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Heterotrophic microbial communities play key roles in processing and
remineralizing organic matter in marine sediments: they are the “ final
gatekeepers” that determine the types and quantity of organic matter that is
ultimately buried in sediments—processes important to our understanding of
past global environments, as well as to the production of petroleum products
that still fuel much of modern society. These communities' capabilities also
help us understand the energetic and metabolic boundaries of life. Work over
the past decades has revealed much information about sedimentary
microbial communities: their overall composition (Bacteria and Archaea), the
sequence of terminal respiration processes occurring with progressive burial
depth in sediments, and the depth to which they can be detected; research
on the members and metabolism in the “ deep biosphere” has assumed a
central position in organic geochemistry, environmental microbiology, and

molecular ecology ( Orcutt et al., 2013 ; D'Hondt et al., 2019 ).

Despite this gain in knowledge, we are left with important questions about
heterotrophic microbial communities in sediments, some of which can be
summarized simply: What do they eat? How do they gain access to their
substrates? How do they sense that specific substrates are out there? Our
understanding is particularly incomplete with regard to the types of complex
organic matter accessed by these communities. At a recent workshop 1, we
discussed a number of key questions with respect to these issues, and here
we focus on some of the questions raised in our discussion, in the hope that

they will spur further thought and research.
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Sedimentary Organic Matter

What does sedimentary organic matter look like, how do organisms see It?
What are key characteristics of organic matter at different geographic
locations and of different ages that sustain microbial life? How could we
measure the impact of microbial processing on the structure of organic
matter? How can we constrain the selectivity of microbial utilization of

organic matter in sedimentary contexts?

From an analytical perspective, the fraction of “ uncharacterized” organic

matter is already high in surficial sediments (e. g., Hedges et al., 2000 ),

although in such sediments, microbial consumption of this uncharacterized

material can be rapid ( Arnosti and Holmer, 2003 ). Deeper in sediments,

with fewer cells and lower activities, much of the organic matter is also
uncharacterized. How does this uncharacterized material change with depth,
such that a fraction is bioavailable in surficial sediments, but much of the
rest apparently is unavailable at deeper depths? Our measurements are not
yet capturing what is important for microbial communities in terms of their

activity and the reactivity of organic matter.

Bulk measurements of organic matter are often not particularly enlightening
in this respect; we do not understand the constraints on the microbial
populations found in sediments with high dissolved organic carbon (DOC) or
high sedimentary organic matter concentrations, where activity apparently is
low. For example, in Mediterranean sediments, differences in cell
abundances between organic-rich sapropels and the adjacent non-sapropels

are not proportional to the vast differences in organic matter concentration (

https://assignbuster.com/the-enduring-questions-whats-for-dinner-wheres-
my-knife-and-can-i-use-my-fingers-unanswered-questions-related-to-organic-
matter-and-microbes-in-marine-sediments/



The enduring questions: what's for dinne... - Paper Example Page 4

Coolen et al., 2002 ). Marine-derived organic matter with unusually high C/N

ratios in Mediterranean sediments (e. g., Calvert and Fontugne, 2001 ) and in

Cretaceous Black Shales (e. g., Meyers et al., 2006 ) suggests particularly

efficient degradation of the N-rich organic matter fraction in these settings.
Is N removal occurring at burial, rather than at depth? How could we
measure these processes, how could we determine what is a suitable

structural feature for a microbe to metabolize?

The focus on characterizing bulk structures or specific components of larger
macromolecules might miss important features if microbial communities are
“ nibbling around the edges” of macromolecules—selectively utilizing certain
structural moieties (such as methoxy groups, for example). The number and
types of reactive sites present in sedimentary organic matter must decrease
in deeper sediments, but we don't capture this feature with our current
measurements, nor do we know the types of reactive sites/functional groups

that are important.

