting a function aiding
with immobilizing and detoxifying prey (van der Hamm and Felgenhauer, 2008).
Recently, several clades of these enigmatic crustaceans have been found to be
venomous (von Reumont et al., 2013). Yet, remipedes have also been reported to
carry balls of microbe-laden sediment in their mouthparts, presumably filtering
out nutrients (Yager, 1981) and have been investigated for epibiotic microbes of
uncertain taxonomy and metabolism (Yager, 1991).

Here we report chemosynthetic ectosymbiosis in the pancrustacean
Speleonectes tulumensis (Remipedia) confirming that remipedes not only prey on
other cave crustacean, but also on symbiotically associated chemosynthetic
microbes. Electron microscopic examination of S. tulumensis remipedes showed
evidence of chemosynthetic microbial symbioses. In addition, carbon stable
1sotope values of these crustaceans were similar to those of invertebrates known
to harbor chemosynthetic symbionts. We also report the results of stable isotope
enrichment experiments demonstrating that bacteria found on S. tulumensis
carapaces are likely transferring dissolved inorganic carbon from the water
column to the host-symbiont system. These results indicate that venomous
remipedes are omnivores rather than predators.

Methods

Collection

Speleonectes tulumensis remipedes were collected from Cenote Crustacea, in
Quintana Roo, Mexico, both for microscopical investigation of symbionts
location or freezing for stable isotope analysis. Cenote Crustacea is known for its
relatively high density of remipede crustaceans. All specimens were collected on
SCUBA and kept alive until dissection or freezing.

Scanning and Transmission electron microscopy

Most subsamples for both TEM and SEM were immediately fixed in 2%
glutaraldehyde in 0.1 M sodium cacodylate (pH7.2). Some subsamples for SEM
were fixed in 5% formalin in methanol. All samples were then stored at 4°C until
post fixation at UC Berkeley Electron Microscopy Laboratory. Maxillipeds and
mandibles were removed from S. tulumensis prior to further dissection into
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subsamples of 6 or less segments to improve fixation. After 1-6 months in initial
fixative, the tissues were then rinsed in 0.1 M sodium phosphate buffer and
postfixed for 1 h in 1% osmium tetroxide in a 0.1 M sodium phosphate buffer.

After fixation, samples were rinsed several times with in 0.1 M sodium
phosphate buffer then distilled water. Tissues were then incubated in the dark at
4°C in 0.5% aqueous Uranyl Acetate for one hour (as in Van der Hamm 2007).
Following rinsing with distilled water, samples were dehydrated in an ethanol
gradient (as in Van der Hamm 2007). Samples for SEM were critical point dried
before viewing on a Hitachi TM-1000 Scanning Electron Microscope. Ultra thin
(70nm) and semi-thin (100um) sections of TEM samples embedded in Epon resin
(Eponate 12, Ted Pella, Inc.) were prepared on a Reichert Jung-Ultracut E
microtome with a Diatome ultracut 45° knife. After staining with uranyl acetate
and lead citrate, sections were viewed using JEOL JEM-1200ex and FEI Tecnai
12 Transmission electron microscopes.

Stable Isotope Enrichment

Ten individuals each of S. tulumensis were collected from Cenote Crustacea to
determine whether inorganic carbon uptake occurs in remipede-microbe pairs.
These individuals were separated into closed 50ml BD falcon tubes filled with
25ml of marine layer cave water pre-sterilized by vacuum pump filtration using
Millipore GS filters (0.22 pm pore size). Six mg of NaH'>CO3, an enriched
inorganic carbon source, was added to the water of five individuals prior to
incubation for 24 hours in the dark at ambient temperature. After incubation,
specimens were stored frozen for transport to UC Berkeley and prepared for
stable isotope analysis. Samples were then analyzed for carbon stable isotope
analysis at UC Berkeley.

Results

Location of symbionts

Scanning electron microscopy (SEM) showed filamentous bacteria and
polysaccharide excretions of these biofilms covered the exterior of S. tulumensis
carapace and appendages, such as the antennae (Figure A-C). In some cases,
ciliates also colonized the external surfaces of S. tulumensis (Figure 2D).

Stable isotope analysis
Mean natural stable isotope values for Speleonectes tulumensis were 0C -34.4
(=SD 0.8), ON 6.59 (=SD 0.6), and 0S -1.8 (£SD 1.1) (N = 17 with individuals
ranging from 14-41mm).

013C values of S. tulumensis and microbe pairs (-29.41+0.54) kept in
013C enriched marine cave water after 24-hour dark incubations were more
enriched in 013C than values of those pairs kept in control conditions (-37.41
+2.02) (Figure 3). This significant difference in means (p<0.001) suggests
inorganic carbon uptake by remipede and microbe pairs.

Discussion

51



Chemosynthetic ectosymbioses in Remipedia endemic to novel anchialine
environments provide further evidence that mutualisms facilitate the colonization
of extreme habitats. Dark, photosynthetically inactive, oxygen-poor habitats, such
as underwater caves and the deep sea, were previously thought to be devoid of life
due to low nutrient influx (Engel, 2013). The biogenically and geochemically
produced sulfides often associated with these systems (i.e. deep-sea vents and
seeps) have further lead these habitats to be labeled as “extreme.” However, the
presence of these compounds, which are toxic to eukaryotic aerobic respiration,
also provides ecological opportunities for diversification of eukaryotes with
chemosynthetic mutualisms.

Adaptations to sulfidic, anoxic systems: detoxification and symbiont

metabolism

On a cellular level, anchialine crustacean lacuna morphology, mitochondrial
arrangements, and mineral aggregations are similar to those of other organisms
living in anoxic environments and hosting sulfide-oxidizing symbionts.
Remipedes and cave shrimp contain electron dense granules surrounding and
within lacuna, mitochondria and symbionts. These electron dense granules are
likely sulfides, which may be used by sulfide-oxidizing symbionts, but are toxic
to eukaryotic metabolism. The density of these minerals suggests that they are
being locally concentrated after being pumped with incurrent water flow.
Analogously, some lophotrochozoans (i.e. bivalves and annelids) concentrate
sulfides for symbiont metabolism with sulfur-binding proteins in their body fluids
(e.g., modified hemoglobins in Riftia pachyptila: Hourdez and Lallier, 2007). In
other taxa these sulfide-binding proteins may serve dual purposes, detoxifying
hemolymph or hemocoel of sulfides as well as transporting sulfides to
chemosymbiont rich tissues (Zal et al., 1998). Compere et al., (2002) suggested
that detoxification of sulfide-laden body fluid may also occur by packing
organelles with harmful minerals for later export and describe Riftia tubeworm
mitochondria that resembles those Typhlatya mitochondria presented here.
Furthermore, both the polychaete annelid Arenicola marina and the bivalve
mollusk Geukensia demissa, which lack sulfide binding proteins, likely use
mitochondria to detoxify sulfides, oxidizing them while producing ATP (Hourdez
and Lallier 2007 and ref therein). The analogous presence of mitochondria
concentrated around electron dense granules (likely sulfide accumulations) within
mitochondria of Speleonectes tulumensis may indicate sulfide oxidization in these
taxa, as well.

Stable isotopes provide further evidence that remipedes host
chemosynthetic and particularly sulfide oxidizing symbionts. Anchialine
crustaceans have 0C values that are depleted in 13C relative to photosynthetically
fixed carbon (-18 to -28; Cavanaugh et al., 2006) and more similar to vent and
seep bivalve mollusks with sulfide oxidizing endosymbionts (-27 to -35) than to
vent crustaceans with ectobionts and annelid worms with endosymbionts (both -9
to -16) (Figure 5A). Carbon stable isotope values vary due to discrimination of
carbon by fixation enzymes in addition to available sources of carbon (i.e.
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dissolved CO2). It is therefore likely that Speleonectes symbionts are using Form
IT Rubisco or fixing methanogens, as their carbon stable isotope values are similar
to symbiotic bivalves known to fix carbon using Form II Rubisco. In contrast,
vent and seep tube worms and Rimicarid shrimp have bacterial symbionts which
use From I Rubisco, resulting in a more enriched 013C value. Further evidence
that these cave organisms may be fixing carbon chemoautotrophically (i.e. using
chemosynthetic pathways and an inorganic carbon source such as dissolved
carbonates) stems from enrichment experiments in which enriched carbon was
supplied to host and symbiont in an inorganic form.

Why do remipedes host ectosymbiotic microbes? Based on isotope
analysis (Pohlman, 1997) and behavioral observations (Carpenter, 1999;
Koenemann et al., 2007), remipedes were previously thought to be top predators
in their environment, scavenging and predating on Typhlatya spp. and other
crustaceans. These data point to a combined diet of predation and symbiont
grazing for remipedes. Similarly, hydrothermal vent alvinocarid shrimp gain most
of their nutrition from their chemosymbioses as adults (Polz 2000), but shed their
epibionts at each molt stage, lack the adaptation of endosymbioses. The evolution
of behaviors to increase re-introduction of epibiotic bacteria are favored in
ecydysozoan groups. For example, R. exoculata graze in aggregations of up to
3000 individuals m™ on the bacterial mats that cover sulfide black smoker
chimneys (Gebruk 2000). This high population density supported by localized
bacterial mat growth likely results in localized molting. It is probable, therefore,
that the re-inoculation of mutualistic ectobionts occurs by feeding on shed
exoskeletons and that this behavior along with nutritional supplementation via
grazing directly on mats has maintained the ectobiont state in alvinocarids at
vents. Likewise, remipedes are less dependent on mutualistic nutrition, feeding on
shrimp and other smaller crustaceans (Koenemann, 2007), and may therefore have
less selective pressure towards evolution of endosymbiosis. This decreased
dependence on mutualism may be further seen in a less dense microbial
population on S. fulumensis than that seen on other chemosynthetic epibiotic taxa
(i.e. Cave amphipods; Dattagupta 2009).

The finding of the chemosynthetic epibiosis in the class Remipedia
provides new opportunities for comparative coevolutionary studies of these taxa
with those from other, more productive chemosynthetic habitats as sister taxa
likely also harbor chemosynthetic symbionts. Diffuse coevolution between
symbionts and their hosts may be evidenced by patterns of cospeciation and
patterns of divergence that have been driven by reciprocal evolutionary pressures
between these groups (Janzen, 1980). In addition, future investigations into these
symbioses may provide insight into whether trophic dependence and
morphological adaptation drive coevolution in chemosynthetic mutualisms. It is
likely that as we compare convergent adaptations described here to those found in
deepwater and mollusk or annelid taxa, we will answer many questions about the
evolution of chemosynthetic communities.
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Figure Captions

Figure 1. Known remipede Distribution and Diet. (A) Remipedes, endemic to
anchialine systems have a subtropical global distribution. Adapted from Moritsch,
Pakes, and Lindberg (accepted). (B) Image from video of the remipede S.
tulumensis preying on a Typhlatya shrimp in Cenote Crustacea. Video taken by
T. Thomsen. Image capture from video by D. Glenn.

