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Laboratory Director’s Message

For more than fifty years, Pacific Northwest National Laboratory has advanced the
frontiers of science and engineering in the service of our nation and the world. We
make fundamental discoveries that expand our understanding of the universe and
we apply our expertise to some of the world’s most challenging problems in energy,
the environment and national security.

As a national lab, it is imperative that we steward our scientific and engineering
capabilities in support of the Department of Energy’s missions and evolving national
needs. As part of our annual strategic planning process, we decide where to invest

our discretionary R&D funding—Ilooking carefully at where we can deliver transforma-
tional S&T, accelerate innovation, develop new partnerships and enhance our core
capabilities. One result is an annual portfolio of Laboratory Directed Research and
Development projects.

This report summarizes our FY 2015 LDRD portfolio and highlights the breadth and
depth of our researchers’ creativity and innovation. We are proud to share some of
their amazing accomplishments and exciting plans for the future. In so doing, you will
gain a sense of the multidisciplinary approach that we take to scientific discovery and problem solving. This report
also describes how we conduct our LDRD program, as well as how it aligns with DOFE’s strategic objectives and adheres
to program guidelines.

Thank you for taking the time to learn about our LDRD program. | am confident that you will come away with a deeper
appreciation for the value of this program and the terrific talent behind it.

Dr. Steven Ashby
Director, PNNL
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A Self-powered Acoustic Transmitter

for Aquatic Animals

Z. Daniel Deng

This project successfully demonstrated an
acoustic transmitter powered solely by the
swimming motion of a benchtop robotic
fish to expand our capabilities in long-term
fish tracking and their migration behavior
studies.

Despite many years of research on salmon recovery, there

is a lack of information on both Atlantic and Pacific salmon
and other fish, across all of their life stages. In addition, other
species with long life history such as American eel and lam-
prey that are likely to be listed under the Endangered Species
Act soon will have major impact on hydropower operations.
Though there exists an urgent need for a long-life monitoring
technology, autonomous electronic (especially micro) devices
are limited by the finite energy capacities of their batteries.
For example, a small injectable acoustic PNNL-developed
micro-transmitter compatible with the Juvenile Salmon
Acoustic Telemetry System (JSATS) to track juvenile salmon
lasts only 90 days even though its battery accounts for about
half of its weight and volume. Therefore, an energy harvest-
ing unit that would scavenge the mechanical energy from
the motion of fish swimming could significantly extend the
service life of the transmitter or even enable self-sustained
micro devices that could operate over the lifetime of

the host.

The newly developed injectable JSATS acoustic micro- trans-
mitter by PNNL consumes only a very small amount of power
(2—10 micro watts) that is well within the energy production
capability of piezoelectric energy harvesters reported in the
literature. Therefore, we employed a piezoelectric-based
device that could harvest the mechanical energy generated
by the swimming motion of the tagged fish to power the
transmitter.

This study was conducted in three stages: the selection of
the suitable piezoelectric materials for the energy harvesting

element; the design of the energy harvesting device; and
testing of the self-powered transmitter prototype. We first
evaluated different types of piezoelectric materials, which
included piezoelectric polymers, ceramics, and composites
for optimal energy harvesting performance in this applica-
tion. Various types of configuration of the energy harvesting
elements were also investigated to maximize the amount of
harvested energy.

By incorporating a piezoelectric energy harvesting beam and
corresponding energy harvesting circuits with the newly
developed JSATS injectable tag, two versions of the self-
powered transmitter were developed: one with a recharge-
able battery and one without. The no-battery design
transmits acoustic signals as soon as the energy storage
capacitor has accumulated sufficient energy for several
transmissions, while the with-battery design stores the
harvested energy into a rechargeable battery and maintains
a constant transmission at a certain pulse rate interval.

To evaluate the energy harvesting performance of the self-
powered transmitter prototypes, we designed and fabricated
a benchtop robotic fish using servo motors and silicone,
which can mimic the swimming motion of a fish at various
tail beat frequencies. We investigated the number of pings
(transmissions) that a fully-charged capacitor can produce,
the time taken for a fully depleted capacitor to be fully
charged by the energy-harvesting element and the minimum
pulse rate interval (ping rate) the transmitter can sustain. By
implanting the energy harvesting element into the robo fish
and operating the fish at 1 Hz tail beat frequency, we success-
fully demonstrated that an acoustic transmitter that can
transmit acoustic signals at a source level of 150.1 dB at a
sustainable ping rate of 2 seconds.

Work related to this project has been published in both
Scientific Reports and Applied Physics Reviews. In addition,
other funding sources or an additional project will be
pursued to conduct more comprehensive studies on the
bio-effects of and perform a field trial of the prototypes.
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Alpha Coincidence Techniques

for Actinide Assay

Glenn A. Warren

The effectiveness of conventional measure-
ment techniques for environmental monitor-
ing is limited by background and other
interferences. This project will develop

and demonstrate a new concept in radiation
detection that disentangles these interfer-
ences and reduce background to improve
our ability dramatically to assay
environmental samples.