In terms of overall controlling factors on organic matter processing in
sediments, to what extent do abiotic reactions also affect organic matter
availability? Are physical factors that we do not capture with adequate
resolution important in determining organic matter availability? What role
does upward migration of smaller organic molecules from geothermally
heated sediments play in feeding heterotrophic metabolism? Do small
molecules in such systems trigger microbial activities, and lead to

degradation of other types of organic matter?
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Organisms of the Deep

How are communities of organisms organized in the deep? What are the
characteristics of these organisms? Are there important properties of
sedimentary microbial communities that we don't know about, such as

metabolic networks?

How important is cell-cell communication in the deep biosphere? At cell

densities of ca. 10 2to 10 ® cm ~3 at burial depth in excess of 1 km ( Parkes

et al., 2014 ; Inagaki et al., 2015 ), perhaps there is no communication

among cells, as from a microbial perspective, cells are separated by
astronomically long distances. But perhaps these organisms are clustered
together in small communities (“ frontier towns,” so to speak), and the
longest distances are between communities, rather than individual

organisms.

Especially in this respect, are fungi important? Marine fungi with the
capabilities for extracellular hydrolysis of model macromolecules are being

detected more frequently in the marine environment ( Gutiérrez et al., 2011

). Fungi have been detected in sediments deep in the ocean ( Le Calvez et

al., 2009 ) as well as in the deep biosphere ( Edgcomb et al., 2011 ; Liu et al.,

2017 ; Ivarsson et al., 2018 ), which brings the possibility of exploring

metabolic networks of bacteria and fungi in the marine sedimentary
environment, as previously found above sea level. An alternative to
overcome astronomically long distances, from a microbial perspective, is the
possibility of bacterial mobilization through fungal hyphae (a “ fungal

highway”), as documented in soil ( Kohlmeier et al., 2005 ), and food
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chemistry ( Zhang et al., 2018 ) literature. There is already evidence for
potential consortia of fungi and sulfate-reducing bacteria in deep granite

fractures ( Drake et al., 2017 ). Something is going on. Deeper insight into

metabolic networks of bacteria, archaea, and fungi may shed light on

microbial organization in the deep biosphere.

In this respect, better knowledge of the means by which electrons are
transferred between partners would be helpful. For example, are quinones
important? These compounds engage in facile and reversible redox reactions
and are known moieties of complex natural organic matter. In soil and river
sediments, they can catalyze redox reactions by an electron shuttling

mechanism ( Uchimiya and Stone, 2009 ). To date, little is known about such

mechanisms in marine sediments. Perhaps this is an area in which work with
pure cultures, as well as experiments with defined members, would be useful
in order to better understand interactions in the environment. Isolating
bacteria in the lab tears apart degradative networks, so we have a very
incomplete picture of microbial interactions, but such isolates provide the
opportunity for detailed physiological investigations that cannot be carried

out in the environment.

Some Thoughts, Moving Forward

- A renewed focus on process-based studies would be helpful, given that in
surficial sediments (where organic matter transformations are sufficiently
rapid), we can currently measure the “ bookends” of organic matter
transformations: initial enzymatic hydrolysis of macromolecules, and

terminal respiration rates (e. g., Arnosti and Jgrgensen, 2006 ). The
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sequential transformations of complex macromolecules that occur between

these steps are largely unknown, however.

- Better identification of proteins produced by sedimentary communities
would provide much-needed insight into their metabolism. Since current
protein databases overwhelmingly do not represent organisms from marine
sediments (much less the deep biosphere), and organisms in these
environments probably have metabolic solutions to
physiological/geochemical “ problems” that are not found in more-typically
investigated environments, we end up with a substantial fraction of
unclassified proteins. Focused culture work might provide some of the

missing answers.

