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Abstract

The sublittoral seafloor of the Humboldt Eastern Boundary Current ecosystem (HEBCE) is characterized by
sediments rich in sulfur compounds and extensive and sometimes massive benthic bacterial mats. This sulfur-based
sublittoral ecosystem is maintained by the very high input of organic matter from the productive surface waters and the
concurrence of subsurface hypoxic to anoxic waters of the Peru-Chile Undercurrent (PCU). Generically here named
the “Humboldt Sulfuretum” (HS), this benthic habitat extends latitudinally along the continental margins off Peru and
Chile for over 3,500 km potentially covering around 100,000 km?thus making it one of the largest reduced soft sediment
regions in the world. Since its first recognition in 1962 the HS has consistently been found the home of massive
bacterial mats which can attain standing-stocks in the order of 1,000 gm (wet weight). Although hosting a complex and
diverse community of prokaryotes, microbial eukaryotes, and meio- and occasional macrobenthic fauna, the dominant
components, both in weight and volume, are large vacuolated species of megabacteria of the Beggiatoaceae family
(Gammaproteobacteria). These mat-forming autotrophic/mixotrophic species singularly link the C, S, and N cycles
(possibly also the P cycle) and constitute one of the largest macroscopic bacterial populations living in today’s naturally
reduced world oceans, i.e., eastern boundary current systems, in fact the HS with its microbial communities could be
considered modern analogs of Proterozoic benthic systems. This work intends to highlight the extensive geographic
distribution, the huge, although variable, massiveness, and thus the potential biogeochemical significance of the giant
mat-forming prokaryotes and their accompanying microbial community, as a contribution to a better understanding

HEBCE's functioning one of the most productive eastern boundary current systems of the world.
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Introduction

A recent work on the biogeochemistry of continental margin
ecosystems has identified that one of the major enigmas in the HEBCE
is the question of the role played by the oxygen-deficient water masses
(Oxygen Minimum Zone-OMZ) and that of its inhabitants on the
whole eastern boundary current system [1]. This work is a contribution
from benthic ecology to help solve the above mentioned enigma. With
productivities in the order of 1,000 gm? y' the HEBCE is one of the
most productive eastern boundary current systems and consequently
its benthic habitat is exposed to one of the strongest organic matter
inputs and oxygen stress in the world [2]. By the same token the benthic
realm is also rich in reduced sulfur compounds, the ideal environment
for the flourishing of ancient prokaryotes [3,4].

Large extant filamentous multicellular  photosynthetic
megabacteria of the phylum Cyanobacteria have been known from
freshwater sediments since the XIX century. However, phenotypically
similar marine, non-photosynthetic megabacteria were first discovered
in 1962 on the continental margin off northern Chile conforming
massive mats in the sulfide-rich sediments under an oxygen deficient
layer (OMZ) (Table 1 and Figures 1A-D) [5-8]. After an initial
confusion with “cyanophyceae”, the main bacterial component was
identified as belonging to the family Beggiatoaceae, genus Thioploca,
a genus at the time only known from freshwater [9]. The new genus
Candidatus Marithioploca (CM) is being now proposed to include the
earlier described EBCE’s giant beggiatoaceans Thioploca araucae (cell
diameter 30-43 um and cell length 11-26 um) and Thioploca chileae
(cell diameter 10-20 pm and 7-26 um cell length) [10] with filament
lengths reaching as much as 7 cm [11]. Likewise, less abundant
forms earlier identified as Beggiatoa are now renamed Candidatus

Maribeggiatoa [12]. The following discussion will center on the above
mentioned dominant CMs. These forms are unique in that they
constitute giant multicellular threads (trichomes) that can be found
free-living or longitudinally disposed within mucous sheaths forming
quite visible filaments that in the usual silt or clay bottoms are in
general vertically oriented (Figure 8 in Schulz, et al. [13]). Depending
on environmental conditions sheaths may contain a few or hundreds of
multicellular trichomes involving thousands of cells. Single filaments
(sheaths plus trichomes), or even single trichomes, can be clearly seen
with the naked eye, and, since CMs seem never to occur as single cells,
these megabacteria are amongst the world’s largest [9,14]. As new
marine Beggiatoacean megabacteria findings show, their cell volume

Station Date SLat. (W Long. Depth (m) Sediment type

1 07/12 -18°29° |-70°22" |50 Putrid mud

3 07/12 -18°29° |-70°28" 114 Greenish-gray mud, putrid smell
19 07/15 |-19°02" -70°22" 142 Greenish-gray mud, putrid smell
20 07/15 -19°02" |-70°20" 102 Greenish-gray mud, putrid smell
45 07/25 -20°48" |-70°21" 282 Compact clay

Table 1: Localities where Candidatus Marithioploca mats were found in the
northern Chile benthic survey conducted during the “Mar-Chile Il Expedition”
(1962). Data adapted from Gallardo [5]. Note: at the time the findings were reported
as “cyanophyceae”.
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Figure 1: A: Collage with photos of the Candidatus Marithioploca
system: Portion of a large dredge sample from the Candidatus
Marithioploca-dominated microbial mat (CM-DMM) taken at -65 m depth
off the Bay of Concepcion, central Chile (~-36°S), during the austral
summer of 1975 (similarly rich samples were obtained also with benthic
dredges off northern Chile during the 1962 Mar-Chile Expedition. Larger
whitish multi-trichomic filaments are about 1 mm in diameter. B: Filaments
of Candidatus Marithioploca spp. on a 1 mm? mesh sieve taken with a
quantitative bottom grab at -65 m depth off the Bay of Concepcion, central
Chile (~-36°S) during the austral summer of 1975. C: View from above of
a box-corer sample showing a dense CM mat. White trichomes are 3-4
cm long. It is this kind of density that standing stock can reach ca. 1 kg
m2. D: Section of a multiple trichome-containing filament of Candidatus
Marithioploca araucae where the sheath is a minor component.