Examples abound of how actinides have been used in envi-
ronmentally related studies. By measuring the ratio of °Pu
to 2°Pu for example, one can determine whether a source

is consistent with local or global fallout. Transuranics are
strongly associated with particulates in water so that they
can be used to study scavenging, the removal from water by
attaching to particulates. The activity of plutonium as a func-
tion of depth beneath the sea floor surface has been used to
measure bioturbatory processes that mix
the surface into the rest of the sea floor.
Likewise, other elements have been
used to date fossil corals or carbonate
rocks and study seasonal variations in
river and sediment flow. Sample prepa-
ration requires time, resources, and
people to complete. While the effort
required to complete a few sample
preparations may not be particularly
arduous, there are many studies in
which thousands of samples are col-
lected, as some environmental science
questions require easily scalable mea-
surement techniques. Thus, minimizing
sample preparation is an important
aspect of the overall environmental
monitoring effort.

Any alpha-decaying radioisotopes have
significant interferences when using cur-
rent alpha-spectroscopy capabilities. By
measuring other signatures that are generated in coincidence
with the alpha particle, one can increase the probability of
removing interferences between different radioisotopes.

A good example of an isotope that may benefit from this
approach is 238Pu, which is not typically measured with mass
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Conceptual drawing of coincidence
detection system, in which coincident
o's and electrons are measured in
separate silicon-based detector.

spectroscopy techniques because of interferences with much
larger quantities of 22U. It cannot, however, be measured
using alpha-spectroscopy without chemical separations
because of interferences with alphas from 2*'Am. A system
that is able to measure patrticles in coincidence with alphas
from 28Pu may eliminate the need for chemical separation
and enable large-scale assaying of such samples. Thus, our
project goal was to develop a radiometric assay system for
alpha-decaying radioisotopes that focuses on coincidence
signatures to increase the specificity of the system.

To assay actinides in environmental samples simultaneously
and rapidly, we are developing a detector design capable of
observing coincidences between conversion electrons and
alpha particles to assay on complex samples. Our objective
was to demonstrate a new detection modality that could sig-
nificantly enhance radiometric assay capabilities for a variety
of applications requiring assay of actinides in complex sam-
ples. This new approach has had the potential to reduce
assay time significantly, provide new sample diagnostic
capability, and be a fieldable technology.

In FY 2013, we completed an initial scop-
ing study to understand various aspects
of designing the detector system. These
aspects include an improved understand-
ing of the signatures, an understanding of
the substrate impact that holds the sam-
ple, and a comparison of two basic detec-
tor approaches: dual-gas proportional
counters and double silicon-based detec-
tors. The most important finding was that
in the absence of background, the
approach should achieve reasonable mea-
surement uncertainties in a few hours for
relevant samples. In FY 2014, the project
evaluated the feasibility of the measure-
ment approach for realistic samples,
addressing issues such as intense back-
grounds and absorptive materials. In
addition, the project gained significant
experience with experimental techniques
using different detectors. This experience
enabled the development of a prototype measurement sys-
tem. In FY 2015, the project concluded with the completion
of construction of the prototype system, which included a
16-channel silicon detector with a Peltier cooler.



Combined Microscale *C and 0 Measurements
at Cutting-Edge Sensitivities and Spatial Resolution

James J. Moran

We are employing a platform to enable cut-
ting-edge stable isotope measurement sen-
sitivity for improving a range of new sample
introduction techniques, thereby advancing
research in diverse areas such as microbial
nutrient cycling, forensics investigations,
and ecological studies.

This project seeks to harness emerging advances in laser tech-
nologies to enable truly cutting edge measurement sensitivi-
ties for performing stable isotope analysis of carbon (C),
oxygen (*®0), and sulfur (S and 33S). The capillary absorption
spectroscopy (CAS) system we are developing will provide
orders of magnitude measurement sensitivity improvement
over traditional analytical platforms, predominantly isotope

ratio mass spectrometry (IRMS). 1.0

For optimal usability and success, the instrument we are con-
structing must contain the following elements. First, a UV
laser ablation

system must be present for selectively ablating a targeted
region of a solid surface. A thermal unit designed to convert
the ablated particulates into a gas (e.g., CO,, €O, SO,) is
required, which is also amenable to interrogation by CAS.
Specifically, a CAS unit must be available to receive samples,
perform a measurement, and expel the sample. A software
system for accurate, quick, and effective data processing is
required to enable near real-time conversion of spectroscopic
absorption patterns into isotope content data. Finally, inte-
gration of the above individual components is necessary to
create one functional system. This project is focused on
advancing our ability to perform these five key features while
noting that once successful, additional sample introduction
techniques (direct headspace analy-