- Alternative methods to determine microbial activity and growth are
needed. Measurement of protein production (leucine incorporation) seems
problematic, given the very slow growth in the deep biosphere, where most
carbon may go to respiration rather than to an increase in cellular biomass.
Although high concentrations of isotopically-labeled substrates have been
used in the lab to demonstrate viability of cells from the deep biosphere (e.

g., Morono et al., 2011 ), what other approaches could be used to get at

growth rates under quasi- /n-situ conditions? Optimization of the lipid-based

dual stable isotope approach introduced by Wegener et al. (2012) could be a
good start, as exemplified by increased sensitivity recently achieved using

radioisotopic labeling ( Evans et al., 2019 ).
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- New methods to analyze macromolecular organic matter will be required.
Some techniques (such as thermochemical analyses of organic matter) may
be informative in cases where there is a thermal gradient in deeply buried
sediments. Significant progress has been made in characterizing lipids in

sediments (e. g., Wormer et al., 2015 ), but lipids do not constitute the bulk

of sedimentary organic matter. Other techniques that might provide
information about bioavailable functional groups, or provide better
characterization of complex macromolecules under conditions more

reminiscent of sedimentary matrices, would be extremely helpful.

Considering the initial question—what's for dinner?—we are left with the
image of hungry cells in the dark, sensing their environment, trying to
determine whether a knife or fingers would be more helpful in acquiring
food. Filling in this picture with a more realistic view of key unknowns—how
organisms sense their substrates, what characteristics make these
substrates suitable, and how organismal requirements and substrate
characteristics change with depth and location in marine sediments—will

doubtless keep the research community occupied for the next decades.

Author Contributions

The manuscript was written by CA, based on notes taken during the

workshop breakout group discussion, with input by all co-authors.

Funding

We are grateful for the funding by the Hanse Institute for Advanced Studies

(HWK) and the Deutsche Forschungsgemeinschaft grant HI 616/19-1, which

https://assignbuster.com/the-enduring-questions-whats-for-dinner-wheres-
my-knife-and-can-i-use-my-fingers-unanswered-questions-related-to-organic-
matter-and-microbes-in-marine-sediments/



The enduring questions: what's for dinne... - Paper Example Page 9

made the workshop possible. CA was also funded by NSF (OCE-1736772),

and SP by COPAS Sur-Austral CONICYT PIA AFB170006.

Conflict of Interest

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential

conflict of interest.

Acknowledgments

We thank the staff of the HWK for their excellent logistics and organizational

skills which contributed greatly to the success of the workshop.

Footnotes

1. © “ Future directions in marine organic biogeochemistry,” held at the
Hanse Institute for Advanced Study, Delmenhorst, Germany; April 27-30

2019.

References

Arnosti, C., and Holmer, M. (2003). Carbon cycling in a continental margin
sediment: contrasts between organic matter characteristics and
remineralization pathways. Estuar. Coast. Shelf Sci . 58, 197-208. doi: 10.

1016/50272-7714(03)00077-5

CrossRef Full Text | Google Scholar

Arnosti, C., and Jgrgensen, B. B. (2006). Organic carbon degradation in Arctic
marine sediments, Svalbard: a comparison of initial and terminal steps.

Geomicrobiol . J. 23, 551-563. doi: 10. 1080/01490450600897336

https://assignbuster.com/the-enduring-questions-whats-for-dinner-wheres-
my-knife-and-can-i-use-my-fingers-unanswered-questions-related-to-organic-
matter-and-microbes-in-marine-sediments/


http://scholar.google.com/scholar_lookup?author=C.+Arnosti&author=M.+Holmer+&publication_year=2003&title=Carbon+cycling+in+a+continental+margin+sediment%3A+contrasts+between+organic+matter+characteristics+and+remineralization+pathways&journal=Estuar.+Coast.+Shelf+Sci&volume=58&pages=197-208
https://doi.org/10.1016/S0272-7714(03)00077-5

The enduring questions: what's for dinne... - Paper Example Page 10

CrossRef Full Text | Google Scholar

Calvert, S. E., and Fontugne, M. R. (2001). On the late Pleistocene-Holocene
sapropel record of climatic and oceanographic variability in the eastern