hypoxic water

reduced sediment

Figure 2: Components of the Candidatus Marithioploca dominated
microbial (CM-DMM) system including the general physiology of
Candidatus Marithioploca: Diagram showing the components of CM-
DMM standing stock (not in scale): (1) the biological component with
(1a): the CM’s live cell portion, and, (1b): the CM’s sheath “garden” of
bacterial endobionts; (2) the biogenic component, i.e., the polysaccharide
sheath; (3) the mineral component with, (3a): the concentrated (160-
500 mM) nitrate vacuole solution, and, (3b): the cytoplasm-surrounded
sulfur globules (probably also globules of polyphosphate and other
nutritious molecules); and (4) the macrobacteria and other accompanying
eukaryotic microbial forms.

is occupied by a large internal nitrate-containing vacuole which in
the case of the HEBCE’s CMs, it occupies ca. 80% of the cell volume
[15], limiting the cytoplasm with its population of sulfur globules to a
thin peripheral layer. Interestingly, the sheath may contain a “garden”

of endobionts [16], and the surrounding mud, a host of smaller
filamentous, multicellular “macrobacteria”, to distinguish them from
the “megabacteria” which are at least one order of magnitude larger
(Figure 2) [3,4].

The biogeochemical importance of CM-DMMs resides in their
temporal variabilities and the unusual physiology of the dominant CMs
species which have been found to link the biogeochemical cycles of C,
Sand N [17,18] (Figure 2) and even perhaps also of P [8,19,20]. Within
the sulfuretum, it is particularly important CMs nitrate oxidative
function which, through the production of ammonium, might play
an important role in the productivity of the HEBCE [21]. This is a
feature that needs to be acknowledged for the HS and probably for
other such systems under oxygen minimum zones [22]. Their potential
to determine an important portion of the primary productivity of
the HEBCE through the conservation of N by reducing nitrate to
ammonium which is readily brought up to the photic zone through
upwelling, has already been pointed out by Zopfi, et al. [21,23].

From the bio-geographic stand point, it has consistently been
observed that extensive areas of the bottoms under the OMZ off the
Chilean and Peruvian continental margins are occupied by CM-
dominated microbial mat (CM-DMM). During the US JOINT II
expeditions to off Peru (October 1976, March and April 1977, and April
1978), the CM-DMM:s were found densest in the top three centimeters
of sediment, and, in April 1977, it was present down to 20 cm within
the sediment. It was further estimated that, since in the thickest parts it
occupied about 5% of the sediment volume and had a density of about
1.2 g/cm? of filaments, its standing-stock would have amounted to
1,530 gm wet weight or about 90 g C m™? [24]. Similar high standing-
stocks were observed off central Chile in December 1975, i.e., 1,060
gm? [7] and 800 gm™ in March 1994 [13].

The two former records spurred a survey off Peru disclosing CM-
DMM occurrences almost throughout the Peruvian shelf, although with
low biomasses [25]. As an explanation Zafra, et al. [26] stated that along
the Peruvian shelf, during normal cold, non-El Nifio years (1981, 1984
and 1985), bacterial mats were more widespread than during warm El
Nifio years (1976, 1982/1983) [27]. During non-El Nifio regimes, either
neutral or cold La Nifa regimes, the CM bundles usually constitute
larger standing stocks than the co-occurring uni- and multicellular
eukaryotic biomass while during El Nifio events, the warm phases of
the ENSO (El Nifio Southern Oscillation) with the intrusion of oxygen-
rich waters, the situation is reversed [24,27,28]. Besides the interannual
variability, seasonal variability is the rule in the southern reaches of the
oxygen deficient Pert-Chile Undercurrent, i.e., central Chile. During a
benthic megafauna survey off central Chile (1991-1992) [29] mats were
found throughout the study area at the deeper stations (-70 and -100
m) but only during summer and early autumn at the shallower station
(-50 m) indicating a seasonal deepening of the oxygen-deficient PCU.
Seasonality off central Chile is clearly seen in the database used for the
present work extrapolations (Supplementary Figure 1).

Thus, seasonal and interannual variabilities in the occurrence of
CM-DMMs, the latter related to the EL Nino Southern Oscillation
(ENSO) cycle, have been well established and are the response to
the prevailing conditions in the pelagic zone - higher (non-El Nifio
regimes), or lesser productivity (El Nifo regimes) - which in turn
determine whether a sulfuretum can or not exist (Supplementary
Figure 2 and Tables 1 and 2).

In recent years, particularly during the development of the Global
Program Census of Marine Life (2000-2010) (www.coml.org), the
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HEBCE region was the subject of new regional observations under the
aegis of the International Census of Marine Microbes (ICoMM) [30].
These efforts included new sampling strategies, i.e., more intensive
(time-series) and opportunistic sampling using a variety of tools, i.e.,
besides the hand-held photography and video, sediment corers (single
gravity corers, multicorers and box-corers) and robotic devices (AUV’s,
ROVs) equipped with sampling and video capabilities. Biodiversity was
addressed with new molecular analytical tools [31]. Most relevant to
the present work is, however, the CM-DMM video footages made years
before off Peru by scientists from the Harbor Branch “Johnson Sea-
Link” manned submarine during the southern spring of 1992. Harbor
Branch researchers reported being impressed by seeing a “sediment
surface commonly covered” with a “thick, white, Thioploca mat”
between -150 to -350 m depth [32]. Likewise, several video recordings
have been made of the CM-DMM off central Chile (Supplementary
Chile video: https://dl.dropboxusercontent.com/u/92999543/Video/
Candidatus%20Marithioploca-Dominated%20Microbial%20Mats.

mpg).