Recent work with laser ablation sam-
pling coupled to IRMS demonstrated 1.1} |

sis, gas chromatography, or others)
could be applied with relatively

spatial resolution of ~ 25um when g 12| minor effort. While many of the key
measuring C over a solid surface. 5 | I system components can be supplied
Ultimately, spatial resolution is con- 2 13—_J\, commercially, the CAS measurem'ent
trolled by the amount of sample 'g -1.4/ I pla'ffo.rm and s.oftware to extract iso-
required for analysis whereby higher &, o/ . topic mformatlon from resulfmg
measurement sensitivity would absorption spectra is being pio-
enable improved spatial resolution. — neereq at PNNL,.and its (?Ievelop-
While IRMS is traditionally the work- < ¢ 45 )OO, ment is t'he crucial teghmca!

horse of light stable ‘é’ ugQ, accomplishment of this project.
isotope analysis, it requires tens E_ 0.10| C0, ' Central to effective CAS is applying
of nmoles of analyte for analysis. E 0.05! S an infrared (IR) laser to a trapped
Combining laser ablation with a 5 o000 ' .| sample gas and measuring the
CAS-based measurement approach, o v/ absorbance of vibrational transitions
this project seeks to enable spatially &5 -0.05| correlating to specific isotopologs.

specific isotope measurement at 0.1
scales not previously feasible and
thereby enable a suite of potential
stable isotope applications. Such a
capability would provide new oppor-
tunities for exploring nutrient
cycling in microbial communities,
investigating small samples for
forensic analysis, or studying small
growth rings in animal tissues

(e.g., fish otoliths or hairs).

0.0020 00025 0.0030 0.0035
Sweep time (ms)

This project developed software to collect raw
absorbance data (top) and filter and quantify
absorbance peaks (bottom) associated with
specific isotopologuess. Importantly, this
software is designed to facilitate a rapid

data collection and average large numbers

of scans to reduce the impact of background
absorbance on measured isotope ratios. The
process data shown was compiled from 6000
scans of the collected at 122 Hz.

Advancing laser technology is
expanding the wavenumber ranges
that can be scanned via continuous
wave IR laser spectroscopy, thereby
enabling interrogation of superior
sample transitions. We integrated
laser availability with published
absorption information (via the
HITRAN database) to identify key
laser/wavenumber ranges to opti-
mize isotope measurement. In the
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case of S, we made primary absorption data to
supplement the HITRAN database that did not previously
include this isotope.

As with many new instrument development efforts, there was
no pre-existing software to automate data integration and
processing. The nature of optical interactions can create a
number of noise/fringing features incompatible with optimal
measurement sensitivity and accuracy. The software we
developed contains a number of data processing steps that
first help deconvolute a series of raw data points to reduce
aberrant background/noise from the signal and secondly per-
forms data integration to collect, process, and collate thou-
sands of laser scans (generated on the order of seconds) and
report a measured isotope value for the sample.

Optical feedback in the coupling of the laser to the capillary
fiber or within the fiber itself can contribute to fringing or
other background noise with negative impact on isotope
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measurement. We explored alternate designs to determine
whether capillary geometry could be manipulated to reduce
system feedback. Our results suggest that there are ways to
significantly decrease optical feedback-induced fringing. Low-
ering the system’s noise can lead to improved signal-to-noise
ratios and ultimately improved measurement sensitivity.

IRMS has traditionally served as the primary instrumentation
for stable isotope ratio measurements. Sensitivity limits and
mass interference issues limit the application of IRMS to sci-
entific questions that would otherwise benefit from stable
isotope analysis. The CAS system being developed here offers
vastly improved measurement sensitivity while also circum-
venting mass interference issues associated with IRMS. These
features should enable stable isotope application to a wide
variety of new applications.



Creating a Gas Phase Chemistry Workbench by

Performing Manipulations in Efficient lon Traps

Erin S. Baker

This project seeks to demonstrate the feasi-
bility of a gas phase chemistry workbench
for performing lossless, highly efficient
chemical reaction studies.

Our overall project goal is to develop new abilities for study-
ing molecular level interactions based on extremely high
speed and lossless gas phase ion manipulations. These
manipulations will be conducted in readily fabricated and
modularized PCB devices, which will create a gas phase
chemistry workbench.