Mediterranean. Paleoceanography 16, 78-94. doi: 10. 1029/1999PA000488

CrossRef Full Text | Google Scholar

Coolen, M. J. L., Cyprionka, H., Sass, A. M., and Overmann, J. (2002). Ongoing
modification of Mediterranean Pleistocene sapropels mediated by

prokaryotes. Science 296, 2407-2410. doi: 10. 1126/science. 1071893

PubMed Abstract | CrossRef Full Text | Google Scholar

D'Hondt, S., Inagaki, F., Orcutt, B. N., and Hinrichs, K.-U. (2019). IODP
advances in the understanding of subseafloor life. Oceanography 32, 198-

207. doi: 10. 5670/oceanog. 2019. 146

CrossRef Full Text | Google Scholar

Drake, H., Ivarsson, M., Bengtson, S., Heim, C., Siljestrom, S., Whitehouse, M.
J., et al. (2017). Anaerobic consortia of fungi and sulfate reducing bacteria in
deep granite fractures. Nat. Commun . 8: 55. doi: 10. 1038/s41467-017-

00094-6

PubMed Abstract | CrossRef Full Text | Google Scholar

https://assignbuster.com/the-enduring-questions-whats-for-dinner-wheres-
my-knife-and-can-i-use-my-fingers-unanswered-questions-related-to-organic-
matter-and-microbes-in-marine-sediments/


http://scholar.google.com/scholar_lookup?author=H.+Drake&author=M.+Ivarsson&author=S.+Bengtson&author=C.+Heim&author=S.+Siljestr%C3%B6m&author=M.+J.+Whitehouse+&publication_year=2017&title=Anaerobic+consortia+of+fungi+and+sulfate+reducing+bacteria+in+deep+granite+fractures&journal=Nat.+Commun&volume=8&pages=55
https://doi.org/10.1038/s41467-017-00094-6
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=28676652
http://scholar.google.com/scholar_lookup?author=S.+D'Hondt&author=F.+Inagaki&author=B.+N.+Orcutt&author=K.+-U.+Hinrichs+&publication_year=2019&title=IODP+advances+in+the+understanding+of+subseafloor+life&journal=Oceanography&volume=32&pages=198-207
https://doi.org/10.5670/oceanog.2019.146
http://scholar.google.com/scholar_lookup?author=M.+J.+L.+Coolen&author=H.+Cyprionka&author=A.+M.+Sass&author=J.+Overmann+&publication_year=2002&title=Ongoing+modification+of+Mediterranean+Pleistocene+sapropels+mediated+by+prokaryotes&journal=Science&volume=296&pages=2407-2410
https://doi.org/10.1126/science.1071893
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12089447
http://scholar.google.com/scholar_lookup?author=S.+E.+Calvert&author=M.+R.+Fontugne+&publication_year=2001&title=On+the+late+Pleistocene-Holocene+sapropel+record+of+climatic+and+oceanographic+variability+in+the+eastern+Mediterranean&journal=Paleoceanography&volume=16&pages=78-94
https://doi.org/10.1029/1999PA000488
http://scholar.google.com/scholar_lookup?author=C.+Arnosti&author=B.+B.+J%C3%B8rgensen+&publication_year=2006&title=Organic+carbon+degradation+in+Arctic+marine+sediments,+Svalbard%3A+a+comparison+of+initial+and+terminal+steps.+Geomicrobiol&journal=J&volume=23&pages=551-563
https://doi.org/10.1080/01490450600897336

The enduring questions: what's for dinne... - Paper Example Page 11

Edgcomb, V. P., Beaudoin, D., Gast, R., Biddle, J. F., and Teske, A. (2011).
Marine subsurface eukaryotes: the fungal majority. Environ. Microb . 13,

