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Outline

* What is Environmental Science?

* Introduction to Geomicrobiology and its role in
Environmental Science

* The use of hard synchrotron x-ray (spectro)microscopy
to investigate Geomicrobiology systems

* Final thoughts
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What is Environmental Science?

Oceans?
Microbes?
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Why are microbes/bacteria important in
Environmental Science?

~3600 identified minerals, yet vastly more microbial species have
already been identified (less than 0.1% culturable)

Size (-1 micron), large surface to volume ratio

Microbes can use a wide variety of electron donors and exploit
many different alternative oxidants (catalyze numerous reactions).

10° - 109 cells/gram of soil or subsurface material

Microbes can transform poisons (heavy metals) into harmless
compounds, or repackage them so they are physiologically
unavailable (bioremediation).

Microbes degrade organic pollutants, restore key nutrients to
depleted soil, or act as a sink for greenhouse gases (C0O2), from
the atmosphere.

Profound effects on major societal issues such as groundwater
guality, environmental contamination, the loss of productive
agricultural lands, and global warming.
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Why use hard x-rays for investigating
environmental systems?

Hard x-rays (i.e. greater than ~2 keV) interact
“weakly” with matter (relative to charge particle
probes) and enable the investigation of hydrated
and/or buried samples.

Hard x-rays enable highly sensitive elemental
analysis on extremely small objects.

High sensitivity of x-rays enables x-ray absorption
spectroscopy (i.e. interrogation of chemistry)



QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.
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Differences between planktonic and surface-
adhered bacteria to heavy metal exposure

Attachment of cells to surfaces during biofilm formation leads to
major changes in metabolism, resistance, and survivability.

Although microbes appear to be able to catalyze almost any reaction
from which energy can be obtained, it is difficult to determine the

mechanisms whereby catalysis occurs at the microbe-substrate
interface.

It is difficult to quantify the concentrations of metals, their cellular
locations, and their redox states.

Can XRF microscopy identify differences
between planktonic and surface-adhered bacteria
upon exposure to heavy metals and changes to
heavy metal speciation upon exposure to
bacteria?
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XRM with Fresnel zone plates:

X-RAY MICROPROBE BEAMLINE AT APS
(2-1D-D/E)

Monochromatic
) XY, Z

X-Ray Beam .
Order Sorting N
Aperture

X-Ray Zone Plate

) Energy Dispersive
Horizontal and Detector (Ge)
Vertical slits

X-Ray Scintillator
and Lens System

Pioneering Office of Science r"_
e Science and U.S. Department
Technology of Energy __A

CCD Detector




2-D X-ray Fluorescence Imaging of Individual
hydrated Bacterium with Zone Plates at the APS
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Spatially resolve (150 nm):
Distribution
Valence state
Chemical speciation

of elements
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What is the role of the physiological state of a microbe (planktonic
versus surface-adhered) on its tolerance to heavy metals?

P. fluorescens 1000 ppm Cr(VI)

\

Elements required for life: H, C, N, O, P, Ca, S, Fe, Ni, Cu....

These elements should be In cells.
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Elemental distribution in planktonic
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K. M. Kemner, S. D. Kelly, B. Lal, J. Maser, E. J. O’Loughlin, D. Sholto-Douglas, Z. Cai,
M. A. Schneegurt, C. F. Kulpa, Jr., K. H. Nealson, “Elemental and Redox Analysis of Single
Bacterial Cells by X-ray Microbeam Analysis,” Science 306 686-687, 2004.

Fig. 1



Elemental distribution in surface-adhered

P. fluorescens w/ and w/out addition of Cr(VI)
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Fig. 2
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Results of quantitative XRF elemental
analysis of single cells

[P] [S] [CI] [K] [Ca] [C] [Mn] [Fe] [Co] [Ni] [Cu] [Zn]
Planktonic e 6625 8421 3604 3815 9 22 156 190 120 201 1175
(5) (2,446)  (1,117) (2,628) (1173)  (392) ) (4) (23) (37) (33) (46)  (176)
Planktonic
+Cr(vi) 6156 3,719 3,908 2,201 673 949 22 58 13 26 105 94
©) (1,034)  (1,516) (1,814) (1668) (230) (323) (4) (29) (12) (18) (76)  (30)
Surface-
Adhered 661,032 * * * 570,855 32 40 360 14 26 0 25
®) (139,416) (92,831)  (10) 7 (18) () (10 (149 (13
Surface-
Adhered
419,034 * * * 427,987 24 23 326 12 18 2 15
*Cr(VD) - (362,728) (147083) (18) (® @Wn O © G O
(10)
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Spatial distribution and valence state of Cr relative to
Surface-adhered cells
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Summary

The integration of new techniques/tools such as the Advanced
Photon Source with multiple scientific disciplines provides
new and exciting opportunities for addressing a variety of
highly relevant Environmental Science/Geomicrobiology
issues.

Hard x-ray (micro)(spectro)scopy offers many exciting
possibilities for future investigations.

The integration of the strengths of both x-ray and electron
microscopies to investigate geomicrobiological systems is
especially promising.



Final Thoughts...........

* History of this work......

* These results did not occur during a single
beam run
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K. M. Kemner, D. B. Hunter, R. Boopathy

XRF can identify elements
in bacterial biomass

W. Yun: “Wait about 3 years”

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

Note scale bar!
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XRF elemental mapping may be
able to “image” individual
bacterial cells

W. Yun: “Wait about 3-5 years”

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

Note scale bar!
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XRF elemental
mapping can “image”
individual bacterial
cells

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

Note scale bar!

—
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Final Thoughts

In 1997, a proposal to “image” individual bacterial cells with high
brilliance, hard x-rays was a very strange idea and not well received by
many scientists

- Most physicists did not care about bacteria
- Most microbiologists thought the cells would “blow up” when subjected to
the x-rays
It took over 7 years from the first attempt (~Feb ‘97) to image bacterial
cells until the “big” publication

It took ~4 years from the third attempt (~Nov.’98) until the experiments
were routine (lots of kinks in experimental procedure to work out)

A special thanks is owed to W. Yun, B. Lal, and J. Maser (physicists
who were willing to try) and M. Schneegurt (a microbiologist who got
tired of fighting with me)

Hopefully, the APS will continue to provide an environment that allows
their scientists to explore the very strange ideas 25
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X-ray & electron microscopy investigations of

sulfate-reducing biomineralization products
i X-ray microprobe analysis
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