During FY 2014, we developed a gas phase chemistry work-
bench utilizing readily fabricated devices for the characteri-
zation of ion/molecule reactions. In this ion/molecule capa-
bility, a segmented PCB ion transfer device caused energetic
collisions between ions of interest and target molecules,
yielding dissociation reactions with high efficiency. For

FY 2015, we worked on developing the ability to perform
ion/ion reactions in the workbench. The first phase of devel-
opment was to use the ion trajectory simulations to visualize
ion/ion interactions in the workbench platform. The “A”
figure shows the electrode layout for the ion/ion chemistry
workbench. The design utilizes separate entrances for posi-
tively and negatively charged ions (left and right sides), a
square central region where ions can interact, and an exit
path above the reaction region (top) where product ions

can enter the mass spectrometer for analysis.

lon trajectory simulations as seen in the “B” figure predicted
whether ions would overlap in the interaction region. The
degree of ion trajectory overlap controls the extent of ion/ion
reactions. Positive and negative ions losslessly traverse from
each side to the central ion interaction region. The nine elec-
trodes in the central region are each controlled by indepen-
dent DC power supplies that allow ions of both polarities to
be trapped and/or transmitted through the region. Specifi-
cally, the electrode voltages are applied to transmit negative
ions through the interaction region while transmitting the
positive ions through the swarm of negative ions and out of
the interaction region for analysis. Simulations were con-
ducted in another reaction mode where positively charged
ions were losslessly trapped in the center of the reaction
region. After accumulation of the positive ions, a swarm of
negative ions entered the central reaction region. Positive
and negative ions overlapped without the loss of any reactant
ions (in this case, positive ions). The interaction time was con-

A. Layout of PCB ion/ion chemistry workbench; B. Simulated
ion trajectories of positively (red) and negatively (black)
charged ions in the interaction region.

trolled by maintaining the trapping DC potentials until
release of the product ions was desired.

PCBs were designed and printed based on the observation of
the overlap of positive and negative ions in simulations. The
electrode geometries were an exact match of the simulated
electrodes. A vacuum chamber was designed and machined
to interface negative and positive ion sources to the work-
bench using electrodynamic ion funnels. The exit of the ion
interaction region was bolted to an existing mass spectrome-
ter, where ions traversed through an ion funnel and two
quadrupole ion guides into a mass spectrometer.

Once the ion/ion reaction workbench was assembled, positive
ion transmission was optimized. After optimizing voltages in
the interaction region, strong ion signals were measured with
the mass spectrometer. Next, the ability of the new PCB
device to conduct ion/molecule reactions was ascertained by
dissociating ions via energetic collisions with background gas
at pressures of > 4 torr. This assessment was accomplished
by bringing ions closer to the board surfaces by tuning the
DC potentials to cause interaction with strong local RF fields.
Currently, we measured strong negative ion transmission

into the workbench from the source, giving the ability to
have ion/ion reactions, and are optimizing the device for
highly efficient ion/ion reactions.
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Development of an Ultra-Small Volume
Detection and Sample Delivery System for
Exploring Microscale Heterogeneity with NMR

Karl T. Mueller

We are developing methods and instrumen-
tation that will ultimately integrate high-
resolution NMR spectroscopy and MRI
microscopy with lab-on-a-chip technology
for studying sub-nanoliter samples.

Microscale heterogeneity plays a key role in determining the
outcome of attempts to decrease pollution, optimize indus-
trial production, or understand cellular-level processes.
Because of the unique capability of nuclear magnetic reso-
nance (NMR) to characterize biological and chemical systems
in detail without significantly perturbing them, we seek to
extend the reach of NMR spectroscopy to routine analysis of
microscopic samples. To this end, we are developing methods
and instrumentation that enable high-resolution NMR spec-
troscopy and magnetic resonance imaging (MRI) microscopy
as a tool for studying microscale heterogeneity. The current
generation of commercial small-volume NMR detectors
requires sample volumes of 5-10 uL, and we intend to show
that high-resolution NMR can be used for practical studies of
volumes that are several orders of magnitude smaller, allow-
ing for novel studies that address individual microsystems
such as cells and aerosol particles.

Our first approach to preserve spectroscopic resolution with
small-volume detectors involves two steps: first, develop a
detector with near-optimal sensitivity for sub-nanoliter
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samples with high filling factor; and second, because the
magnetic field homogeneity for this detector does not allow
for high-resolution spectra, we used specialized pulse
sequences to recover resolution.

In FY 2015, we completed all experiments related to these
two steps and demonstrated that high-resolution "H and C
spectra can be obtained from (sub-)nanoliter samples on this
detector. As of the end of FY 2015, a manuscript about this
work is in preparation.

Currently, we are focusing on further design of the detector
and the sample carrier to remove magnetic field inhomoge-
neity. Obtaining NMR spectra with sub-Hz resolution for sub-
nanoliter samples without using customized pulse sequences
will open the door to several new possibilities for small-
volume NMR, including applications in single-cell metabolo-
mics, microscale chemical reactions, and soft materials with
multi-length scale inhomogeneity.