Figure 2. Microfauna found in association with remipede Speleonectes tulumensis
from Cenote Crustacea, an anchialine cave in the Yucatan peninsula. (A) S.
tulumensis with maxillipeds (m), setae covered swimming legs (s) and antennae
(a) labeled. Scanning Electron Micrographs (SEM) reveal rod shaped bacteria
with what appears to be polysacharide excretions and a hardened matrix typical of
biofilms on exterior of S. tulumensis. (B) Filamentous, cocci and rod shapped
bacteria grow on exterior of remipedes, as well, such as on the antennae. (C) A
close up of Interior of this bacterial “community” on antennae. (D) Strings of
ciliates at base of antenae setae also colonize these remipedes.

Scale bars A= 10mm; B=300pum; D=20pm; C=10um.

Figure 3. Enrichment of 013C of host-symbiont pairs from Cenote Crustacea,
Quintana Roo, MX. Uptake of 013C labeled inorganic carbon in filtered cave
water by symbiont and crustacean pairs after 24-hour dark incubations, indicating
the presence of chemosynthetic activity. Left: Typhlatya pearsi host symbiont
pair. Right: Speleonectes tulumensis host-symbiont pair.
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CHAPTER 4

Concurrent triple-isotope approach reveals chemosynthetic base to
anchialine food web and intraspecific diet variation

Abstract

Dark cave environments are considered extreme- lacking in continuous resource supplies,
and generally low in oxygen. Due to a presumably discontinuous supply of nutrients
from the surface and the difficulty of sampling these subterranean sites, cave ecosystems
food web dynamics are largely unknown. Anchialine environments house low-density
macrofaunal communities endemic to stratified brackish and marine water layers.
Advances in SCUBA and stable isotope methods were leveraged in the current study to
reveal a chemosynthetic base of this crustacean dominated food web. I used novel
concurrent Carbon, Nitrogen, and Sulfur stable isotope analysis to assess the diets of
remipede, isopod and atyid shrimp crustaceans endemic to anchialine systems. Depleted
carbon stable isotope values suggest a chemosynthetic base to this food web. Depleted
sulfur stable isotope values further indicate that sulfide oxidizing and sulfate reducing
bacteria are responsible for the influx of nutrients necessary to sustain this dark
ecosystem. Concurrent analysis allowed for significant sampling of small biomass
members of the community- a technique that allowed for greater capture of intraspecific
diet variation. Results of Stable Isotope Analysis in R, a Bayesian model that
incorporates uncertainty in trophic shifts to reveal finescale differences in foodwebs,
indicate that sulfur, along with nitrogen and carbon, is necessary to solve diet solutions.
Speleonectes tulumensis, a member of the Crustacean class Remipedia, was found to prey
on both crustaceans and microbes. These anchialine cave endemics were previously
thought to be predatory, but may alter the carnivorous proportion of their diet based on
prey availability. Metacirolana mayana (Isopoda) was found to feed on a variety of
crustaceans in the system including conspecifics. Since chemosynthetic endosymbiotic
bacterial stable isotope values were unknown and therefore unavailable as a model input,
Typhlatya pearsei shrimp diet was more difficult to determine via mixing models.
Together these findings support a chemosynthetic food web in anchialine systems and
intraspecific differences in diet within macrofauna sampled.

Introduction

Until recently, dark caves have been considered extreme, resource-limited
systems unable to produce energy endogenously due to a lack of internal photosynthetic
activity (Barton and Northup, 2007; Engel, 2013). Following this theory of nutrient-
limitation, we assumed that anchialine caves, in which landlocked marine layers underlay
meteoric brackish water (Seymour et al., 2007), host fauna fueled by surface produced
energy. For example, marine-derived organics might travel through subterranean
channels into inland caves with tidal influence. Nutrients may also enter caves as
particulates through sinkholes or leech into the meteoric lens through the karst matrix
itself. Alternatively, chemosynthetic bacteria may instead fuel anchialine food webs
(Pohlman, 1997; Culver and Sket, 2000; Dov Por 2007). Although the presence or
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relative use of a this diet source has not been confirmed in caves that lack geothermal
activity, depleted carbon isotope values of some cave crustaceans suggest a
chemosynthetic source to this food web (Pohlman, 1997).

Here, I investigate whether chemosynthesis supports anchialine communities
using the first concurrent triple-isotope analysis of foodwebs. Enzymes in different
carbon fixation pathways vary in their use of the heavier carbon isotope, *C. Thus, the
stable carbon isotope ratio of *C to '2C, or §'°C, has traditionally been used to
distinguish between chemoautotrophically fixed carbon and photosynthetically fixed
carbon (Cavanaugh et al., 2006). For instance, in hydrothermal vent systems, carbon
fixed through chemosynthesis is either enriched or depleted in *C compared to that of
marine phytoplankton (Cavanaugh et al., 2006). Because isotopic composition of food is
generally retained in the consumer, isotope differences are used to determine diet.
Similarly, "°N to'*N ratios mixing models) vary between chemoautotrophic and
photosynthetic pathways and change significantly and predictably among trophic levels
(Cavanaugh et al., 2006). Therefore, 8'"°N values may be used to determine the metabolic
pathways leading to nitrogen uptake in a consumer as well as the consumer’s trophic
level (Cavanaugh et al., 2006). In addition, sulfur isotope ratios (**S to **S ratios) have a
wider distribution range than those of carbon and nitrogen across producers, so when
combined with carbon and nitrogen isotope analyses, 6°*S can aid in the discrimination
between primary producer inputs into aquatic foodwebs (Connolly et al., 2004). Sulfur, in
particular has been found to be particularly helpful for the study of marine generalist
predators in discriminating between on shore and off shore, as well as benthic and pelagic
inputs into foodwebs (Newsome et al., 2007). Furthermore, due to fractionation during
microbial sulfate reduction to sulfide, **S-containing sulfate is preferentially used,
resulting in a depletion of **S in sulfide relative to that of sulfate (Socki et al., 2001). It is
the combination of multiple isotopes which discriminate differentially between diet
sources that increases the power of mixing model analyses (Newsome et al., 2007).

Anchialine caves are ideal systems in which to investigate how and why food web
interactions change for several reasons. 1) Environmental characteristics of these
submerged caves likely yield variation in potential nutrient sources. Anchialine systems
are landlocked marine habitats, which often underlie water layers of discriminated
salinity, allowing for potential terrestrial and marine nutrient input. Furthermore, the
prevalence of anoxic-oxic interfaces at haloclines where marine and brackish water meet
as well as at the sediment-marine water barrier may support sulfate and sulfide microbial
metabolisms (Chapter 2). This stratification of resources may provide greater use for
sulfur stable isotope discrimination in analyses of organisms that may feed on microbes
with sulfur metabolisms. This sulfur discrimination is likely as carbon stable isotope
values from these environmental microbes as well as from symbiotic bacteria (See
Chapters 2, 3) are greatly depleted resembling values of sulfide-oxidizing bacteria
(Cavanaugh et al., 2006). 2) The relative lack of diversity in anchialine caves, consisting
of less than 10 macrofauna, makes these systems a good choice for studies employing
mixing models to estimate diet (Newsome et al., 2007). 3) Like other restricted habitats,
anchialine caves remain largely understudied due to their generally depauperate
macrofauna. The only published analysis of anchialine faunal carbon and nitrogen
isotope ratios reported depleted §13C values consistent with a chemosynthetic
dietary source, but did not examine 834S values or analyze these data using a mixing
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model (Pohlman et al,, 1997). As in many extreme or remote systems, few animals are
available for observation and collection which makes studies of feeding behavior or gut
content analysis impossible. This low faunal density increases the benefits of concurrent
stable isotope design, bypassing the need for increased collection for later subsampling
(e.g., for °C and "N versus **S).

The present study combines concurrent analyses of mixing models, §"°N, §"°C,
and &S on individual samples with Bayesian mixing models to study foodwebs and
resource switching across small spatial scales in anchialine environments. These findings
illustrate that 1) anchialine fauna are dependant on chemosynthesis, akin to foodwebs at
hydrothermal vents in the deep sea, and that 2) top anchialine predators (Remipedia) are
omnivores. 3) That Atyid shrimp 7. pearsei differ in diet between passages of varying
geochemistry. This differentiation may drive major community structure changes in the
environment. These results are informative to similar studies of intraspecific variation in
diet. Without the addition of Sulfur to our analyses separation of various components of
predators’ diets would not be possible. These analyses also illuminate the possibilities of
using concurrent stable isotope analysis to investigate diet and how resource use changes
over time and space.

Methods

Sampling Dates and Site

On the following dates, divers collected animal, sediment, water, and vegetation samples
for stable isotope analysis from in and around Cenote Crustacea, a cave system in
Quintana Roo, Mexico: July 10-12, 2008, August 7-18, 2009 and June 23-July 3, 2010.
Two passages, exhibiting different habitats, were sampled in this study (Figure 1). Since
passages in the eastern section were discovered in 2009, western areas of the cave were
sampled during all three years of this study and eastern sections were sampled only in the
latter two years of this study. Sections differ in the following ways: 1) The western
passage ranges from depths of 13m to 20m with a halocline at approximately 14m. In
contrast, most of the sampled eastern passageways are 18-23m in depth and are,
therefore, fully marine. 2) The western passage includes greater amounts of sediment,
some areas of which contained dense patches of blackened microbe-rich sediment
(Chapter 1), as compared with the eastern passages (Figure 1). In addition, much of
eastern passage habitat is highly decorated, containing stalagmites, stalactites and
boulders not found in the western portions of the cave (Figure 1). This suggests that the
eastern passages have experienced greater rates of flow that carved decorations and
carried away overlaying sediment over geologic time (Figure 1). 3) The western passage
also appears to have higher crustacean densities than the eastern passages (Figure 1).