Naturally gaps of information still prevail on the actual distributions
of CM-DMMs in the huge Humboldt Eastern Boundary Current
Ecosystem region. What is known, however, is the distribution of
hypoxic waters (<0.5 mL L' dissolved oxygen) along the coasts of Peru
and Chile (Helly & Levin 2004) and an estimated impacted seafloor
area of ca. 100,000 km? between -6°S and about -37°S latitude, creating
a favorable habitat for the CM-DMMs (Table 2 and Figure 3). Figure
3 in fact depicts the potential distribution of what it is here named the
Humboldt Sulfuretum, a sulfur-based system, home of the CM-DMMs.
Although the potential for a significant regional standing-stock of
giant bacteria in the HEBCE region has often been suggested [13], this
is the first attempt to extrapolate observed measurements to provide
preliminary suggestive information that could spur further research on
the CM-DMMs potential role on the functioning and productivity of
this highly productive system.

Materials and Methods

To arrive at a useful view of the potential biogeochemical and
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Figure 3: Map indicating distribution of the Humboldt Sulfuretum:
Map showing the approximate extent (not in scale) of the Humboldt
Sulfuretum (HS) along the Humboldt Eastern Boundary Current
Ecosystem (HEBCE) (adapted from Helly & Levin [36]).
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Figure 4: Diagram showing two versions of the distribution of C
M standing-stock main components: Two extreme possibilities in
the distribution of the standing stock main components of Candidatus
Marithioploca-dominated microbial mat (CM-DMM): A. According to Schulz,
et al. [13]; and B, according to the present work.

ecological significance of the HEBCE’s CM-DMM, we suggest that its
standing-stock (grams wet weight m-2, gravimetrically determined)
is a composite system as follows: (1) a biological component which in
turn consists of: (a) the live cell part of the CM bacterium (see Maier,
et al. 1990 for detailed morphology), and (b) the sheath-dwelling,
syntrophic or symbiotic (endobionts) bacteria [16,34]; (2) a biogenic
component, i.e.,, CM’s inert gelatinous polysaccharide sheath [33];
(3) an inorganic (mineral) component, which in turn consist of: (a)
the concentrated nitrate solution occupying the large cell vacuole
[17,18], and (b) elemental sulfur, polyphosphate and other energetic
compounds contained in intra-cytoplasmic globules [19,20,35]; and
(4) the macrobacteria, a diverse assemblage of mat-associated smaller
filamentous multicellular bacteria [3,4]. This component, however, due
to the sediment sieving is mostly lost but preliminary direct observations
however indicate that their standing-stock would amount to ca. 10% of
the total CMM-DM’s standing stock (unpublished observations). For
obvious reasons in the present work only components (1a), (2), and
(3a) are explicitly considered (Figure 2).

To estimate the potential regional standing-stock of the CM-DMM
in the entire HS, measurements of the actual CM-DMM’s wet weight
expressed in gm™ were multiplied by the estimated sea-floor surface
area between -6° and -37°S latitude, affected by PCU/Equatorial Sub-
surface waters with dissolved oxygen concentrations <0.5 mL O, L-1
[36] (Table 2). The CM-DMM data was obtained from observations at
two time-series stations, one located off Callao in central Peru, covering
1992-2005 [37], and another from off Concepcidn, central Chile (Table
3 and Supplementary Tables 1 and 2), covering 2004-2006. Moreover,
two extrapolated versions were considered: Version A, based on the
estimated proportions of the standing-stock components suggested
by Schulz, et al. [13] with emphasis in the biogenic standing-stock
component (2) above, and, Version B, our proposition emphasizing
standing-stock component (3), the vacuole-contained mineral nitrate
solution (Figure 4).

Results

Time-series estimations of the CM-DMM’s standing-stocks
measurements during a period typical non-El Nifio regime (2004-
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°S Lat. km?
-6° to -20° 77,440
-20° to -37° 22,468

Total 99,908

Table 2: Sea-floor surface area bathed by Peru-Chile Undercurrent (PCU)
containing < 0.5 mL L' of dissolved oxygen (modified from Helly & Levin [36]).

Locality °S Lat. °W Long. Depth (m) Average
standing-stock
(g m?)

1. Off Callao, central Peru, -12°02.8" |-77°17.1" 94 66.0

1992-2005 [2].

2. Off Concepcion, central -36°30.8" |-73°07.7° 88 83.7

Chile; 2004-2007) (data in
Table 1-SOM).

Table 3: Localities, coordinates, depth, maximum and average standing-stock
data for the Candidatus Marithioploca microbial-dominated mat (CMM-DM) from
the Peruvian and Chilean time-series stations.