For FY 2016, our final step will be to design a narrow-bore
probe with the detector that can fit into a gradient set, allow-
ing demonstration of the technology in key applications in
chemistry, materials science, and high throughput biological
and environmental metabolomics studies.



Development of Coded Aperture Compressive
Sensing Acquisition in Environment
Transmission Electron Microscope

Libor Kovarik

We are developing temporal compressive
sensing (CS) acquisition system to improve
temporal resolution or correspondingly
reduce electron dose by an order of magni-
tude comparable to conventional sensing.

Environmental transmission electron microscopy (ETEM) rep-
resents a powerful capability for resolving the structure of
materials during exposure to gaseous environment. Modern
aberration corrected environmental TEM instruments provide
an angstrom level spatial resolution, which is required for the
highest resolution of atomic level studies. In studying the
transformation dynamics, however, the speed and sensitivity
of the acquisition system represents the main limitation. To
improve the temporal resolution of ETEM or alternatively
reduce electron dose rate, we focused on developing tempo-
ral compressive sensing (CS), which is expected to improve
temporal resolution or alternatively reduce the electron dose
by an order of magnitude comparised with conventional
sensing. To achieve the goal, we developed and built a proto-
type compressive sensing video acquisition system in collabo-
ration with Direct Electron LP, one of the leading companies
for manufacturing TEM acquisition systems. The design of the
compressive sensing acquisition system was generally based
on Duke University’s optical bench compressive sensing setup
that uses a coded aperture for temporal compression.

The CS camera was built modular: the upper portion incorpo-
rates the aperture and piezo-stage controls, and the lower
module houses the actual acquisition device. An important
effort of this project focused on developing the upper mod-
ule. Namely, we designed a mechanism that allowed incorpo-
ration of piezo stages on the retractable plate to control the
coded aperture. The aperture itself, which is the most critical
components of the acquisition system, was designed and
built as a part of this project. Compared with an optical
setup, there are several unique factors for designing a coded
aperture for high-energy electrons in TEM. We considered
several possible designs and manufacturing processes and
implemented one based on Apex glass etching. A custom
aperture with 200 um in thickness was manufactured by

3D Glass Solutions, Inc.

In addition to designing and building the camera hardware
components, an important part of this project focused on
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a) and b) Prototype of compressive sensing acquisition
camera for ETEM. The prototype consists of upper module
for coded aperture and piezo stage controls, plus a lower
module for the sensor; ¢) The coded aperture in a support
frame; d) A calibration curve for the piezo stage; and

e) Image from a standard gold sample acquired using
compressively sensing acquisition.

designing and developing software controls for synchronized
coding motion (piezo stage) during camera acquisition. We
successfully implemented a scheme that allowed us to
acquire coded images during forward and backward motion.

Next, the performance of the compressive sensing camera
was tested on an ETEM. After resolving initial issues with
charging at the aperture and Pt coatings, we showed that the
as-built system is fully capable of acquisition under the com-
pressive sensing acquisition scheme. Camera tests were per-
formed on an Au grating standard sample and confirmed
that acquisition with the coding aperture does not lead to
any undesired image artifacts. However, the coded aperture
as designed and manufactured does not meet the expected
transmissive design performance, which prevented obtaining
a successful video reconstruction. To move forward with com-
pressive sensing on an ETEM, a redesign of the coded aper-
ture to improve its tranmissive properties will be required.

As of the end of FY 2015, the work under this project has led
to three scientific presentations and an article publication in
the journal Advanced Structural and Chemical Imaging.
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EUV Laser lonization Mass Spectroscopy

Andrew M. Duffin

The objective of this project is to research
the application of state-of-the-art extreme
ultraviolet (EUV) lasers for rapid elemental
analysis with particular focus on actinide
materials.

The recent development of reliable, tabletop EUV lasers has
enabled performing laser ablation mass spectroscopy in a
fundamentally different mode. While all laser ablation relies
on multiple photons imparting sufficient energy to a solid
surface to remove material, EUV laser light (46.9 nm or 26.4
eV) has at least 4 times more energy per photon compared to
traditional laser ablation light (190-1080 nm or 6.5-1.1 eV).
That is, EUV light is energetic enough to break even the stron-
gest chemical bonds with a single photon whereas traditional
ablation requires multiphoton excitation. In addition, EUV
laser light can be focused down to approximately 100 nm
spots, a roughly one to two orders of magnitude improve-
ment over most commercial laser ablation systems. These
features give the EUV technique great potential to dramati-
cally improve the state-of-the-art in laser ablation coupled to
mass spectroscopy.