Collection

In order to reconstruct the anchialine food web, the following animals were collected by
hand on SCUBA, identified using a microscope if necessary, and frozen for transport
back to UC Berkeley: remipedes (Speleonectes tulumensis), amphipods (Tuluweckia
cernua and Mayalweckia cenoticola), isopods (Metacirolana mayana), ostracods
(Danielopolina mexicana), shrimp (Typhlatya pearsi), thermosbanaceans (Tulumella
unidens).
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In order to determine which primary producers were responsible for the most
nutrient input into this anchialine system the following sediment, microbial, and
vegetation samples were also collected and processed: Black microbial mat containing
sediment from inside the cave passage as well as top soil from outside the cave. In 2009
and 2010, water samples were collected from the marine layer, the halocline and the
brackish water layer in section A. Water samples were also collected from analogous
layers in a room between Cenote Crustacea and section B, as well as the marine layer in
section. All water samples were filtered with a vacuum pump on glass fiber APFF filters.
Leaf samples (Ficus spp. and Acacia spp.) were collected in 2009 and 2010 in triplicate,
as well. All samples were frozen for transport to UC Berkeley, where they remained
frozen until they were prepared for isotope analysis. Subsets of sediment samples were
acid washed to remove carbonates (protocol modified from Harris et al., 2001). Animal
and plants were not acid washed as this method has been found to alter sulfur stable
isotope ratios (Connolly and Schlacher, 2013)

Stable Isotope and Statistical Analyses

Animals, sediment and algae were freezedried for 2 days, whereas filter and leaf
samples were oven dried at 60°C for 24 hours. All samples were analyzes with an
IsoPrime100 gas source stable isotope ratio mass spectrometer to collect carbon,
nitrogen, and sulfur stable isotope ratios and percent composition. Nb,0s, an oxidant
previously thought to aid in the combustion of sulfur compounds, was added to animal
and sediment samples (Ripley et al., 2011). Our study found no significant effect of this
compound on animal C, N, or S percent composition but did see a negative effect with
percentage composition in plants and sediments (see Appendix 1). As such, Nb,0s was
not added to sediment or plant samples during this study. Animals which were too large
to run whole, were ground and a subset was run for concurrent 6]5N, 813 C, and 'S
analyses. Animals for which not enough material was available to run as an individual,
(e.g., some juvenile amphipods and shrimp or thermosbanaceans) were pooled by species
and collection location for analysis. Due to their high concentration of sulfur and low
nitrogen, carbon content, pseudoreplicates of sediment were run once for 8°*S and once
for combined 8'°N and 8'°C analyses. To remove inorganic carbon and determine organic
carbon stable isotope values, sediments were also analyzed after acidification (see Harris
et al., 2002). Data was corrected using a Fry correction.

I analyzed the effects of location within the cenote (east or west passage) on the
i1sotopic signatures of remipedes, isopods and shrimp using Generalized Linear Mixed
Models in AED package in R (citation). The general form of the models tested weere:
Isotope value ~Passage versus Isotope value ~1 as the null model. Significance was
determined by comparing Aikake Information Criteria (AIC) values between the full and
null models using ANOV As (alpha = 0.05). Stable isotope values of remipedes, isopods,
and shrimp were than analyzed in SIAR using prey stable isotope means and standard
deviations (Version 4.1 Parnell and Jackson, 2011). Discrimination factors were
incorporated into all analyses and were estimated from known aquatic and terrestrial
values (McCutchan, et al., 2003). All STAR models were run with 1 million iterations.
5005 iterations of these analyses were initially discarded (Version 4.1 Parnell and
Jackson, 2011).
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Results

Habitat Differences

Biotic and abiotic characteristics of the west and east passages differed. Abundance of S.
tulumensis remipedes and 7. pearsei shrimp in the east passage was greater than in the
west passage (Figure 1). In addition, D. mexicana ostracods are not found in the east
passage of Cenote Crustacea. Although sediment was not quantified in these habitats, the
east passage exhibited more sediment at the substrate than the west passage (Figure 1).
These passages also differed in water column composition. The west passage was entirely
marine, whereas the east passage contained both marine and overlying brackish water
layers.

Intraspecific Variability

There is great intraspecific variability in anchialine cave crustacean carbon, nitrogen, and
particularly sulfur stable isotope values (Table 1, Figure 2 and Appendix 2). Carbon
stable isotope values are especially depleted in remipedes, shrimp, and 7. unidens
thermosbanaceans (Table 1, Figure 2 and Appendix 2). Shrimp exhibited the most
depleted values for &°*S (Table 1, Figure 2). Remipedes and M. mayana isopods
illustrated greater 6"°N values on average than shrimp, M. cenoticola amphipods, and
thermosbanaceans.

Intraspecific variability and habitat in remipedes — There was no evidence of differences
between isotopic signatures in remipedes or isopods collected in the eastern or western
passages of Cenote Crustacea (Appendix 3). No correlation was found between locations
of collections (eastern or western passages) and isotopic signatures in remipedes (Figure
3A, Table 2). Furthermore, a comparison of generalized linear mixed models (GLMMs)
found no significant difference between null models and those incorporating passage as a
factor to describe variations in 6°C, 8"°N or 6°*S data collected from isopod specimens
(Figure 3B, Table 2).

ANOV As comparing generalized linear mixed models found no significant difference
between null models and those incorporating passage as a factor to describe variations in
0"N or 8°*S data collected from shrimp specimens (3C, Table 2, Appendix 3). However,
an ANOVA comparing the null generalized linear mixed model for 6"°C of shrimp to a
model including passage as a factor found a significant difference (Table 2). Therefore,
8"C values of shrimp showed a significant passage effect with the western passage
exhibiting more depleted values (Figure 3C, Table 2, Appendix 3).

Diet

The seven potential food items for both remipedes and isopods were: T. pearsei shrimp,
M. mayana isopods, and M. cenoticola amphipods, T. unidens thermosbanaceans, D.
mexicana ostracods, black microbe-rich sediment, and surface sediment (Figure 3A-B).
However, the amount of overlap of individual remipede and isopod data points with the
above food items depended on which stable isotope pairs were considered among 8'°C,
0""N and &*'S (3A-B). Although all primary producers observed in and outside of the
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cave were analyzed, a clear food source was not obvious for shrimp based on 8"°C, 6"°N
and &S values (Figure 3C).

Remipede Diet— SIAR Bayesian mixing models incorporating 8"°C, 8'°N and &**S
showed that although the consumption of shrimp was predominant in a dataset exploring
both passageways (95% credibility interval: 39—70%) (Figure 4A). T. unidens (95%
credibility interval: 0-27%), M. mayana (95% credibility interval: 0-25%), and microbe
rich black sediment (95% credibility interval: 0—10%) are also likely contributors to
remipede diet (Figure 4A).

Isopod Diet— SIAR Bayesian mixing models incorporating 6"°C, 8"°N and 8**S also
indicated that shrimp was the major prey item for isopods (95% credibility interval: 18—
46%). Values for conspecifics (M. mayana) has the second highest predicted proportion
of diet for the taxa (95% credibility interval: 8-52%) (Figure 4B). In addition, both T.
unidens and microbe rich black sediment had 95% credibility intervals of 0-20% and
may also contribute to isopod diet (Figure 4B).

Shrimp Diet— As T. pearsei shrimp were found to vary in carbon stable isotope values by
passage, diets of shrimp from eastern and western passages were analyzed separately
(Figure 4C). SIAR Bayesian mixing models incorporating 8"°C, 6"°N and 6°*S suggested
that microbe rich black sediment was the major input into 7. pearsei diet in the eastern
passage (95% credibility interval: 52-91%) which was a significantly greater contribution
than in the western passage (95% credibility interval: 0-29%) (P=0) (Figure 4C). In
contrast, although shrimp stable isotope datasets varied significantly between eastern and
western passages did a primary proportional input to diet was not found (Figure 4C).

Discussion

Findings presented here advance our understanding of both anchialine ecosystem
function and methods in stable isotope ecology. These data indicate 1) a chemosynthetic
base to the anchialine food web, 2) prey solutions dependent on sulfur stable isotope
analysis in tandem with 8"°C and 6"°N data, and 3) intraspecific variation in stable
1sotope values along fine spatial scales. Together these results illustrate the power of
concurrent stable isotope analyses combined with Bayesian mixing models to delineate
between varying diets of populations along environmental clines.

The Anchialine Food web

Carbon as well as sulfur stable isotope values measured in anchialine cave
specimens are similar to those of invertebrates, such as seep bivalves associated with
sulfide oxidizing symbionts, deriving nutrition from chemosynthetic sources (Dupperon
et al., 2012). For example, the range of 8"°C values for anchialine crustaceans suggest a
chemosynthetic base of the food web (mean 8"°C values of -26.7 for amphipods to -37.1
for shrimp). These values fall within those expected for chemoautotrophically-derived
carbon (-25 to -40) (Fisher, 1995). T. pearsei, which hosts putative chemosynthetic
endosymbionts (Chapter 2), exhibits the most depleted 8**S values reported from this
system. 6°*S may become depleted due to discrimination during microbially mediated
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sulfur oxidation and sulfate reduction reactions in the cave environment (Stoessel et al.,
1993).

Although T. pearsei stable isotope values indicate a chemosynthetic source, their
primary diet was not found via mixing models presented here. There are several possible
reasons for the inability of the model to identify a nutrient source for this organism. This
endemic cave shrimp swims between the brackish and marine layers of Cenote Crustacea
(Koenemann and Iliffe, 2013; pers. observ.) and its diet source may not have been
collected during this study (Fig. 5). Atyid shrimp in caves and rivers in the Caribbean
have been found to filter feed and scrape microfilms with their detritus with their fan like
setae and chelipeds, respectively (Page et al., 2008). It is possible that 7. pearsei in
anchialine systems are behaving similarly and feeding off microbial biofilms on cave
surfaces. However, recent evidence that these species harbor endosymbiotic bacteria
suggests that 7. pearsei are gaining this chemosynthetic nutrition symbiotically.
Alternatively, these shrimp may be feeding on microbes living epibiotically as Rimicarid
shrimp have been found to do (Gebruk et al., 2000). These feeding strategies are not
mutually exclusive and may account for the variation found between passages in Cenote
Crustacea.

It is likely that S. tulumensis and M. mayana are generalists, predating or
scavenging on other crustaceans. Both remipedes and isopods exhibited mean 8'°N
values (6.6 and 6.9, respectively) over 4%o greater than the 7. pearsei (2.0), M. cenoticola
(1.7) and T. unidens (1.7) means. This differentiation in '°N suggests that the remipede
and isopods were at least a trophic level above the shrimp, amphipod and
thermosbanacean (Figure 5) (Cavanaugh et al., 2006). The siar models confirmed these
hypotheses, but also introduced microbe-rich black sediment as a potential secondary
food source for both isopods and remipedes. The obligate predation by remipedes on 7.
pearsei has recently been called into doubt (Koenemann and Iliffe, 2013). Although these
crustaceans carry venomous toxins likely expelled by a injecting apparatus (van der Ham
and Felgenhauer, 2007; von Reumont et al., 2013), they have survived months in
captivity without feeding (Koenemann et al., 2007) and are found infrequently with prey
in caves (Koenemann and Iliffe, 2013, pers. observ.). Lack of feeding combined with
behavioral observations lead some to believe remipedes filter the water column for
particulates (Koenemann et al., 2007). Yet, recent discovery of epibiotic microbiota
(Chapter 3) combined with observations of grooming in aquaria (Koenemann et al., 2007)
provides an alternative explanation: remipedes may be eating epibiotic bacteria as a
complementary food source.