Version A Version B
8 1 8 1
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Figure 5: Bar graph showing the results of extrapolations: CM-
DMM standing stock data extrapolations: A: Amounts from standing stock
component composition as per Schulz, et al. [13] (see text for explanation).
Notes: 1. Excludes weight of vacuole nitrate solution estimated as 8% of total
standing stock and trichome weight is estimated as 10% of total standing
stock (after Schulz, et al. [13]); and B: Amounts derived from our own
estimates of the standing stock component distribution. Notes: 1. Excludes
weight of vacuole nitrate solution estimated as 72% of total standing stock;
2. Estimated as 10% of total standing stock, and 3. Value estimated as 72%
of total standing stock. General notes: i. Average standing-stock used for the
extrapolations for both versions A and B was the median of the published
range [37]. ii. For clarification refer to Figures 2 and 4. iii. Chilean time-series
data, including replicas in Tables 1 and 2 (Supplementary Information).

2006) rendered similar averages for both the Peruvian (66 gm?) and
the Chilean (86 gm™?) sulfuretums (Table 3). However, because of the
size of the bottom surface areas potentially favorable for the microbial
mat development, significant standing stock differences between two
regions are obtained, i.e., 5.1 million tons for the Peruvian section, 2.7
million tons for the Chilean section, and a total of 7.8 million tons for
the whole region (Figure 5). It is also evident that the extrapolations
based on the disaggregation of the standing stocks into their main
components render two qualitatively different standing stock versions,
i.e., Version A with 4.6 million tons for the Peruvian area, 2.5 million
ton for the Chilean area and a total of 7.1 million tons of biogenic
(sheath) material for the whole region, and, Version B with 3.7 million
ton for the Peruvian area, 2 million ton for the Chilean area and a
total of 5.6 million tons for the whole region of the mineral (nitrate)

component. The varying oceanographic conditions in the HS could
probably determine many possible combinations at the food web and
the biogeochemical pathway. At present there is more information on
the biogeochemical related issues for off central Peru [38] and for off
central Chile [23], than on the former condition. To assess the potential
ecological significance for the Humboldt marine ecosystem of the
extrapolated CM-DMM’s standing-stock figures consideration must
also be taken of the possible number of replications of the CM-DMM
standing stock during a year cycle. The present state of knowledge makes
it possible to predict that under normal oceanographic conditions (non-
El Nino regimes) these processes will in part depend on the latitude
since seasonality decreases somewhat from south to north, probably, at
least in part, explaining the larger average standing stock for off central
Peru (Table 3). In fact this average is considered an underestimation
because the time series used to calculate the average standing stock
includes depressed data from the 1997-98 El Nifo. As an indication
for example, Levin, et al. [36] report standing stocks of 3-9 gm™ during
the El Nifio off Peru while an average standing stock of 15.1 gm? was
obtained for off central Chile using data obtained between August 1997
and May 1998. Chilean data used for the extrapolations obviates this
effect by using information obtained in a period distant from the large
1997-98 El Nifo, i.e., 2004-2007. The complete set of data (1997-2007)
is shown in Supplementary Table 1. Under experimental conditions
Otte, et al. [18] arrived at chemotrophic doubling-times ranging from
69-139 days which could be reduced under mixotrophic (acetate)
conditions to 26-52 days. These authors considered the latter figures as
underestimations but noted their data was similar to that of Schulz, et
al. [39] who suggested a 21 day doubling time. For the region off central
Chile, with a pronounced seasonality, under normal non-El Nino
conditions, about four doubling-times of 52 days would be possible
between the beginning of the austral spring and the end of the austral
autumn (October through April) a lapse that is considered favorable
for the development of the CM-DMM. Off Peru with a somewhat
milder seasonality [38], probably a few more replications could occur.
These major scenarios are of course completely disturbed during El
Nifio events when higher temperature and oxygen, and nutrient-poor
water enter the region profoundly affecting the Humboldt Sulfuretum
ecology [2,38,40,41].

Discussion

Besides trying to elucidate the potential role in the productivity of
the Humboldt Eastern Boundary Current Ecosystem, the study of the
giant, vacuolated, filamentous, multicellular marine Beggiatoaceans
(CMM-DM) and their accompanying prokaryotic flora, i.e.,
macrobacteria [3,4], is interesting in that they are the alternative forms
that could explain known fossils that until now have been assigned to
putative Cyanobacteria. Table 3-Supplementary Information) includes
a selection of the largest and broadest filamentous, multicellular
Archean fossil morphotypes extracted from Table 2 in Schopf [42].
These findings range in age from ca. 3,496 million years to 2,560
million years (Archean Eon). The importance of this re-definition is
that it does not require free oxygen to appear so early in the geological
history of the planet. If this proposition is accepted then it would follow
that the Humboldt Sulfuretum could perhaps be considered a present
day analog of the Archean primeval marine sulfuretum, a notion that
could stimulate more attention from many kinds of researchers on
present day sulfuretums than it receives today.

Given the results of this assay we posit that the main potential
fundamental functions of the CM-DMM in the HEBCE are: (1)
a contribution to the C budget through chemosynthesis; (2) a
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contribution to the N budget in the form of ammonium, which in turn
could (3) subsidize pelagic C fixation, and (4) through the utilization
of the toxic sulfide serve as mediator for eukaryotic colonization of the
benthic realm a course of action that could have occurred in a grand
scale during the late Proterozoic Eon [43,44].

We hope that our results will be of interest to specialists in
several disciplines from microbiology, through benthic ecology to
micropaleontology and astrobiology. This research would also help to
view that the so-called “dead zones” are far from being devoid of life
and also that the increment of the areas considered “dead zones” may
not be too bad after all. Sulfuretums are proving to be genomic-rich
realms with potentially important genetic resources [45].

Acknowledgements

We thank the program Census of Marine Life and FONDECYT Projects
150100007, 1070552 and 1110786.