Development of tabletop EUV lasers mainly comes from the
Engineering Research Center for Extreme Ultraviolet Science
and Technology at Colorado State University (CSU) in Fort Col-
lins, CO. Researchers in this group have demonstrated the
ability to ablate submicron craters and couple EUV ionized
atoms into a mass spectrometer. In collaboration with CSU
researchers, we are investigating the properties of EUV laser
ablation/ionization along with the analytical capabilities of
this new technique for elemental and actinide analysis.

This project received initial funding during the final month of
FY 2014. This seed funding was used to meet with our collab-
orators at CSU to align expectations for the two research
groups, develop a research plan, coordinate schedules for
future experiments, and familiarize ourselves with EUV laser
operation. As a result of this meeting, we identified a few key
samples and pieces of equipment for purchase. We also
agreed to a schedule for conducting experiments. This meet-
ing positioned us well to begin meaningful work for FY 2015.

During FY 2015, we performed many of the experiments
planned during the end of FY 2014. Specifically, we investi-
gated the ability of EUV laser ionization mass spectroscopy
(EUV-LIMS) to perform elemental analysis on a commonly
used laser ablation standard NIST 610 glass, which was doped
with 61 elements, each at approximately 500 ug/g. Conse-
quently, it presents a complex mass spectrum with many pos-
sible molecular interferences. The main finding from the
NIST 610 analysis was that EUV-LIMS produces a relatively
interference free mass spectrum, wherein many elemental
peaks are observed. Qualitatively, the detection limits for
EUV-LIMS are tens to hundreds of parts per million, depend-
ing on the element. In addition, the ratio of elemental ions to
molecular interferences can be increased with laser intensity.

Given similar probe volumes and the in-vacuum ionization,
the most appropriate comparison technique for EUV-LIMS is
time-of-flight secondary ion mass spectrometry (ToF-SIMS).
The figure shows representative mass spectra from EUV-LIMS
and ToF-SIMS and indicates that EUV excitation and ioniza-
tion produce dramatically fewer molecular interferences
compared with SIMS. Additional work is needed to improve
the EUV-LIMS detection electronics, determine the sample
utilization efficiency, and characterize the ionization process.
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Mass spectrum of NIST 610 collected with ToF-SIMS (top plot) and EUV-LIMS (bottom plot).
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Free Form Millimeter-Wave Imaging

David M. Sheen

This project develops novel millimeter (mm)-
wave imaging techniques that couple optical
camera-based motion capture with linear
arrays to enable flexible new 3D imaging
modalities to offer enhanced performance.

Micro and mm-waves can pass through many optically
opaque materials, a property that is the fundamental basis
for developing imaging systems for concealed weapon detec-
tion, in-wall imaging, ground penetrating radar, non-destruc-
tive evaluation of materials, and other security applications.
A variety of novel imaging techniques have bheen developed
at PNNL, all of which require precise scanning of a radar
transceiver or transceiver array over uniformly sampled pla-
nar or cylindrical apertures. These techniques are seriously
limited in their performance and range of applicability by the
need for precise regular scanning over the aperture. Freeform
imaging seeks to eliminate the requirement for standard
aperture shapes and instead uses the motion of freely mov-
ing targets (or linear array) to sweep out a 2D irregular aper-
ture. This process will allow for new applications such as
scanning for weapons using a small mm-wave hand wand,
scanning individuals as they walk freely past fixed linear
arrays, and scanning walls using multiple overlapping man-
ual scans.

Realizing the vision of freeform mm-wave imaging requires
research and development of low-cost
optical camera-based techniques to capture
precisely the complex motion of the target

= LAl

or moving transceiver array and computational techniques
to form focused 3D mm-wave images from data collected
during the free-motion scanning. To this end, we focused in
FY 2014 on developing freeform image techniques using syn-
thesized and experimental data; acquiring and implementing
a camera-based motion capture system; and experimenting
with freeform imaging using the motion capture system
coupled to a single channel transceiver for 2D imaging and

a linear array for full 3D imaging. Prior to experimentation,
custom numerical modeling was performed to assist in
developing image reconstruction algorithms and to guide
the experiments. The successful focusing in these simulations
provided strong evidence that the algorithms were ready to
test on experimental data.

For FY 2015, a large number of range by cross-range 2D and
fully 3D imaging experiments were conducted of two funda-
mental types, moving target and moving transceiver. A single-
channel transceiver was used to conduct 2D imaging
experiments using both a fixed transceiver and freely moving
target, and a fixed target and freely moving transceiver. A
similar set of experiments was conducted using an available
high resolution linear array. Results from all experiments
show conclusively that diffraction limited imaging is possible
for these freeform scanning configurations if accurate motion
capture of the target and array is obtained.