Generalist predators are thought to change their diet composition based on prey
availability (e.g., Murdoch, 1969; Ostfield 1982), but there are no studies illustrating this
process between symbiotic nutrients and prey. As both S. tulumensis and M. mayana diet
models suggested a contribution of sediment microbes, it is possible that these
crustaceans are feeding on microbes with similar isotope values from a surface other than
the sediment, such as their carapaces. M. mayana, however, is most likely a scavenger
and has been baited successfully by carrion (Pohlman et al., 1997).
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Intraspecific Variation affects on Community Structure:

Intraspecific variation in diet, such as that reported for anchialine cave shrimp,
may drive community structure changes, thereby affecting ecosystem function (e.g.,
Urton and Hobson, 2005). Stable isotope analysis (SIA) has long been used to estimate
diet niche breadth in a range of organisms (e.g., rainforest ants: Bluthgen et al., 2003,
near shore seabirds: Moreno et al., 2010) but has only recently been used along with
mixing models to determine variations in diet between (e.g., migratory and sedentary;
Voigt et al., 2013) and within (e.g., ontogenetically; de la Moriniére et al., 2003, Davis et
al., 2012) populations. Here, we see variation between environmentally distinct habitats.
One passage contains a halocline (east) that may increase chemosynthetic metabolisms
and thereby food availability for shrimp. Resource use shifts towards a chemosynthetic
source in the east passage, but not in other sections of the cave lacking a redox zone at
the marin-brackish water interface, may spurr the relative success of 7. pearsei shrimp in
this stratified environment. As shrimp are the primary food source for S. tulumensis, it
makes logical sense that remipedes are also more abundant in the eastern passage where
their food availability is high. These data point to a bottom up shift in resource
availability in the east passage that may be driving community structure changes
throughout higher trophic levels. Similar community structure changes are frequently
seen as a consequence of atyid population density in Caribbean riverine environments
(Page et al., 2008).

Our increased knowledge of intraspecific variation is due to two recent
developments 1) the use of multiple stable isotopes in analyses (e.g., Newell et al., 1995;
Hoekstra et al., 2002; Newsome et al., 2007, Moreno et al., 2010) combined with
advances in sample processing that allow multiple isotopes to be measured concurrently,
and 2) statistical analyses that can now reveal changes in proportional contribution of
prey items within a population (e.g., Moreno et al., 2010). Limitations of SIA algorithms
have largely been due to an inadequate number of stable isotopes used in analysis of
complex foodwebs. Bayesian methods, such as stable isotope analysis in R (siar, version
4.1 Parnell and Jackson, 2009), incorporate uncertainty when calculating diet and may
also benefit from larger samples sizes that are increased by concurrent stable isotope
analysis. These novel methods have the greatest potential in low-density, extreme
environments that are difficult to access and sample, such as deep sea hydrothermal vent
(Gebruk et al., 2000) and Antarctic (Hoekstra et al., 2002) ecosystems, as well as the
subterranean communities investigated here.
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Table Caption
Table 1. Anchialine Crustaceans stable isotope values with standard deviation.

Table 2. Analysis of GLLM models comparing stable isotope values of cave specimens
as a factor of passage with the null model that passage does not drive variation. AICs
from models as well as Degrees of freedom and F values from ANOVAs comparing
models are reported. Significant Values are highlighted in bold.

Table
Table 1.
Animal N 013C £SD 015N +SD 034S £SD
S. tulumensis 16 -34.41 +£3.17 6.59 £2.48 -1.76+4.59
M. mayana 36 -30.66+5.04 6.87 £2.59 2.64+5.01
T. pearsei 56 -37.25+3.76 2.04£4.12 -9.59+6.44
M. cenoticola 14 -26.68+1.99 -1.73£3.19 -4.23+£5.1
T’ unidens 12 -37.08+5.11 1.76+4.32 1.11+9.81
Table 2.
Animal S. tulumensis M. mayana T’ pearsei
013C Null Model AIC ~ 76.895 221.58 335.02
013C Passage Factor 78.881 223.57 327.33
AIC
Degrees of Freedom 1 1 1
F Value 0.9121 0.9033 0.001428
015N Null Model 68.333 173.64 334.65
AIC
015N Passage Factor 69.808 175.48 336.64
AIC
Degrees of Freedom 1 1 1
F Value 0.3039 0.6974 0.9285
034S Null Model AIC  80.64 221.14 401.7
034S Passage factor 82.582 220.45 400.63
AIC
Degrees of Freedom 1 1 1
F Value 0.8228 0.1044 0.08087
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Figure Captions

Figure 1. Habitat differences within Cenote Crustacea. (A) Map of Cenote Crustacea
illustrating Western and Eastern Passageways with access to outside cave collapse
(cenotes) marked. (B) Environmental differences shown in two sets of passageways.
Eastern sites have greater sedimentation and more biomass than western sites. White
flecks in right photograph are Typhlatya shrimp. (C) Abundance of remipedes (dark bars)
and shrimp (light bars) with standard error in western and eastern passages. Photographs
by T. Thomsen.

Figure 2. Variation in Carbon, Nitrogen, and Sulfur stable isotope values of organisms in
Cenote Crustacea. Filled icons indicate West passages and open icons indicate east
passages.

Figure 3. Stable isotope values of anchialine crustaceans and their potential diet sources
with standard deviation. (A) Remipede siar stableisotope biplots (B) Isopod siar stable
isotope biplots (C) Shrimp siar stable isotope biplots. At left: 015N vs 0348, at center:
013C vs 0348, at right 015N vs 013C. East passage samples (open circles) and west
passage samples (open triangles).

Figure 4. SIAR modeling output of proportions of diet contributed by potential prey items
in Cenote Crustacea to (A) Remipedes, which primarily prey on 7. pearsei shrimp, M.
mayana isopods, T. unidens thermosbanaceans and microbe-rich sediment. (B) Isopods,
which also derive nutrition from 7. pearsei shrimp, conspecifics, 7. unidens
thermosbanaceans and microbe-rich sediment, and to (C) Shrimp in the East Passage (at
left) and in the West Passage (at right) Shrimp diets vary significantly by passage.

Figure 5. Anchialine system food web inputs. (A) A collapsed portion of the cave, or
cenote, supplies access to photosynthetic inputs, like ficus and acacia. (B) Marine layer
sediment contains black bacterial mats (at arrow). Note remipede at top left. (C) Shrimp
are abundant in brackish water at cave ceiling. (D) Thermosbanacean at left and
Amphipod at right. (E) Typhlatya shrimp. (F) Isopod. (G) Remipede.
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Figure 2.
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Figure 4.
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Figure 5.
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Appendices

Appendix 1. Table reporting p-values for T-tests comparing percentage and values of
Carbon, Nitrogen, and Sulfur stable isotope values in Soil and Peach Leaves with and
without the additin of Niobium Pentoxide oxidant.

Sample Type %N ON %C oC %S oS
(n; range in mg)

Yolo Soil:
N=11 per treatment (3x 9-11mg, 3x 28-32mg, 3x 57-63mg in each treatment
set)

Control average 0.10 431 0.85 -25.57 0.02 -2.31
Control standard

error 0.00 0.14 0.01 0.02 0.00 0.13
paired t-test 0.035 0.059 0.017 0.243 0.824 0.480

Peach Leaves:
N=9 per treatment (5x 1.5-2mg, 3x 4.5-5.5mg, 3x 8-9mg in each treatment
set)

Control average 2.96 2.06 48.41 -25.86 0.20 8.61
Control standard

error 0.01 0.03 0.61 0.03 0.01 0.06
paired t-test 0.002 0.011 0.010 0.501 0.380 0.656
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Appendix 3. Boxplots illustrating variation in stable isotope values of Carbon, Nitrogen,
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25" percentile by passageway for crustaceans in Cenote Crustacea.
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CHAPTER 5

Behavior of the remipede, Speleonectes tulumensis:
swimming in the dark

Abstract

How animals navigate through patchy aquatic and terrestrial environments to locate food
and mates is poorly understood. Crustaceans often orient towards chemical cues while
foraging in these fluid environments. Dark ecosystems, such as caves, provide an
opportunity to isolate chemo-orientation from use of visual signals. Our study of the
blind crustacean class Remipedia, endemic to anchialine caves, presents the first
evidence of crustacean orientation toward chemical gradients. Anchialine caves are karst
systems containing a distinct meteoric lens that overlies a marine layer, which are often
characterized by dark, sulfidic and anoxic microhabitats. Here, we investigate chemical
orientation by employing 300 hours of in sifu video in underwater caves. Our
observations of locomotion and navigation in the blind remipede, Speleonectes
tulumensis, revealed its mode of turning and interaction with chemosynthetic microbial
mats at anchialine sediments. S. tu/umensis remained at mat edges for extended periods
of time indicating the tracking of odorants effused by mats. We suggest that remipedes
may be following gradients at mat edges in order to supply their microbial symbionts
with sulfides necessary for chemosynthetic metabolisms.

Introduction

Connecting locomotory behavior with chemosensory function to determine how
organisms navigate the biological-patches and chemico-physical gradients common to
fluid environments remains a challenge. In situ study is likely necessary to understand
behaviors in response to combined chemical cues or within complex natural
environments. Investigations of this topic, a recent focus of marine and terrestrial studies
(Woodson et al., 2007; Hay, 2009), have yielded the discovery of a diversity of
arthropod sensors for sampling water and air-borne odor plumes (Page et al., 2011;
Reidenback and Koehl, 2011). Yet, most of these studies have focused on behavioral
responses to a single cue, usually generated from macerated prey items, in laboratory
flumes in the absence of natural turbulence regimes or environmental heterogeneity.
Even if the factor most strongly affecting behavioral response is isolated, responses may
still be greatest with natural blends of peptides or other compounds (Hay, 2009). As
orientation efficiency likely augments crustacean foraging ability, these chemosensory
behaviors may be linked to fitness.