References

1. Quifiones RA (2010) An Overview of Eastern Boundary Current Systems.
Carbon and Nutrient Fluxes in Continental Margins: A Global Synthesis.
Springer, Berlin Heidelberg, Germany.

2. Levin L, Gutiérrez D, Rathburn A, Neira C, Sellanes J, et al. (2002) Benthic
processes on the Peru margin: a transect across the oxygen minimum zone
during the 1997-98 EI Nifio. Prog Oceanogr 53: 1-27.

3. Gallardo VA, Espinoza C (2007) New communities of large filamentous sulfur
bacteria in the eastern South Pacific. Int Microbiol 10: 97-102.

4. Gallardo VA, Espinoza C (2007) Large multicellular filamentous bacteria under
the oxygen minimum zone of the eastern South Pacific: a forgotten biosphere.
Proc SPIE 6694, Instruments, Methods, and Missions for Astrobiology X.

5. Gallardo VA (1963) Notas sobre la densidad de la fauna bentoénica en el
sublitoral del norte de Chile. Gayana (Zool) 10: 3-15.

6. Gallardo VA (1975) On a benthic sulfi de system on the continental shelf of
north and central Chile. International Symposium on Coastal Upwelling.

7. Gallardo VA (1977) Large benthic microbial communities in sulphide biota
under Peru-Chile Subsurface Countercurrent. Nature 268: 331-332.

8. Gallardo VA (1977) On the discovery of a large microbial community living in
the bottoms of the continental shelf off Chile and Peru. Memorias del Seminario
Internacional sobre Problemas de la Ecologia Marina Actual y el Futuro del
Hombre.

9. Jergensen BB, Gallardo VA (1999) Thioploca spp.: filamentous sulfur bacteria
with nitrate vacuoles. FEMS Microbiol Ecol 28: 301-313.

10. Maier S, Gallardo VA (1984) Thioploca araucae sp. nov. and Thioploca chileae
sp. nov. Int J Syst Bacteriol 34: 414-418.

11. Huettel M, Forster S, Kloser S, Fossing H (1996) Vertical Migration in the
Sediment-Dwelling Sulfur Bacteria Thioploca spp. in Overcoming Diffusion
Limitations. Appl Environ Microbiol 62: 1863-1872.

12. Salman V, Amann R, Girnth AC, Polerecky L, Bailey JV, et al. (2011) A single-
cell sequencing approach to the classification of large, vacuolated sulfur
bacteria. Syst Appl Microbiol 34: 243-259.

13. Schulz HN, Jergensen BB, Fossing HA, Ramsing NB (1996) Community
Structure of Filamentous, Sheath-Building Sulfur Bacteria, Thioploca spp., off
the Coast of Chile. Appl Environ Microbiol 62: 1855-1862.

14. Schulz HN, Jergensen BB (2001) Big bacteria. Annu Rev Microbiol 55: 105-
137.

15. Maier S, Gallardo V (1984) Nutritional characteristics of two marine thioplocas
determined by autoradiography. Arch Microbiol 139: 218-220.

16. Teske A, Jargensen BB, Gallardo VA (2009) Filamentous bacteria inhabiting
the sheaths of marine Thioploca spp. on the Chilean continental shelf. FEMS
Microbiol Ecol 68: 164-172.

17. Fossing H, Gallardo VA, Jgrgensen BB, Huttel M, Nielsen LP, et al. (1995)
Concentration and transport of nitrate by the mat-forming sulphur bacterium
Thioploca. Nature 374: 713-715.

20.

2

=

22.

2

w

24,

25.

26.

2

~

28.

29.

3

o

3

=

32.

33.

34.

35.

36.

3

J

3

oo

3

©

. Otte S, Kuenen JG, Nielsen LP, Paerl HW, Zopfi J, et al. (1999) Nitrogen,

carbon, and sulfur metabolism in natural Thioploca samples. Appl Environ
Microbiol 65: 3148-3157.

. Schulz HN, Schulz HD (2005) Large Sulfur bacteria and the formation of

phosphorite. Science 307: 416-418.

Brock J, Rhiel E, Beutler M, Salman V, Schulz-Vogt H (2012) Unusual
polyphosphate inclusions observed in a marine Beggiatoa strain. Antonie van
Leeuwenhoek 101: 347-357.

.Zopfi J, Kjeer T, Nielsen LP, Jorgensen BB (2001) Ecology of Thioploca

spp.: Nitrate and Sulfur Storage in Relation to Chemical Microgradients and
Influence of Thioploca spp. on the Sedimentary Nitrogen Cycle. Appl Environ
Microbiol 67: 5530-5537.

Zehr JP, Kudela RM (2011) Nitrogen cycle of the open ocean: from genes to
ecosystems. Ann Rev Mar Sci 3: 197-225.

. Zopfi J, Bottcher ME, Jgrgensen BB (2008) Biogeochemistry of sulfur and iron

in Thioploca-colonized surface sediments in the upwelling area off central chile.
Geochim Cosmochim Acta 72: 827-843.

Rowe G (1985) Benthic production and processes off Baja California,
northwest Africa and Peru: a classification of benthic subsystems in upwelling
ecosystems. Simposio Internacional sobre las areas de afloramiento mas
importantes del oeste Africano (Cabo Blanco y Benguela).

Rosenberg R, Arntz WE, de Flores EC, Flores LA, Carbajal G, et al. (1983 )
Benthos biomass and oxygen deficiency in the upwelling system off Peru. J
Mar Res 41: 263-279.

Zafra AH, Salzwedel H, Flores L (1988) Distribucion y biomasa de bacterias
filamentosas (Thioploca spp.) en la costa norte del Pent 1976-1985. Recursos
y Dindmicas del Ecosistema de Afloramiento Peruano.