Our work in FY 2015 also developed the optical motion
capture technology and a new set of experiments using
mannequins and human subjects to explore
concealed weapon detection application
demonstrations. The Microsoft
Kinect system was evaluated
as a possible motion capture
technology. This system can
track motion to accuracies
the order of 10 mm. Addition-
ally, a large number of imaging experiments
were conducted using marker-based motion
capture on mannequins and human subjects
(refer to the figures). Future development of
this technology is being pursued through
external funding proposals.

Freeform 3D imaging result in which a mannequin carrying a concealed handgun
was manually translated in front of a 2.4 m linear array to collect 3D mm-wave
radar data. A back-view projection of the 3D focused image is shown, along with
a small perspective showing the back, side, and top view projections.
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Hybrid Microchip/Capillary Electrophoresis
Platform for Rapid, Ultrasensitive Bioanalysis

Ryan T. Kelly

We are developing a rapid, ultrasensitive,
quantitative chemical analysis platform
based on capillary electrophoresis (CE)
coupled with electrospray ionization (ESI)-
mass spectrometry (MS) using a novel
microfluidic sample injector.

Rapid, quantitative and sensitive analyses are essential for
advancing biological science and applications. We recently
developed a novel injection mechanism for microchip CE, a
powerful analytical separation technique widely used for pro-
teomics, pharmaceutical, and biotechnology applications,
that enables rapid, reproducible injections with no quantita-
tive bias and allows variable sample volume compared with
conventional electrokinetic injection. A pneumatic micro-
valve separates an analyte introduction channel from a sepa-
ration channel at an intersection. The analyte introduction
channel was pressurized such that when briefly opened, a
small and volume-controllable sample plug is introduced to
the separation channel. The high voltage was continuously
applied across the separation channel, and analytes were
rapidly separated. Polydimethylsiloxane (PDMS) was used as
substrate material because its elastomeric properties were
necessary for pneumatic valving. Unfortunately, PDMS has
some undesirable surface properties (propensity to adsorb
and absorb biomolecules, unstable surface charge) that limit
separation efficiency. Also, difficulty in interfacing microchip
electrophoresis with MS limited the proof-of-concept demon-
stration to fluorescence detection.

In this work, we are leveraging the numerous advantages of
the microfluidic injector but performing the electrophoretic
separations within fused silica capillaries to achieve high res-
olution separations. The platform will have significant advan-
tages over either fully capillary or fully microfluidic systems.
Also, the platform creates new analytical possibilities, includ-
ing the facile coupling of liquid chromatography with CE-MS
for ultrahigh peak capacity multidimensional analyses; as
such, our work is expected to spur significant additional
opportunities for development and application.

During FY 2015, we achieved our aim of developing a robust
platform having microvalve-based microfluidic sample injec-
tion for CE separation within fused silica capillaries. In addi-
tion, we succeeded in implementing MS detection. A
zero-dead volume interface was developed between the
microchip and capillary by patterning a capillary insertion
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channel into the microchip. The geometry of the insertion
channel was such that the capillary lumen aligned accurately
to the microchannel terminus. To avoid leaks at the micro-
chip-capillary interface, PDMS could be cured around the
inserted capillary. Alternatively, the capillary insertion chan-
nel on the microchip could be undersized, requiring the
PDMS to be stretched around the capillary, which also effec-
tively eliminated leaking and dead volume at the interface.

We also greatly extended platform functionality by demon-
strating that analyte preconcentration can be performed at
the location of the closed microvalve. The closed microvalve,
created by multilayer soft lithography, serves as a nanochan-
nel preconcentrator under an applied electric potential,
enabling current to pass through while preventing bulk flow.
Once analytes are concentrated, the valve is briefly opened
and the stacked sample is pressure injected into the separa-
tion channel for electrophoretic separation. Fluorescently
labeled peptides were enriched by a factor of approximately
450 in 230 s. This method enables both rapid analyte concen-
tration and controlled injection volume for high sensitivity,
high resolution capillary electrophoresis.

For detection, a sheathless CE-MS electrospray interface was
adapted from previous work. The interface was chemically
etched to impart some porosity to the electrospray source,
providing electrical conductivity through the capillary wall
while preventing bulk flow. Combined with the absence of
electroosmotic flow in the coated fused silica capillaries,
the sheathless interface necessitated a pressure driven flow
through the separation capillary to provide flow for ESI-MS.
This worked well, but the process degraded separation
efficiency somewhat. To overcome this limitation, we subse-
quently implemented an electrokinetically driven sheath
flow interface that provided both high sensitivity as well as
improved separation efficiency. We now routinely achieve
>50,000 theoretical plates for our <10 min analyses.
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Schematic of hybrid microchip-capillary CE platform



Low Background Light Sensitive Photo-Diode
Array for Scintillator Readout

Michael E. Wright

We have created a new ultra-high rate
imager that is anticipated to revolutionize
high speed detectors and cameras.