172-183. doi: 10. 1111/j. 1462-2920. 2010. 02318. x

PubMed Abstract | CrossRef Full Text | Google Scholar

Evans, T. W., Coffinet, S., Kbnneke, M., Lipp, J. S., Becker, K. W., Elvert, M., et
al. (2019). Assessing the carbon assimilation and production of benthic
archaeal lipid biomarkers using lipid-RIP. Geochim. Cosmochim. Acta . 265,

431-442. doi: 10. 1016/j. gca. 2019. 08. 030

CrossRef Full Text | Google Scholar

Gutiérrez, M. H., Pantoja, S., Tejos, E., and Quifiones, R. A. (2011).
Extracellular enzymatic hydrolysis in the upwelling ecosystem off Chile: the
role of fungi processing marine organic matter. Mar. Biol . 158, 205-219. doi:

10. 1007/s00227-010-1552-z

CrossRef Full Text | Google Scholar

Hedges, J. I., Eglinton, G., Hatcher, P. G., Kirchman, D. L., Arnosti, C.,
Derenne, S., et al. (2000). The molecularly-uncharacterized component of
nonliving organic matter in natural environments. Org. Geochem . 31, 945-

958. doi: 10. 1016/S0146-6380(00)00096-6

CrossRef Full Text | Google Scholar

Inagaki, F., Hinrichs, K.-U., Kubo, Y., Bowles, M. W., Heuer, V. B., Hong, W.-L.,

Hoshino, T., et al. (2015). Exploring deep microbial life in coal-bearing

https://assignbuster.com/the-enduring-questions-whats-for-dinner-wheres-
my-knife-and-can-i-use-my-fingers-unanswered-questions-related-to-organic-
matter-and-microbes-in-marine-sediments/


http://scholar.google.com/scholar_lookup?author=J.+I.+Hedges&author=G.+Eglinton&author=P.+G.+Hatcher&author=D.+L.+Kirchman&author=C.+Arnosti&author=S.+Derenne+&publication_year=2000&title=The+molecularly-uncharacterized+component+of+nonliving+organic+matter+in+natural+environments&journal=Org.+Geochem&volume=31&pages=945-958
https://doi.org/10.1016/S0146-6380(00)00096-6
http://scholar.google.com/scholar_lookup?author=M.+H.+Guti%C3%A9rrez&author=S.+Pantoja&author=E.+Tejos&author=R.+A.+Qui%C3%B1ones+&publication_year=2011&title=Extracellular+enzymatic+hydrolysis+in+the+upwelling+ecosystem+off+Chile%3A+the+role+of+fungi+processing+marine+organic+matter&journal=Mar.+Biol&volume=158&pages=205-219
https://doi.org/10.1007/s00227-010-1552-z
http://scholar.google.com/scholar_lookup?author=T.+W.+Evans&author=S.+Coffinet&author=M.+K%C3%B6nneke&author=J.+S.+Lipp&author=K.+W.+Becker&author=M.+Elvert+&publication_year=2019&title=Assessing+the+carbon+assimilation+and+production+of+benthic+archaeal+lipid+biomarkers+using+lipid-RIP&journal=Geochim.+Cosmochim.+Acta&volume=265&pages=431-442
https://doi.org/10.1016/j.gca.2019.08.030
http://scholar.google.com/scholar_lookup?author=V.+P.+Edgcomb&author=D.+Beaudoin&author=R.+Gast&author=J.+F.+Biddle&author=A.+Teske+&publication_year=2011&title=Marine+subsurface+eukaryotes%3A+the+fungal+majority&journal=Environ.+Microb&volume=13&pages=172-183
https://doi.org/10.1111/j.1462-2920.2010.02318.x
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21199255

The enduring questions: what's for dinne... - Paper Example Page 12

sediment down to ~ 2. 5 km below the ocean floor. Science 349, 420-424.

doi: 10. 1126/science. aaa6882

PubMed Abstract | CrossRef Full Text | Google Scholar

Ivarsson, M., Bengtson, S., Drake, H., and Warren, F. (2018). Fungi in deep
subsurface environments. Adv. Appl. Microbiol. 102, 83-116. doi: 10.