. Gallardo VA (1985) Efectos del fendmeno del El Nifio sobre el Bentos sublitoral

frente a Concepcion Chile. “El Nifio” Su Impacto en la Fauna Marina.

Tarazona J, Arntz W, Canahuire E, Ayala Z, Robles A (1985) Modificaciones
producidas durante “El Nifio” en la infauna benténica de areas someras del

ecosistema de afloramiento peruano. El Nifio” y su Impacto en la Fauna Marina.

Gallardo VA, Carrasco FD, Roa R, Cariete JI (1995) Ecological patterns in the
benthic macrobiota across the continental shelf off central Chile. Ophelia 40:
167-188.

. Amaral-Zettler L, Artigas LF, Baross J, Bharathi P.A L, Boetius A, et al. (2010)

A Global Census of Marine Microbes. Life in the World’s Oceans, Wiley-
Blackwell.

. Zinger L, Amaral-Zettler LA, Fuhrman JA, Horner-Devine MC, Huse SM, et al.

(2011) Global Patterns of Bacterial Beta-Diversity in Seafloor and Seawater
Ecosystems. PLoS ONE 6: €24570.

Jahnke R, Arthur MA (1992) Preliminary report of the 1992 Peru margin
expedition. R/V Seward Johnson cruise SJ 10-92.

Maier S, Volker H, Beese M, Gallardo VA (1990) The fine structure of Thioploca
araucae and Thioploca chileae. Can J Microbiol 36: 438-448.

Prokopenko MG, Hammond DE, Berelson WM, Bernhard JM, Stott L, et
al. (2006) Nitrogen cycling in the sediments of Santa Barbara basin and
Eastern Subtropical North Pacific: Nitrogen isotopes, diagenesis and possible
chemosymbiosis between two lithotrophs (Thioploca and Anammox)—"riding
on a glider”. Earth Planet Sci Lett 242: 186-204.

de Albuquerque JP, Keim CN, Lins U (2010) Comparative analysis of Beggiatoa
from hypersaline and marine environments. Micron 41: 507-517.

Helly JJ, Levin LA (2004) Global distribution of naturally occurring marine
hypoxia on continental margins. Deep-Sea Res | 51: 1159-1168.

. Gutierrez D, Enriquez E, Purca S, Quipuzcoa L, Marquina R, et al. (2008)

Oxygenation episodes on the continental shelf of central Peru: Remote forcing
and benthic ecosystem response. Prog Oceanogr 79: 177-189.

. Suits NS, Arthur MA (2000) Bacterial production of anomalously high dissolved

sulfate concentrations in Peru slope sediments: steady-state sulfur oxidation,
or transient response to end of El Nifio? Deep-Sea Research | 47: 1829-1853.

. Schulz HN, Strotmann B, Gallardo VA, Jergensen BB (2000) Population study

of the filamentous sulfur bacteria Thioploca spp. off the Bay of Concepcion,
Chile. Mar Ecol Prog Ser 200: 117-126.