Currently, reactions to chemical cues are modeled as directional, but organisms
may instead be attracted to specific concentrations along chemoclines radiating from a
high concentration source (Polz et al., 2000) or the meeting points of two directionally
opposed radiating sources. Such gradients occur at the junction of oxygenated marine
water and mineral-rich reducing plumes (i.e., hydrothermal vent or methane seep
plumes) (Polz et al., 2000) or may be created as microbes degrade organic material.
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Flow regimes determine the stability of such gradients, with low turbulence creating
more stable chemoclines. Anchialine caves provide ideal habitats in which to examine
gradient following, as restricted water exchange in the marine layer results in low-flow
regimes and consequent stable physico-chemical gradients (Cangenella 2007; Seymour
et al., 2007). Underwater caves are often crustacean dominated (Dattagupta et al., 2009,
Neiber et al., 2011) and we now know chemosynthetic microbes support the macrofauna
in some underwater cave systems (Dattagupta et al., 2009; see Chapters 2 and 3). Yet,
Troglobitic behavioral responses to these microbes are unknown. Endemic cave
crustaceans have evolved increased densities of sensory organs (chemosensory hairs,
pores, and sensilla) relative to their sister taxa (Yager, 1981; van der Ham and
Felgenhauer 2008). Such chemosensory structures have been hypothesized to aid in
mate searching or prey location (Fanenbruck et al., 2004), and may be used to sense
sulfides and proteinaceous odors diffusing from microbial microhabitats.

Do anchialine crustaceans track chemical gradients and if so, why? Gradient
following has been anecdotally observed and hypothesized to occur in a variety of
invertebrates with chemosymbiotic associations (Gebruk et al., 2000; Polz et al., 2000),
but has never been systematically studied. A strong candidate for this behavior and its
study is the crustacean class Remipedia (Yager, 1981), which is endemic to anchialine
systems and sister to the Cephalocarida (Giribet and Edgecombe, 2012). The Mexican
remipede Speleonectes tulumensis (Yager, 1987) harbors chemosynthetic symbionts
(Chapter 3). This study, focusing on turning and responses to environmental
heterogeneity in the form of microbial mats, will help elucidate how these blind
organisms find their way and locate prey in the mazes of their subterranean
environment. Here, we describe gradient tracking, as a novel mode of navigation
employing these blind cave crustaceans that navigate heterogeneous, dark environments
with chemogradient-based cues as an example. Spatial analysis from 300 hours of in situ
video confirmed that S. fulumensis is tracking bands surrounding dense chemosynthetic
microbial mats (M. J. Pakes 2010, unpublished data). We hypothesize that epibiont-
bearing remipedes will follow a gradient around microbial mats, in order to supply their
symbionts with both sulfides and oxygen for microbial chemosynthesis. Other
chemosymbiont-bearing fauna may also be attracted to gradients around microbial
aggregations or metabolic substrates, such as sulfides, used in chemosynthesis.

Methods and Materials

Study site, filming, and taxon sampling

The hermaphroditic crustaceans Remipedia (Yager, 1981) are restricted to the marine
layer of subtropical anchialine systems (Neiber et al., 2011). They likely predate or
scavenge on atyid shrimp and blind cave fish (Carpenter, 1999; Koenemann et al.,
2007). Remipedes have been seen carrying balls of microbe-laden sediment in their
mouthparts, presumably filtering out nutrients (Yager, 1981). Yager (pers. comm.)
investigated S. tulumensis, finding epibiotic microbes, which have recently been
confirmed as chemosymbionts (See Chapter 3). Some remipede setae appear to be
enervated and glandular suggesting a function aiding with immobilizing and detoxifying
prey, including microbes (van der Hamm and Felgenhauer, 2008). Descriptions of
remipede swimming and the metachronal movements of their trunk appendages have
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largely been made from aquarium observations (Kohlhage and Yager, 1994; Carpenter,
1999; Koenemann et al., 2007).

Specimens were filmed and collected from Cenote Crustacea, an anchialine cave
in Quintana Roo, Mexico, known for its high density of remipede crustaceans. A Sony
SR-12 HD camera, fitted into a Light and Motion Stingray housing, was used for in situ
observation at 60 to 200m of penetration from the cave entrance in the marine layer (14
to 19m in depth). Re-breather SCUBA was used during filming to eliminate bubbles and
minimize sound disturbance. Focal remipedes were filmed at a distance of
approximately half a meter and were followed until they were out of sight or had been
followed for five minutes. Two sartek HID lamps provided illumination in August 2009
and January 2010 footage. Remipedes are easier to see when emitting fluorescence
(Glenn et al., 2013). In July 2010, lamps were fitted with UV transmitting filter in order
to view the fluorescence of remipedes. These blind animals were not likely affected by
the change in lamps. MTS data files obtained from over 300 hours of filming and were
converted to 422 format using Final Cut Pro 6.0.6. Focal animal sequences were
extracted from video data taken in August, 2009, January, 2010, and July, 2010.
Sequences visibly affected by diver-induced current or in which animals were not in
focus were excluded from the data pool.

Maxillipeds and mandibles were removed from S. tulumensis prior to their
dissection into subsamples of 6 or fewer segments. Fixation for SEM followed standard
protocols (i.e. van der Hamm and Felgenhauer, 2008). Samples were critical point dried
before viewing on a Hitachi TM-1000 Scanning Electron Microscope to identify
chemosensory organs that might facilitate navigation.

In situ Turning study

Remipedes filmed swimming in the water column and at the sediment-water interface
were scored during all exhibited turns. At the time of each turn, both turning angle (0-
300, 31-60°, 61-90° , >9OO) and the number of metachronal waves on the inside and
outside of the remipede were scored. Waves are quantified as groups of limbs moving
metachronally in synchrony. If the number of waves was not visible, turns were not used
in this analysis. Individuals that appeared to turn in response to an obstacle were also
discarded. Turns per minute were calculated for individuals and averaged in each habitat
type: SM sediment with greater than or equal to 12.5% surface cover by black or orange
mats, SMO sediment with greater than or equal to 75% surface cover by black or orange
mat, SN sediment containing less than 12.5% of mat cover, and WC water column. A
Welch’s ANOVA was used to determine whether mean differences in wave number on
sides toward and away from direction of turn at varying turn angles are significantly
different. Turn data were also used to determine whether habitat correlates with turning
frequency and angle (see Appendix 1).

In situ Mat encounter study

Presence of vertical undulation and turn angle of focal remipedes at time of bacterial mat
encounter were scored as 0° (straight swim), 1-30°, 31-60°, 61-90°, 91-120°, 121-150°,
or 151-180°. Turns were scored relative to trajectory at time of mat encounter using a
protractor and referencing a point on the video that was static (See Appendix 2). We also
scored turns and undulations at a comparison time point of 10 seconds after mat
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encounter. If the individual encountered another mat 10 seconds after the encounter
point, a time point 20 seconds after the initial mat encounter was used for comparison. In
the three instances in which the focal animal was no longer in view 10 seconds after the
mat encounter, turn data were discarded. Wilcoxon Matched Pairs Sign Rank Tests were
used to determine whether there were significant difference between behaviors exhibited
at the time of mat encounters and at comparison time points using both turn and
undulation data.

In order to determine how remipedes interact with mats, the trajectory of
remipede interactions with mats was assessed for the interval beginning one second prior
to mat encounter and ending one second after mat departure. In addition, mat areas were
measured and estimated to calculate how much time the individual remipedes spent at
different portions of the mat. Video was examined frame by frame at 30 frames per
second using Fiji software (Rasband, 2011).

Mat Calculations and Percentage Mat Band Residence Time
Inner black mat and total mat area were measured in pixels (Figure 1 and Appendix 2).
We calculated white mat area by subtracting black mat area from total mat area.
Estimated Mat Areas (EMA) were measured as follows. Black (b) and total (t) mat areas
were estimated by assuming roundness and averaging diameters (D) at 6 time points (Db
and Dt, respectively):

EMAD = (Db/2)* & EMAt = (Dt/2)*

Since there were no statistical difference between EMAs and actual mat areas for either
black or total mats, we used estimated mat areas in further analyses.

EMADb and EMAts were then multiplied by .5, .75, 1.25, etc. in order to calculate
50%, 75%, 125%, etc. Mat Bands, respectively (Figure 1). Because of the low flow of
the caves, we assumed diffusion. Therefore, these bands were assumed to contain
decreasing gradients of chemical concentration from the mat centroid. The radii of these
EMAs (EMAradii) were then calculated:

ie. For estimated 50% black band radius: \/ (0.5SEMADb/m) = the 50%EMAbradius
and
ie. For estimated 75% total band mat radius: \/ (0.75EMAt/mt) = the 75%EMAtradius

In addition, black and white mat centroid x and y coordinates and the location of the
anterior end of the remipede head at each frame were recorded. Using a Cartesian
coordinate system, these centroids and %EAbradii %EAtradii, we determined where the
focal individual’s head was located during each frame with respect to mat area bands.
Calculations of percentage mat band residence time were calculated. For
standardization, the time at which remipede reached minimum distance to the mat
centroid was logged as zero, making movement thereafter in positive time and
movement prior in negative time.
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Results

Study site, filming, and characterization of sensory organs

In over eight hours of in situ observation taken during 14 rebreather SCUBA dives in
August, 2009, January, 2010, and July, 2010, we filmed over 300 S. fulumensis focal
individuals. Observations were obtained between 9am and 7pm CST and length varied
between 3 seconds and 306 seconds. Remipedes were filmed in Cenote Crustacea’s
marine layer, whose geochemical characteristics range with depth from the halocline
(14.6 m at the time of measurement) to the sediment (18.9m): 34.0-34.6 ppt, 25.3-
25.6°C, 0.6-0.5 mg/L O, pH 6.9-7.3.

A high density of pores, setae and sensilla occurred in all body areas examined,
anterior-posterially from antennae to caudal filaments (Figure 2A-H). Setae, secondary
setae, and pores were located at the junctures of mouthpart and walking appendages
(Figure 2E).

In situ Turning study

Turning and undulatory behavior were seen both near the sediment and in the water
column. Undulations are more frequent near the sediment, where individuals make
vertical body waves ranging in amplitude from a quarter of a body length to greater than
a body length. These undulations often occurred in succession or before or after a series
of horizontal turns.

The number of waves on the inside and outside of 346 remipede turns of varying
angles filmed in August, 2009, January and June 2010 were assessed (Figure 3).
Remipedes decrease the frequency of beats on the inside of their turns relative to the
outside of their turn as their turn angle increases (Figure 3). The mean differences in
wave number on sides to and away from direction of turn at varying turn angles are
significantly different (Welch’s ANOVA all p values <0.0001).