1016/bs. aambs. 2017. 11. 001

PubMed Abstract | CrossRef Full Text | Google Scholar

Kohlmeier, S., Smits, T. H. M., Ford, R. M., Keel, C., Harms, H., and Wick, L. Y.
(2005). Taking the fungal highway: mobilization of pollutant-degrading
bacteria by fungi. Environ. Sci. Technol . 39, 4640-4646. doi: 10.

1021/es047979z

PubMed Abstract | CrossRef Full Text | Google Scholar

Le Calvez, T, Burgaud, G., Mahé, S., Barbier, G., and Vandenkoornhuyse, P.
(2009). Fungal diversity in deep-sea hydrothermal ecosystems. Appl.

Environ. Microbiol . 75, 6415-6421. doi: 10. 1128/AEM. 00653-09

PubMed Abstract | CrossRef Full Text | Google Scholar

Liu, C.-H., Huang, X., Xie, T.-N., Duan, N., Xue, Y.-R., Zhao, T.-X., et al.
(2017). Exploration of cultivable fungal communities in deep coal-bearing
sediments from~ 1. 3to 2. 5 km below the ocean floor. Environ. Microbiol .

19, 803-819. doi: 10. 1111/1462-2920. 13653

https://assignbuster.com/the-enduring-questions-whats-for-dinner-wheres-
my-knife-and-can-i-use-my-fingers-unanswered-questions-related-to-organic-
matter-and-microbes-in-marine-sediments/


http://scholar.google.com/scholar_lookup?author=T+Le+Calvez&author=G.+Burgaud&author=S.+Mah%C3%A9&author=G.+Barbier&author=P.+Vandenkoornhuyse+&publication_year=2009&title=Fungal+diversity+in+deep-sea+hydrothermal+ecosystems&journal=Appl.+Environ.+Microbiol&volume=75&pages=6415-6421
https://doi.org/10.1128/AEM.00653-09
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19633124
http://scholar.google.com/scholar_lookup?author=S.+Kohlmeier&author=T.+H.+M.+Smits&author=R.+M.+Ford&author=C.+Keel&author=H.+Harms&author=L.+Y.+Wick+&publication_year=2005&title=Taking+the+fungal+highway%3A+mobilization+of+pollutant-degrading+bacteria+by+fungi&journal=Environ.+Sci.+Technol&volume=39&pages=4640-4646
https://doi.org/10.1021/es047979z
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16047804
http://scholar.google.com/scholar_lookup?author=M.+Ivarsson&author=S.+Bengtson&author=H.+Drake&author=F.+Warren+&publication_year=2018&title=Fungi+in+deep+subsurface+environments&journal=Adv.+Appl.+Microbiol.&volume=102&pages=83-116
https://doi.org/10.1016/bs.aambs.2017.11.001
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=29680127
http://scholar.google.com/scholar_lookup?author=F.+Inagaki&author=K.+-U.+Hinrichs&author=Y.+Kubo&author=M.+W.+Bowles&author=V.+B.+Heuer&author=W.+-L.+Hong&author=T.+Hoshino+&publication_year=2015&title=Exploring+deep+microbial+life+in+coal-bearing+sediment+down+to+~+2.5+km+below+the+ocean+floor&journal=Science&volume=349&pages=420-424
https://doi.org/10.1126/science.aaa6882
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26206933

The enduring questions: what's for dinne... - Paper Example Page 13

PubMed Abstract | CrossRef Full Text | Google Scholar

Meyers, P. A., Benasconi, S. M., and Forster, A. (2006). Origins and
accumulation of organic matter in expanded Albian to Santonian black shale
sequences on the Demerara Rise, South American margin. Org. Geochem .