Oceanography, an open access journal
ISSN: 2332-2632

Volume 1 « Issue 2 + 1000110


http://www.springer.com/earth+sciences+and+geography/oceanography/book/978-3-540-92734-1
http://www.springer.com/earth+sciences+and+geography/oceanography/book/978-3-540-92734-1
http://www.springer.com/earth+sciences+and+geography/oceanography/book/978-3-540-92734-1
http://www.sciencedirect.com/science/article/pii/S0079661102000228
http://www.sciencedirect.com/science/article/pii/S0079661102000228
http://www.sciencedirect.com/science/article/pii/S0079661102000228
http://www.ncbi.nlm.nih.gov/pubmed/17661287
http://www.ncbi.nlm.nih.gov/pubmed/17661287
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=818026
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=818026
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=818026
http://agris.fao.org/agris-search/search/display.do?f=2012/OV/OV201208955008955.xml;CL19790394414
http://agris.fao.org/agris-search/search/display.do?f=2012/OV/OV201208955008955.xml;CL19790394414
http://www.nature.com/nature/journal/v268/n5618/pdf/268331a0.pdf
http://www.nature.com/nature/journal/v268/n5618/pdf/268331a0.pdf
http://www.invemar.org.co/redcostera1/invemar/docs/Suplemento01/SUP_01_03_GALLARDO.pdf
http://www.invemar.org.co/redcostera1/invemar/docs/Suplemento01/SUP_01_03_GALLARDO.pdf
http://www.invemar.org.co/redcostera1/invemar/docs/Suplemento01/SUP_01_03_GALLARDO.pdf
http://www.invemar.org.co/redcostera1/invemar/docs/Suplemento01/SUP_01_03_GALLARDO.pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6941.1999.tb00585.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6941.1999.tb00585.x/full
http://ijs.sgmjournals.org/content/34/4/414.abstract
http://ijs.sgmjournals.org/content/34/4/414.abstract
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1388866/?report=classic
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1388866/?report=classic
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1388866/?report=classic
http://www.ncbi.nlm.nih.gov/pubmed/21498017
http://www.ncbi.nlm.nih.gov/pubmed/21498017
http://www.ncbi.nlm.nih.gov/pubmed/21498017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Community+Structure+of+Filamentous%2C+Sheath-Building+Sulfur+Bacteria%2C+Thioploca+spp.%2C+off+the+Coast+of+Chile
http://www.ncbi.nlm.nih.gov/pubmed/?term=Community+Structure+of+Filamentous%2C+Sheath-Building+Sulfur+Bacteria%2C+Thioploca+spp.%2C+off+the+Coast+of+Chile
http://www.ncbi.nlm.nih.gov/pubmed/?term=Community+Structure+of+Filamentous%2C+Sheath-Building+Sulfur+Bacteria%2C+Thioploca+spp.%2C+off+the+Coast+of+Chile
http://www.ncbi.nlm.nih.gov/pubmed/11544351
http://www.ncbi.nlm.nih.gov/pubmed/11544351
http://link.springer.com/article/10.1007%2FBF00402003
http://link.springer.com/article/10.1007%2FBF00402003
http://www.ncbi.nlm.nih.gov/pubmed/?term=Filamentous+bacteria+inhabiting+the+sheaths+of+marine+Thioploca+spp.+on+the+Chilean+continental+shelf
http://www.ncbi.nlm.nih.gov/pubmed/?term=Filamentous+bacteria+inhabiting+the+sheaths+of+marine+Thioploca+spp.+on+the+Chilean+continental+shelf
http://www.ncbi.nlm.nih.gov/pubmed/?term=Filamentous+bacteria+inhabiting+the+sheaths+of+marine+Thioploca+spp.+on+the+Chilean+continental+shelf
http://www.nature.com/nature/journal/v374/n6524/pdf/374713a0.pdf
http://www.nature.com/nature/journal/v374/n6524/pdf/374713a0.pdf
http://www.nature.com/nature/journal/v374/n6524/pdf/374713a0.pdf
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nitrogen%2C+carbon%2C+and+sulfur+metabolism+in+natural+Thioploca+samples
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nitrogen%2C+carbon%2C+and+sulfur+metabolism+in+natural+Thioploca+samples
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nitrogen%2C+carbon%2C+and+sulfur+metabolism+in+natural+Thioploca+samples
http://www.ncbi.nlm.nih.gov/pubmed/15662012
http://www.ncbi.nlm.nih.gov/pubmed/15662012
http://www.ncbi.nlm.nih.gov/pubmed/?term=Unusual+polyphosphate+inclusions+observed+in+a+marine+Beggiatoa+strain
http://www.ncbi.nlm.nih.gov/pubmed/?term=Unusual+polyphosphate+inclusions+observed+in+a+marine+Beggiatoa+strain
http://www.ncbi.nlm.nih.gov/pubmed/?term=Unusual+polyphosphate+inclusions+observed+in+a+marine+Beggiatoa+strain
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ecology+of+Thioploca+spp.%3A+Nitrate+and+Sulfur+Storage+in+Relation+to+Chemical+Microgradients+and+Influence
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ecology+of+Thioploca+spp.%3A+Nitrate+and+Sulfur+Storage+in+Relation+to+Chemical+Microgradients+and+Influence
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ecology+of+Thioploca+spp.%3A+Nitrate+and+Sulfur+Storage+in+Relation+to+Chemical+Microgradients+and+Influence
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ecology+of+Thioploca+spp.%3A+Nitrate+and+Sulfur+Storage+in+Relation+to+Chemical+Microgradients+and+Influence
http://www.ncbi.nlm.nih.gov/pubmed/21329204
http://www.ncbi.nlm.nih.gov/pubmed/21329204
http://www.sciencedirect.com/science/article/pii/S0016703707006916
http://www.sciencedirect.com/science/article/pii/S0016703707006916
http://www.sciencedirect.com/science/article/pii/S0016703707006916
http://repositories.tdl.org/tamug-ir/handle/1969.3/28322
http://repositories.tdl.org/tamug-ir/handle/1969.3/28322
http://repositories.tdl.org/tamug-ir/handle/1969.3/28322
http://repositories.tdl.org/tamug-ir/handle/1969.3/28322
http://www.ingentaconnect.com/content/jmr/jmr/1983/00000041/00000002/art00004?crawler=true
http://www.ingentaconnect.com/content/jmr/jmr/1983/00000041/00000002/art00004?crawler=true
http://www.ingentaconnect.com/content/jmr/jmr/1983/00000041/00000002/art00004?crawler=true
http://biblioimarpe.imarpe.gob.pe:8080/handle/123456789/1087?show=full
http://biblioimarpe.imarpe.gob.pe:8080/handle/123456789/1087?show=full
http://biblioimarpe.imarpe.gob.pe:8080/handle/123456789/1087?show=full
http://biblioimarpe.imarpe.gob.pe:8080/handle/123456789/1171
http://biblioimarpe.imarpe.gob.pe:8080/handle/123456789/1171
http://biblioimarpe.imarpe.gob.pe:8080/handle/123456789/1166
http://biblioimarpe.imarpe.gob.pe:8080/handle/123456789/1166
http://biblioimarpe.imarpe.gob.pe:8080/handle/123456789/1166
http://www.tandfonline.com/doi/abs/10.1080/00785326.1995.10430583?journalCode=smar19#.UerUuI1BQ8s
http://www.tandfonline.com/doi/abs/10.1080/00785326.1995.10430583?journalCode=smar19#.UerUuI1BQ8s
http://www.tandfonline.com/doi/abs/10.1080/00785326.1995.10430583?journalCode=smar19#.UerUuI1BQ8s
http://comlmaps.org/mcintyre
http://comlmaps.org/mcintyre
http://comlmaps.org/mcintyre
http://www.ncbi.nlm.nih.gov/pubmed/?term=Global+Patterns+of+Bacterial+Beta-Diversity+in+Seafloor+and+Seawater+Ecosystems
http://www.ncbi.nlm.nih.gov/pubmed/?term=Global+Patterns+of+Bacterial+Beta-Diversity+in+Seafloor+and+Seawater+Ecosystems
http://www.ncbi.nlm.nih.gov/pubmed/?term=Global+Patterns+of+Bacterial+Beta-Diversity+in+Seafloor+and+Seawater+Ecosystems
http://www.nrcresearchpress.com/doi/abs/10.1139/m90-077#.UerVtI1BQ8s
http://www.nrcresearchpress.com/doi/abs/10.1139/m90-077#.UerVtI1BQ8s
http://www.sciencedirect.com/science/article/pii/S0012821X0500823X
http://www.sciencedirect.com/science/article/pii/S0012821X0500823X
http://www.sciencedirect.com/science/article/pii/S0012821X0500823X
http://www.sciencedirect.com/science/article/pii/S0012821X0500823X
http://www.sciencedirect.com/science/article/pii/S0012821X0500823X
http://www.ncbi.nlm.nih.gov/pubmed/?term=Comparative+analysis+of+Beggiatoa+from+hypersaline+and+marine+environments
http://www.ncbi.nlm.nih.gov/pubmed/?term=Comparative+analysis+of+Beggiatoa+from+hypersaline+and+marine+environments
http://www.sciencedirect.com/science/article/pii/S0967063704000639
http://www.sciencedirect.com/science/article/pii/S0967063704000639
http://www.sciencedirect.com/science/article/pii/S0079661108001717
http://www.sciencedirect.com/science/article/pii/S0079661108001717
http://www.sciencedirect.com/science/article/pii/S0079661108001717
http://www.sciencedirect.com/science/article/pii/S096706379900120X
http://www.sciencedirect.com/science/article/pii/S096706379900120X
http://www.sciencedirect.com/science/article/pii/S096706379900120X
http://www.int-res.com/abstracts/meps/v200/p117-126/
http://www.int-res.com/abstracts/meps/v200/p117-126/
http://www.int-res.com/abstracts/meps/v200/p117-126/