Total turns per minute varied between habitat types with the greatest turning
frequency occurring in sediments with the least mat cover (SN) (Figure 4). In all
microhabitats characterized, small angle turns (0-30°), were most frequent (data not
shown). Large angle turns (>90°), representing directional changes, were more frequent
in the water column and near the sediment containing low mat cover (SN) than near
sediments containing high mat cover (SM, SMO) (data not shown).

in situ Mat encounter study
Speleonectes tulumensis (n=15) filmed swimming along the sediment encountered
bacterial mats 26 times during observations in August 2009 and January 2010 footage.
These individuals most often turned at approach (Figure 5). Turn angle was significantly
greater upon mat encounter than at comparison times (Wilcoxon Matched Pairs Sign
Rank Test p <0.05), in which vertical undulations were conservatively scored as straight
swims). Most mats encountered by remipedes had a black central portion (130.1 mm?
62.3 SE) and a surrounding white portion (319.0 mm?” = 61.2 SE) (Figure 6). Total mat
size ranged from 27.9-1520.9 mm” (385.2 mm® = 75.4 SE) (Figure 6).

In the 27 mat encounters scored, S. tulumensis travelled towards the mat until a
distance threshold of 6.1 mm = 1.0 SE from the black mat centroid (6.3 mm * 0.9 SE

85



from the total mat centroid) (Figure 7). Individuals spent the most time in the 101-150%
black mat band, which was often well into the exterior white mat band (51-125%total
mat band) (Figures 1, 8). One scored encounter involved a speckled black and white
mat.

Discussion

How do organisms orient to patchy cues?

Understanding the links between agility and sensory capabilities during orientation may
elucidate differential foraging success in heterogeneous environments. Such
environments may either 1) contain patches of resources spaced across a generally stable
fluid environment or 2) contain odor plumes broken up into temporally and spatially
intermittent patches (or filaments) by turbulence (Reidenbach and Koehl, 2011). The
first type of heterogeneity occurs in anchialine systems, generally characterized by low
nutrient availability (Neiber et al., 2011). Here, low flow likely increases boundary layer
height causing odor plumes to diffuse from sparse chemical sources, such as a microbial
mats, and results in stable gradients (Figure 1).

In such systems where cues are patchy, one might expect abundant
chemosensory organs. Recent laboratory experiments have found that blue crabs
(Callinectes sapidus) are efficient at sampling and tracking odor plumes using
chemosensory organs along their entire body (ie. Page et al., 2011; Reidenbach and
Koehl, 2011). While antennules are generally used for long-range detection of odor
plumes, leg receptors, which have been shown in turbulent flow to sense odors at near
range (Reidenbach and Koehl, 2011), may operate more efficiently in low flow
environments such as caves where plumes remain uninterrupted at further distances from
sources. We also noted a variety and great density of chemosensory organs on S.
tulumensis, indicating that odor sampling likely occurs along the entire length of their
bodies. Continuous remipede appendage beating may also facilitate cue recognition
through repeated sampling at such distances.

Increasing efficiency through behavior
Behaviors, such as efficient turning and gradient tracking, may also facilitate foraging
in patchy landscapes. Remipedes’ oar-like swimming described as metachronal
(Kohlhage and Yager, 1994) gives them their name, (remigium = oar). This study
increases our understanding of how these crustaceans, exhibiting a homonomous body
plan, have leveraged their simplified appendages for increased mobility. Instead of
beating evenly on both body sides, remipedes slow the stroke of their inner legs in order
to turn, using a strategy much like walking sticks (Dii rr and Ebeling, 2005). Other
metamerically moving pancrustaceans, like Drosophila melanogaster, use an alternative
strategy of altering the step length of their inner legs when turning (StrauB and
Heisenberg, 1990). Furthermore, gradient tracking allows individuals to access an
optimal mix of desired physico-chemical parameters and has previously only been
documented in prokaryotes. For example, magnetotactic bacteria align intracellular
magnetic iron oxide or sulfide minerals with magnetic fields to swim parallel to
geomagnetic fields and ultimately positioning themselves favorably in vertical chemical
gradients (Posfai M and Dunin—Borkowski, 2006 and references therein). We provide a
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framework for the combination of these turning behaviors during navigation around
chemosynthetic microbial mats in anchialine sediments. Bacterial communities, capable
of sulfate reduction likely emit sulfides into the boundary layer.

Gradient tracking
Video analysis of S. tulumensis supports the use of chemoreceptors for gradient tracking
of chemical cues emitted from microbial mats (ie. Fraenkel and Gunn, 1960). Since
remipedes hover above sediment, it is unlikely that they are directly grazing on bacteria.
Instead, they may be indirectly benefitting from emitted compounds, such as sulfides
that are toxic to crustacean aerobic respiration in high concentrations (Hourdez and
Lallier, 2007), but beneficial to the sulfide oxidizers that may be colonizing S.
tulumensis. Observations of klinokinesis (increasing rate or angle of turning as the cue
intensity increases) suggests that S. tulumensis is searching for a chemical cue instigated
by initial encounter with a favorable mat-derived chemosensory stimulus (Fraenkel and
Gunn, 1960). In addition, klinotaxis was observed nearest to the chemical source in mat
dense areas and finally in proximity to the mat (Fraenkel and Gunn, 1960). There,
remipedes decrease turning rate, indicating decreased sampling. This behavior was
followed by tracking of black mats edges. Ultimately, the searching pattern observed
indicates attraction rather than avoidance to mat edges, where a gradient of compounds
have likely diffused from the mat centroid.

Gradient following behaviors are likely widespread in symbiotic invertebrates.
The hydrothermal vent shrimp Rimicaris exoculata is hypothesized to inhabit substrate
at the sulfide-rich vent plume and oxygen rich marine interface in order to supply its
epibiotic sulfide oxidizing bacteria with metabolic substrates (Gebruk et al, 2000). These
mineral rich plumes are geothermal and sometimes exhibit extremely high temperature.
Rimicaris is thought to seek areas of intermediate temperature and therefore chemical
concentration via specialized eyes that can detect infrared radiation (Van dover et al.,
1989). Vent shrimp gradient following in a patchy environment are likely analogous to
remipede behavior. If S. tulumensis epibionts are sulfide oxidizers, this remipede is
likely tracking gradients to provide both the sulfides and oxygen necessary for
chemosymbionts metabolism, thus supplementing its own nutrition. Similar behaviors
have been hypothesized in methane seep and hydrothermal vent systems (Gebruk et al.,
2000, Polz et al., 2000). Further anchialine investigation may inform evolutionary
studies into the behavior of deep ocean chemosymbiotic organisms that are difficult to
access and keep in the laboratory. Connecting locomotory behavior with sensory
function will improve chemonavigation theory in a variety of chemosymbiotic clades
(i.e., crustaceans, annelids, and mollusks) that occupy patchy fluid environments.
Further investigations are needed to determine whether the turning threshold and
following behavior observed is due to increased diffusion of microbial matrix
compounds, increased sulfide diffusion, or decreases in oxygen concentrations near
mats.
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Figure Captions

Figure 1. Schematic of remipede turning around microbial mats of two different sizes.
Figure illustrates inner black microbial mat and outer white mat as well as increasing
total distance mat bands as used in study. Note that the smaller mat at left requires a
remipede of the same size to turn at a smaller angle to follow a gradient of choice (ie.
125% mat distance band). (Angle differences described and calculated in Appendix 1). In
addition, decreasing sulfide and dissolved microbial protein concentration diffusing from
center of mat and caused by low-flow regime is shown in two-dimensions.

Figure 2. Scanning Electron Micrographs of the numerous and varied sensory organs
found on Speleonectes tulumensios (Remipedia). (A) Setae and pores at end of antennae
and (B) sensilla, which are shown here on carapace, but were also found on antennae and
other appendages. Variations of setae at the juncture of ¢ propodus and endopod, (D)
segment, (E) maxilliped propodus and carpus juncture. Note long, slender secondary
setae in (D) that was prevalent throughout. (F-H) illustrates density of pores, setae and
sensilla on caudal filaments. (F) shows entire caudal filament, while (G) illustrates tip of
filament with three types of sensory organs and at (H) center a close up of sensilla can be
seen. Scale Bars in (F) 500um; in (A, C) 100um; in (E, G) 50 um; in (D) 20um; in (A)
10pm .

Figure 3. The waves on the inside of 346 remipede turns of varying angles (0-30°, 31-60
°,61-90°, and >90 °) filmed in August, 2009, January and June 2010 were subtracted
from those on the outside of turns. This Figure shows the mean difference of waves
counted on the outside and inside of individuals as they turned at various angles,
illustrating that the difference in number of waves increases with increasing turn angle.

Figure 4. Turns per minute by individuals filmed in sifu in various microhabitats
illustrating variation in total rate of turns by habitat, with rate greatest in sediment with
<12.5% black mat cover (SN).

Figure 5. Remipedes encountered mats 26 times in the footage captured in August 2009
and January 2010 (no encounters were captured in July 2010). The numbers of times
behaviors, such as straight swim (0°), sideways turn (1-90°) or vertical undulation, were
performed upon mat approach are shown in the above Figure. In the vast majority of
encounters, remipedes avoided mats by turning.

Figure 6. Average mat area (mm?) for 26 mats used for in situ mat encounter study. Black
and Total mat areas were calculated by taking pixel areas from imageJ and converting
them into mm®, using average remipede length of 31.23 mm # 2.0 SE as compared with
remipede length in video. White mat area was calculated by subtracting black from
total mat area.

Figure 7. Trajectory of (A) 26 remipedes as they approach the black centres of mats and
(B) 27 remipedes as they approached the exteriors of mats. (One mat had no discernable
interior black mat). Distance from centroid of total mat noted in mms. To standardize
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time, time 0 was defined as the time at which remipedes reached the distance at which
they will turn away from the mat. (A) This created a lower threshold of -100 ms and
upper threshold of 67 ms, spanning 167 ms in turns with respect to the black mat. (B) In
contrast, this created greater lower (-67 ms) and upper thresholds (233 ms), spanning 300
ms in turns with respect to the total mat. Time points from -1033 to 1133 ms had at least
20 individual turns included, whereas timepoints greater than 1033 and less than -1133
ms had between 6 and 18 individual turns, accounting for greater variation in these
analyses.