37, 1816-1830. doi: 10. 1016/j. orggeochem. 2006. 08. 009

CrossRef Full Text | Google Scholar

Morono, Y., Terada, T., Nishizawa, M., Ito, M., Hillion, F., Takahata, N., et al.
(2011). Carbon and nitrogen assimilation in deep subseafloor microbial cells.
Proc. Natl. Acad. Sci. U. S. A. 108, 18295-18300. doi: 10. 1073/pnas.

1107763108

PubMed Abstract | CrossRef Full Text | Google Scholar

Orcutt, B. N., LaRowe, D. E., Biddle, J. F., Colwell, F. S., Glazer, B. T., Reese,
B. K., et al. (2013). Microbial activity in the marine deep biosphere: progress

and prospects. Front. Microbiol. 4: 189. doi: 10. 3389/fmicb. 2013. 00189

PubMed Abstract | CrossRef Full Text | Google Scholar

Parkes, R. J., Cragg, B. A., Roussel, E., Webster, G., Weightman, A., and Sass,
H. (2014). A review of prokaryotic populations and processes in sub-seafloor
sediments, including biosphere: geosphere interactions. Mar. Geol . 352,

409-425. doi: 10. 1016/j. margeo. 2014. 02. 009

CrossRef Full Text | Google Scholar

https://assignbuster.com/the-enduring-questions-whats-for-dinner-wheres-
my-knife-and-can-i-use-my-fingers-unanswered-questions-related-to-organic-
matter-and-microbes-in-marine-sediments/


http://scholar.google.com/scholar_lookup?author=R.+J.+Parkes&author=B.+A.+Cragg&author=E.+Roussel&author=G.+Webster&author=A.+Weightman&author=H.+Sass+&publication_year=2014&title=A+review+of+prokaryotic+populations+and+processes+in+sub-seafloor+sediments,+including+biosphere%3Ageosphere+interactions&journal=Mar.+Geol&volume=352&pages=409-425
https://doi.org/10.1016/j.margeo.2014.02.009
http://scholar.google.com/scholar_lookup?author=B.+N.+Orcutt&author=D.+E.+LaRowe&author=J.+F.+Biddle&author=F.+S.+Colwell&author=B.+T.+Glazer&author=B.+K.+Reese+&publication_year=2013&title=Microbial+activity+in+the+marine+deep+biosphere%3A+progress+and+prospects&journal=Front.+Microbiol.&volume=4&pages=189
https://doi.org/10.3389/fmicb.2013.00189
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=23874326
http://scholar.google.com/scholar_lookup?author=Y.+Morono&author=T.+Terada&author=M.+Nishizawa&author=M.+Ito&author=F.+Hillion&author=N.+Takahata+&publication_year=2011&title=Carbon+and+nitrogen+assimilation+in+deep+subseafloor+microbial+cells&journal=Proc.+Natl.+Acad.+Sci.+U.S.A.&volume=108&pages=18295-18300
https://doi.org/10.1073/pnas.1107763108
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21987801
http://scholar.google.com/scholar_lookup?author=P.+A.+Meyers&author=S.+M.+Benasconi&author=A.+Forster+&publication_year=2006&title=Origins+and+accumulation+of+organic+matter+in+expanded+Albian+to+Santonian+black+shale+sequences+on+the+Demerara+Rise,+South+American+margin&journal=Org.+Geochem&volume=37&pages=1816-1830
https://doi.org/10.1016/j.orggeochem.2006.08.009
http://scholar.google.com/scholar_lookup?author=C.+-H.+Liu&author=X.+Huang&author=T.+-N.+Xie&author=N.+Duan&author=Y.+-R.+Xue&author=T.+-X.+Zhao+&publication_year=2017&title=Exploration+of+cultivable+fungal+communities+in+deep+coal-bearing+sediments+from~+1.3+to+2.5+km+below+the+ocean+floor&journal=Environ.+Microbiol&volume=19&pages=803-819
https://doi.org/10.1111/1462-2920.13653
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=28028923

The enduring questions: what's for dinne... - Paper Example Page 14

Uchimiya, M., and Stone, A. T. (2009). Reversible redox chemistry of
quinones: Impact on biogeochemical cycles. Chemosphere 77, 451-458. doi:

10. 1016/j. chemosphere. 2009. 07. 025

PubMed Abstract | CrossRef Full Text | Google Scholar

Wegener, G., Bausch, M., Holler, T., Thankg, N. M., Prieto, M. X., Kellermann,

M. Y., et al. (2012). Assessing sub-seafloor microbial activity by combined

stable isotope probing with deuterated water and 13 C-bicarbonate. Environ .