Citation: Gallardo VA, Fonseca A, Musleh SS, Espinoza C (2013) Extrapolations of Standing-Stocks of Big Bacteria in Humboldt Eastern Boundary
Current Ecosystem (HEBCE). Oceanography 1: 110. doi:10.4172/2332-2632.1000110

Page 6 of 6
40. Escribano R, Daneri G, Farias L, Gallardo VA, Gonzalez HE, et al. (2004) Recruitment of the Squat Lobster Pleuroncodes monodon on the Continental
Biological and chemical consequences of the 1997-1998 EI Nifio in the Chilean Shelf off Central Chile. J Crustac Biol 14: 665-669.
coastal upwelling system: a synthesis. Deep-Sea Res Il 51: 2389-2411.
44.Roa R, Gallardo VA, Ernst B, Baltazar M, Canete JI, et al. (1995) Nursery
41. Arntz WE, Gallardo VA, Gutiérrez D, Isla E, Levin LA, et al. (2006) El Nifio and ground, age structure and abundance of juvenile squat lobster Pleuroncodes
similar perturbation effects on the benthos of the Humboldt, California, and monodon on the continental-shelf off central Chile. Mar Ecol Prog Ser 116:
Benguela Current upwelling ecosystems. Adv Geosci 6: 243-265. 47-54.

42. Schopf JW (2006) Fossil evidence of Archaean life. Phil Trans R Soc B 361: 45.Li X, Vanner S, Wang W, Li Y, Gallardo VA, et al. (2013) Macplocimine A,
869-885. a new 18-membered macrolide isolated from the filamentous sulfur bacteria
Thioploca sp. J Antibiot 66: 443-446.

43. Gallardo VA, Caiete JI, Roa R, Enriquez-Briones S, Baltazar M (1994)

w

Oceanography, an open access journal
ISSN: 2332-2632 Volume 1 « Issue 2 + 1000110


http://www.sciencedirect.com/science/article/pii/S0967064504001687
http://www.sciencedirect.com/science/article/pii/S0967064504001687
http://www.sciencedirect.com/science/article/pii/S0967064504001687
http://www.adv-geosci.net/6/243/2006/adgeo-6-243-2006.html
http://www.adv-geosci.net/6/243/2006/adgeo-6-243-2006.html
http://www.adv-geosci.net/6/243/2006/adgeo-6-243-2006.html
http://www.ncbi.nlm.nih.gov/pubmed/16754604
http://www.ncbi.nlm.nih.gov/pubmed/16754604
http://www.jstor.org/discover/10.2307/1548860?uid=2134&uid=2&uid=70&uid=4&sid=21102480888871
http://www.jstor.org/discover/10.2307/1548860?uid=2134&uid=2&uid=70&uid=4&sid=21102480888871
http://www.jstor.org/discover/10.2307/1548860?uid=2134&uid=2&uid=70&uid=4&sid=21102480888871
http://www.int-res.com/articles/meps/116/m116p047.pdf
http://www.int-res.com/articles/meps/116/m116p047.pdf
http://www.int-res.com/articles/meps/116/m116p047.pdf
http://www.int-res.com/articles/meps/116/m116p047.pdf
http://www.nature.com/ja/journal/v66/n7/full/ja201352a.html
http://www.nature.com/ja/journal/v66/n7/full/ja201352a.html
http://www.nature.com/ja/journal/v66/n7/full/ja201352a.html

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Materials and Methods
	Results 
	Discussion
	Acknowledgements
	Table 1
	Table 2
	Table 3
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References