Figure 8. Average residence time in milliseconds (* standard error) per percentage mat
band is shown for (A) black mats and (B) total mats. Remipedes spent significantly more
time in the 101-125 and 126-150% black bands, which was inside of exterior white
bands.
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APPENDICES
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Appendix 1. Microhabitats and Sediment types found in Cenote Crustacea. Clockwise from top left: (A) Sediment with greater
than or equal to 12.5% surface cover by black mats (SM), (B) sediment with greater than or equal to 75% surface cover by
black of orange mat (SMO), (C) Sediment containing less than 12.5% of mat cover (SN), and (D) water column (WC).
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Appendix 2. Schematic of remipede turning around microbial mats of two different sizes with angle measurements. Figure illustrates
inner black microbial mat and outer white mat as well as increasing total distance mat bands as used in study. Note that the smaller
mat at left requires a remipede of the same size to turn at a smaller angle 6,= 112° (versus 0,= 115°) to follow a gradient of choice (ie.
175% mat distance band), regardless of travelling the same distance (n, = np). In addition, decreasing sulfide and dissolved microbial
protein concentration diffusing from center of mat and caused by low-flow regime is shown in two-dimensions.



Conclusions

Changing caves:
Shifting focus to the dynamic anchialine environment

Review

Underwater cave research will increase our understanding of how life evolved in
dark, extreme ecosystems. However, the investigation of underwater subterranean
environments requires specialized field training and is often limited by accessibility and
sampling time. As such, there are few systematic studies of ecosystem function,
community structure, and evolutionary processes in these systems. Here, I review
research in anchialine habitats— systems in which a landlocked marine layer flows under
less saline layers. It is my aim to illustrate recent advances relating to the evolution and
ecosystem function of crustacean communities in these extreme systems and to point to
areas in which research is especially deficient.

Initial theories regarding cave diversity and biomass operated on several
assumptions 1) that cave ecosystems were extreme due to their lack of constant nutrient
supply from surface photosynthetic sources (Engel, 2007), 2) that caves are stable
systems buffered from climatic changes (e.g., Dov Por, 2008, Neiber et al. 2011). While
Engel (2007) and others have reviewed evidence of chemosynthetic energy production in
subterranean systems, these studies are rare and often lack evidence of in situ metabolic
activity. Furthermore, growing evidence suggests that caves are dynamic, changing over
both neontological and paleontological time scales.

Should chemosynthetic energy fuel anchialine habitats, the stratified water layers
that shaped microbial primary producers, would in turn likely affect macrofauna. Each
microhabitat in these stratified systems has a distinct associated faunal community. In the
Yucatan and Caribbean, this community is largely crustacean-dominated (Neiber et al.,
2011) and includes many species of caridean shrimp and amphipods that are restricted to
the meteoric waters above the halocline (Debrot et al. 2003; De Grave et al. 2008). Some
atyid shrimp, however, inhabit both marine and overlying brackish components of
anchialine systems (Sanz & Platvoet, 1995; Alvarez et al., 2005; Hunter et al. 2008,
Pakes pers. observ.) In addition, the members of the anchialine endemic class Remipedia
are known as marine-layer specialists and likely restricted to this underlying marine layer
of anchialine systems (Mejia-Ortiz et al. 2007; Neiber et al. 2011).

Energy Production in Anchialine Habitats

Growing evidence that supports the existence of chemosynthetically fueled
subterranean ecosystems has undermined the theory that cave nutrients are exclusively
surface-derived. For example, freeliving and symbiotic chemolithoautotrophs have been
discovered in geothermal submerged limestone (karst) caves (Hose et al., 2000;
Dattagupta et al., 2007) and dry caves (Barton and Northup, 2007). In addition,
phylogenetic affiliation of chemosynthetic communities has been reported from sunlight
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anchialine blueholes (Cangenella et al. 2007, Gonzalez et al., 2011). Likewise dark
anchialine systems have been sampled for both the morphological and phylogenetic
affinities of their communities and these data have been used along with habitat
geochemistry to suggest that chemoautotrophic metabolic activity occurs in these caves
(e.g., Seymour et al. 2007; Humphreys et al. 2012).

Chapter One of the present study is the first to integrate culture-independent and
culture dependent methods in a cave study. The resulting findings stemming from
geochemical analyses, enrichment, and beta-diversity studies of microbial community
structure begins to elucidate the significant role of chemosynthetic microorganisms in
anchialine systems. Here, 16S rRNA gene sequencing of isolated bacteria and subsequent
phylogenetic analyses revealed the presence of chemolithoautotrophic
Gammaproteobacteria and Deltaproteobacteria in the sediment. This result complemented
evidence that the proteobacterial clades were enriched in the sediment community
relative to the water column.

The potential for these chemosynthetic bacteria in anchialine faunal nutrition and
community structuring is illustrated by anchialine symbiosis studies (Chapters 2-3) and
food web analyses (Pohlman, 1997; Chapter 4) that suggest a chemosynthetically derived
nutrient base to the Yucatan anchialine food web (Chapter 4). As the cave investigated in
the current study includes a passage known for its high density of anchialine taxa
(Koenemann et al., 2007) and another passage with greater diversity, but lower biomass
(Neiber et al. 2012) it provides a natural experiment with which to correlatively test
affects of chemosynthetic input and community structure dynamics. Findings suggested a
bottom up pressure to the anchialine food web, wherein Typhaltya pearsei and their
chemosynthetic endosymbiotic bacteria (Chapter 2) may be more abundant in the
stratified passage than the fully marine due to increased metabolic capabilities at the
halocline.

As nutritional associations between chemosynthetic microbes and eukaryotes
form the basis of life in many extreme environments, these findings are not surprising. It
is the location of these symbionts and the potential for their study that makes this system
unique. Chemosynthetic symbioses are found associated with seven eukaryotic phyla
support (Cavanaugh et al., 2006, Dubilier et al., 2008). Such mutualisms support a
diversity of communities, including those found in intertidal, hydrothermal vent, methane
seep, whale and wood fall ecosystems (Cavanaugh et al., 2006, Dubilier et al., 2008), as
well as cave ecosystems (e.g., Boston et al., 2001; Barton and Northup, 2007; Dattagupta
et al., 2009). In anchialine caves, restricted tidal flow (Iliffe and Kornicker, 2009), results
in stable gradients including hypoxic and sulfidic marine layers, underlying oxygenated
brackish water layers (Iliffe and Kornicker, 2009). Interfaces between chemosynthetic
substrates (CHa4, H,S) and oxygen (Pohlman et al., 1997) in these caves make ideal
habitats for mutualisms between microbes and macrofaunal hosts. This dissertation
described putative chemosynthetic extracellular symbioses in the cave shrimp, Typhlatya
pearsei, remarkable in that it marks the first occurrence of chemosynthetic intracellular
symbiosis in an arthropod (7. pearsei) (Chapter 2). Furthermore, here I report a member
of the endemic cave crustacean class Remipedia, Speleonectes tulumensis, likely hosts
ectobiotic bacteria (Chapter 3) and may alter it’s behavior to increase colonization or the
concentrations of chemosynthetic subtrate available for its symbiotic microbes (Chapter
5).
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Changing environments and changing communities

Ecological Time scales— Because caves are sheltered from sunlight and direct surface
disturbance, they have often been described as static systems. However, several recent
findings have refuted this claim on ecological and evolutionary timescales. For example,
my dissertation research provides some of the only 16S rRNA and 16S rDNA of
microbial communities in extreme habitats and shows variation in persistent and active
bacterial communities (Chapter 1). This discrepancy suggests that turnover is high in
certain microhabitats of anchialine caves, such as sediment microbial mats. These results
while novel, are not surprising when considering temporal changes in halocline and
sulfide layers (e.g., Seymour et al. 2007). Evidence points to tidal fluctuations
influencing the depth of physicochemical layers. Such daily fluctuation or disturbance
creates a dynamic habitat for successional communities and further mix microbial
populations in situ.

Other temporal changes to water chemistry may also be seasonal or sporadic
(Iliffe and Schram, 2013). Seymour et al., indicated that some anchialine systems may
experience fluctuations in water level and therefore halocline of up to 10% of oceanic
oscillations (2007). While haloclines may only change on the order of centimeters over
ecological time scales, these oscillations likely affect the microbiota within the system
that operate on the small spatial scale of microns. In addition, I have noticed an increase
in particulate matter in the water column and a decrease in taxa following winter storms.
Whether these storms increase organic material flowing into the cave and create later
blooms of life must be examined with more care in the future. However, it should be
noted that in these winter months (December and January) shrimp exoskeletons have
been observed to be more abundant in the water column and may be a source of
chemosynthetic substrates and carbon in the redox gradient and sediment microbial
communities (pers. observ.)

Evolutionary Time Scales— Anchialine habitats are physically and biologically complex.
In these systems the marine layer which flows under less saline layers, each with its
associated fauna. These organisms may depend on input from both overlying terrestrial
(meteoric water) and tidally influenced, land-locked marine environments. The effect of
salinity tolerance on species connectivity and through it distribution in these complex
systems are likely great, but as yet untested. How then do sea levels past and present
determine diversity of anchialine fauna?

The influence of sea level on connectivity and consequently on anchialine
diversity may vary as a function of a cave’s topography (Iliffe 2000). Niches may be kept
in tact as sea level tracks horizontally and vertically through continuous cave passages.
This continuity of habitat provides connections between adjacent vertical levels of the
cave complex, increasing a taxon’s survivability through time. Falling sea levels dry out
formerly available aquatic habitats, resulting in migration or extinction (Jablonski 1985;
Finnegan et al. 2012). Depending on karst island topography, sea level fall will interrupt
subterranean underwater passages, by breaking their continuity with emerging land
patches. This splintering of suitable habitat into underwater islands with fragmented
populations of species will drive evolutionary divergence and speciation (Jaume et al.
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2008; Zaksek et al. 2009; Fiser et al. 2012; Moritsch et al., 2014). Conversely, sea level
will connect previously fragmented passages via flooding, allowing organisms to
disperse, in some cases reconstituting splintered species ranges (Smith 2001; Cromer et
al. 2005; Zaksek et al. 2007; Botello and Alvarez 2010).

Other factors, including proximity to the sea and tidal current flows may affect
dispersal distances (Christman and Culver 2001). Climate change likely for example
results in different meteoric water inputs (via changes temperature and precipitation)
which alter the suitability of cave regions or networks. Urbanization and industrialization
also contribute to pollution and water diversion within these extreme ecosystems. This
stratified system may be particularly susceptible to increasing global sea temperatures,
which may result in admixture between cave water layers, decreasing habitat complexity
and suitable habitat for many microhabitat specialists (Mortisch et al., accepted).