Microbiol . 14, 1517-1527. doi: 10. 1111/j. 1462-2920. 2012. 02739. x

CrossRef Full Text | Google Scholar

Wormer, L., Lipp, J. S., and Hinrichs, K.-U. (2015). “ Comprehensive analysis
of microbial lipids in environmental samples through HPLC-MS protocols,” in
Hydrocarbon and Lipid Microbiology Protocols , eds T. ). McGenity, K. N.
Timmis, and F. B. Nogales (Berlin; Heidelburg: Springer), 289-317. doi: 10.

1007/8623 2015 183

CrossRef Full Text | Google Scholar

Zhang, Y., Kastman, E. K., Guasto, J. S., and Wolfe, B. E. (2018). Fungal
networks shape dynamics of bacterial dispersal and community assembly in
cheese rind microbiomes. Nat. Commun . 9: 336. doi: 10. 1038/s41467-017-

02522-z

PubMed Abstract | CrossRef Full Text | Google Scholar

https://assignbuster.com/the-enduring-questions-whats-for-dinner-wheres-
my-knife-and-can-i-use-my-fingers-unanswered-questions-related-to-organic-
matter-and-microbes-in-marine-sediments/


http://scholar.google.com/scholar_lookup?author=Y.+Zhang&author=E.+K.+Kastman&author=J.+S.+Guasto&author=B.+E.+Wolfe+&publication_year=2018&title=Fungal+networks+shape+dynamics+of+bacterial+dispersal+and+community+assembly+in+cheese+rind+microbiomes&journal=Nat.+Commun&volume=9&pages=336
https://doi.org/10.1038/s41467-017-02522-z
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=29362365
http://scholar.google.com/scholar_lookup?author=L.+W%C3%B6rmer&author=J.+S.+Lipp&author=K.+-U.+Hinrichs+&publication_year=2015&title=%E2%80%9C%20Comprehensive+analysis+of+microbial+lipids+in+environmental+samples+through+HPLC-MS+protocols,%E2%80%9D&journal=Hydrocarbon+and+Lipid+Microbiology+Protocols&pages=289-317
https://doi.org/10.1007/8623_2015_183
http://scholar.google.com/scholar_lookup?author=G.+Wegener&author=M.+Bausch&author=T.+Holler&author=N.+M.+Thankg&author=M.+X.+Prieto&author=M.+Y.+Kellermann+&publication_year=2012&title=Assessing+sub-seafloor+microbial+activity+by+combined+stable+isotope+probing+with+deuterated+water+and+13C-bicarbonate.+Environ&journal=Microbiol&volume=14&pages=1517-1527
https://doi.org/10.1111/j.1462-2920.2012.02739.x
http://scholar.google.com/scholar_lookup?author=M.+Uchimiya&author=A.+T.+Stone+&publication_year=2009&title=Reversible+redox+chemistry+of+quinones%3A+Impact+on+biogeochemical+cycles&journal=Chemosphere&volume=77&pages=451-458
https://doi.org/10.1016/j.chemosphere.2009.07.025
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19665164

	The enduring questions: what's for dinner? where's my knife? …and can i use my fi...
	Sedimentary Organic Matter
	Organisms of the Deep
	Some Thoughts, Moving Forward
	Author Contributions
	Funding
	Conflict of Interest
	Acknowledgments
	Footnotes
	References