If sea level rises as much as the predicted 1.4 m in the next century (Rahmstorf
2007), the marine-meteoric interface will likely move inland, away from the coast. How
will this affect cave locality and regional cave diversity? As species richness and
phylogenetic diversity have declined with distance from the coast for both remipedes and
atyids during past sea level rises (Moritsch et al., accepted). The decline in diversity of
atyids relative to remipedes in this scenariuo was likely a result of their different
evolutionary histories. While remipedes are only known from their pleisomorphic marine
habitat, extant atyid shrimp lineages have repeatedly become established in meteoric and
other low salinity habitats (Page et al., 2008). As such, remipedes and atyids, as well as
other anchialine organisms, would likely respond differently to sea level and temperature
changes. Similarly, collapses of the meteoric lense have been observed in the geologic
record in Bermudian anchialine systems (Van Hengstum and Scott, 2012). Although
micropaleontological studies incorporating radio carbon dates are few, they have great
potential in revealing the dynamic nature of subterranean habitats (Van Hengstum and
Scott, 2012). More studies integrating sea level changes over evolutionary time scales
will inform our understanding of how previous perturbations may have shaped current
distributions in these extreme ecosystems.

This dissertation has revealed several ways (predation, chemosynthetic symbiosis,
scavenging, and grazing) in which anchialine organisms make a living in these extreme
systems. The anchialine environment is complex and ecosystem function depends on
intra-, inter, and abiotic interactions (Estes et al., 2013). Therefore, in order to determine
how anchialine ecosystem will be altered with changing climate and water use, it is
imperative that future studies gather habitat (geologic, geochemical) parameters as well
as trophic dynamics data on cave endemics. These data will allow for distribution
modeling in addition to aiding in our discovery of new anchialine communities and
understanding of their ecosystem interactions.

103



References

Alvarez F, Iliffe TM, Villalobos JL. 2005 New Species of the Genus Typhlatya
(Decapoda: Atyidae) from Anchialine Caves in Mexico, the Bahamas, and

Honduras. J. Crust. Biol. 25, 81-94.
Barton HA, Northup DE. 2007 Geomicrobiology in cave environments: past, current and
future perspectives. J Cave Karst Stud. 69, 163—178.

Boston PJ, Spilde MN, Northup DE, Melim LA, Soroka DS, Kleina LG, Lavoie KH,
Hose LD, Mallory LM, Dahm CN, Crossey LJ, Schelble RT. 2001 Cave
Biosignature Suites: Microbes, Minerals, and Mars. Astrobiology 1, 25-55.

Botello A, Alvarez F. 2010 Genetic variation in the stygobitic shrimp Creaseria morleyi
(Decapoda: Palaemonidae), evidence of bottlenecks and re-invasions in the
Yucatan Peninsula. Biol. J. Linn. Soc. 99, 315-325.

Cangenella F, Bianconi G, Kato C, Gonzalez J. 2007 Microbial ecology of submerged
marine caves and holes characterized by high levels of hydrogen sulphide. Rev.
Environ. Sci. Biotechnol. 6, 61-71.

Cavanaugh CM, McKiness ZP, Newton ILG, Stewart FJ. 2006 Marine chemosynthetic
symbioses. In The Prokaryotes (Eds. M. Dworkin, S. I. Falkow, E. Rosenberg, K.
H. Schleifer, E. Stackebrandt), pp. 475-507 New York: Springer.

Christman MC, Culver DC. 2001 The relationship between cave biodiversity and
available habitat. J Biogeogr. 28, 367-380.

Cromer L, Gibson JAE, Swadling KM, Ritz DA. 2005 Faunal microfossils: Indicators of
Holocene ecological change in a saline Antarctic lake. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 221, 83-97.

Dattagupta S, Schaperdoth I, Montanari A, Mariani S, Kita N, Valley JW, Macalady JL.
2009 A novel symbiosis between chemoautotrophic bacteria and a freshwater
cave amphipod. ISME J 3, 935-943.

De Grave S, Cai Y, Anker A. 2008 Global diversity of shrimps (Crustacea: Decapoda:
Caridea) in freshwater. Hydrobiologia 595, 287-293.

Debrot AO. 2003 The freshwater shrimps of Curacao, West Indies (Decapoda, Caridea).
Crustaceana 76, 65-76.

Dubilier N, Bergin C, Lott C. 2008 Symbiotic diversity in marine animals: the art of
harnessing chemosynthesis. Nature 6, 725-740.

Estes,JA, Steneck RS, Lindberg DR. 2013 Exploring the Consequences of Species
Interactions Through the Assembly and Disassembly of Food Webs: A Pacific-
Atlantic Comparison. Bull. .Mar. Sci. 89, 11-29.

Finnegan, S., Heim, N.A., Peters, S.E. & Fischer, W.W. (2012). Climate change and the
selective signature of the Late Ordovician mass extinction. PNAS 109, 6829—
6834.

Fiser C, Blejec A, Trontelj P. 2012. Niche-based mechanisms operating within extreme
habitats: a case study of subterranean amphipod communities. Biol. Lett. 8, 578—
581.

Gonzalez BC, lliffe TM, Macalady JL, Schaperdoth I, Kakuk B. 2011
Microbial hotspots in anchialine blue holes: intial discoveries from the Bahamas.
Hydrobiologia 677, 149—156.

104



Hose LD, Palmer AN, Palmer MV, Northup DE, Boston PJ, DuChene HR (2000)
Microbiology and geochemistry in a hydrogen-sulphide-rich karst environment.
Chem Geol 169, 399-423.

Humphreys W, Tetu S, Elbourne L, Gillings M, Serymour J, Mitchell J, Paulsen 1. 2012
Geochemical and Microbial diversity of Bundera sinkhole, and anchialine system
in the Eastern Indian Ocean. Nat. Croat. 21, 59-63.

Iliffe TM. 2000 Anchialine cave ecology. In Ecosystems of the World (Eds. H. Wilkens,
D. C. Culver, W.F. Humphreys), pp. 5976 Amsterdam: Elsevier.

Iliffe TM, Kornicker LS. 2009 Worldwide diving discoveries of living fossil animals
from the depths of anchialine and marine caves. Smithson. Contrib. Mar. Sci. 38,
269-280.

Jablonski D. 1985 Marine regressions and mass extinctions: a test using modern biota. In
Phanerozoic diversity patterns: profiles in macroevolution (Ed. J. W. Valentine),
pp. 335-354. Princeton: Princeton University.

Jaume D, Boxshall GA, Gracia F. 2008 Stephos (Copepoda: Calanoida: Stephidae) from
Balearic caves (W Mediterranean). Syst. Biodiv. 6, 503—552.

Koenemann S, Iliffe TM. 2013 Class Remipedia Yager, 1981. In The Crustacea, (Eds. M.
Charmantier-Daures, F. R. Schram) pp. 125-179. The Netherlands: Brill.
Koenemann S, Schram FR, Iliffe TM, Hinderstein LM, Bloechl and A. 2007 Behaviour
of Remipedia in the laboratory, with supporting field observations. J Crust. Biol.

27, 534-542.

Mejia-Ortiz LM, Yéanez G, Lopez-Mejia M. 2007 Echinoderms in an anchialine cave in
Mexico. Mar. Ecol. 28, 31-34.

Moritsch, MM, MJ Pakes, DR Lindberg. Accepted Does sea level change shape
biodiversity patterns in the anchialine taxa, Remipedia and Atyidae. Org. Divers.
Evol.

Neiber MT, Hansen FC, Iliffe TM, Gonzalez TC, Koenemann S. 2012 Molecular
taxonomy of Speleonectes fuchscockburni, a new pseudocryptic species of
Remipedia (Crustacea) from an anchialine cave system on the Yucatan Peninsula,
Quintana Roo, Mexico. Zootaxa, 3190, 31-46.

Page TJ, Cook BD, von Rintelen T, von Rintelen K, Hughes JM. 2008 Evolutionary
relationships of atyid shrimps imply both ancient Caribbean radiations and
common marine dispersals. J. N. A. Benthol. Soc. 27, 68-83.

Pohlman JW, Iliffe TM, Cifuentes LA. 1997 A Stable isotope study of organic cycling
and the ecology of an anchialine cave ecosystem. Mar. Ecol. Prog. Ser. 155, 17—
27.

Por, DP. 2008 Deuterobiosphere the Chemosynthetic Second Biosphere of the Globe. A
First Review Integr. Zool. 3, 101-114.

Seymour JR, Humphreys WF, Mitchell JG. 2007 Stratification of the microbial
community inhabiting an anchialine sinkhole. Aquat. Microb. Ecol. 50, 11-24.

Smith F. 2001 Historical regulation of local species richness across a geographic region.
Ecology 82, 792-801.

Zaksek V, Sket B, Trontelj P. 2007 Phylogeny of the cave shrimp Troglocaris: Evidence
of a young connection between Balkans and Caucasus. Molec. Phylogenet. Evol.,
42,223-235.

Zaksek V, Sket B, Gottstein S, Franjevic D, Trontelj P. 2009 The limits of cryptic

105



diversity in groundwater: phylogeography of the cave shrimp Troglocaris
anophthalmus (Crustacea: Decapoda: Atyidae). Molec. Ecol. 18, 931-946.

Sanz S, Platvoet D. 1995 New perspectives on the evolution of the genus Typhlatya
(Crustacea, Decapoda): first record of a cavernicolous atyid in the Iberian
Peninsula, Typhlatya miravetensis n. sp. Contrib. Zool 65, 79-99.

Hunter, RL, Webb MS, Iliffe TM, Bremer JRA. 2008 Phylogeny and historical
biogeography of the cave-adapted shrimp genus Typhlatya (Atyidae) in the
Caribbean Sea and western Atlantic. J. Biogeogr. 35, 65-75.

Rahmstorf S. 2007 A Semi-Empirical Approach to Projecting Future Sea-Level Rise.
Science 315, 368-370.

van Hengstrum PJ, Scott DB. 2012 Sea-level rise and coastal circulation controlled
Holocene groundwater development in Bermuda and caused a meteoric lens to
collapse 1600 years ago. Mar. Mircopaleontol. 90, 29-43.

106



	Pakes_MJ_Dissertation
	Pakes_MJ_Dissertation.2
	Pakes_MJ_Dissertation.3
	Pakes_MJ_Dissertation.4b
	Pakes_MJ_Dissertation.5
	Pakes_MJ_Dissertation.6
	Pakes_MJ_Dissertation.7
	Pakes_MJ_Dissertation.8b
	Pakes_MJ_Dissertation.9
	Pakes_MJ_Dissertation.10b
	Pakes_MJ_Dissertation.11
	Pakes_MJ_Dissertation.12b
	Pakes_MJ_Dissertation.13
	Pakes_MJ_Dissertation.14
	Pakes_MJ_Dissertation.15
	Pakes_MJ_Dissertation.16b
	Pakes_MJ_Dissertation.17
	Pakes_MJ_Dissertation.18b
	Pakes_MJ_Dissertation.18c
	Pakes_MJ_Dissertation.19