A broad gap in capability exists in imagers. Available com-
mercial pixelated imagers are inadequate to the task of mea-
suring the temporal structure of individual micro-scale
scintillation, fluorescence, and luminescence light pulses.
Measuring the temporal structure of these light pulses in real
time allows for the identification of the nuclear and chemical
conditions present in a sample and may enable a quantum
leap in computer data storage that cross-cuts electronics from
smart phones to exascale supercomputers, which is an
extremely impactful area of human technical endeavors.
However, specific continued advancement in these technical
subjects is critical to maintaining state-of-the-art capabilities
and driving successful commercialization.

Conventional imagers consist of pixel elements that form an
image by reporting only the total light signal accumulated
while the shutter was open. To create video, the imager
accumulates images at the
frame rate of 60 frames per
second, for example. To make
a slow-motion camera, the
frame rate is increased to
deliver many more images per
second. To scale the imager
specifically to the higher
frame rates necessary to cap-
ture faster events, gigantic vol-
umes of information must be
transferred. Current imagers
are not capable of this activity,
cannot be made to run at the
frame rate goals of this proj-
ect, and are far too slow

for the targeted fast process
imaging.
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The scientific goal of our
project is to invent an imager
integrated circuit (1C) with

Togaheitd el i Hi ko

advanced capabilities to record light energy vs. time on the
nanosecond time scale of single nuclear decay detections,
enabling ultra-high frame rate cameras, ultra-slow motion
electron microscope videos, single laser-driven fluorescence
pulses, and optically stimulated luminescence (OSL) events in
atomic-scale F-trap sites in optically stimulated luminescent
materials. A secondary goal would be to create a sustainable
new application-specific IC (ASIC) design capability at PNNL.

For the first 2 years of this project, we invested our efforts in
establishing a new integrated circuit computer-aided design
flow, a new imager architecture, and a number of new circuit
inventions. Specifically, we created a new pixel element that
functions in new ways. To accomplish our goal, we first
replaced the accumulating pixel with a smart pixel that func-
tions as a sampling oscilloscope, shrinking the volume of
thousands of lab-bench-sized measurement instruments into
a tiny IC. Second, we replaced the bottleneck of row or col-
umn pixel readout with a massively parallel readout scheme.
We also created pixels with ultra-high time resolution but
without the burden of a global clock network, where the pix-
els keep track of the short scale fine-grained time on their
own. Each pixel stores a number of very fast events, rather
than one single accumulation.
A set of ultra-fast images are
made and stored internally in
the IC, which can then be read
out either much faster than
before or as only small areas.
Detecting single nuclear
events can also be read out
and examined.

-

Upcoming tasks for FY 2016
include the manufacture,
packaging, and testing of the
new 1,300,000 transistor
imager prototype. With this
demonstration, efforts to com-
mercialize the technology and
inventions created within this
project will commence.

A computer representation of the imager.
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Low Background Liquid Scinitillation Counter

John L. Orrell

This project is developing a unique low
background liquid scintillation counter to
maximize the PNNL shallow underground
laboratory’s cosmic ray shielding. The system
will be sensitive to  and o emitting nuclides
at concentration levels 10-100 times lower
than available from commercially available
instruments.

PNNL'’s shallow underground laboratory is intended for the
measurement of low-concentration levels of radioactive iso-
topes in samples collected from the environment. Currently,
development of a low-background liquid scintillation counter
is underway to augment the laboratory’s measurement capa-
bilities. Liquid scintillation counting is especially useful for
measuring charged particle (e.g., B, o) emitting isotopes with
no (or very weak) y-ray yields. The combination of high-
efficiency detection of charged particle emission in a liquid
scintillation cocktail coupled with the low-background envi-
ronment of an appropriately-designed shield located in a
clean underground laboratory provides the opportunity for
increased-sensitivity measurements of a range of isotopes
including tritium (3H), strontium (¥°Sr), or a-emitters in the
naturally occurring uranium/thorium (U/Th) decay chains.

Our FY 2014 work covered three areas: low background

shield design, novel light collection methods, and simulations
for background estimates. Moving into FY 2015, our project
had two distinct activities: final system design and procure-
ment, fabrication, and testing of system components. The
low background design follows a standard principle of nested
active and passive shielding. From outermost to innermost,

Backeround source Rate  Fraction
{contributing tsotopes) fepd) (%)
" External y-rays (U/THE) 1 4%
Lead shickd {""Ph) 34 M5 %
Copper shielding (L/Th/KCo) (103 476 %
Light guide coating (L Th/K) (1,008 <1 %
PMTs (UMK Ca) 1.6 5%
Vial plastic {(U/TWE) 15 1.1%
Cross-talk (Presumed 2613 keV y-ray) 003 <] %
Meutrons 11 <] %

Tistal estimated background rate 139

the shield is composed of a radon exclusion box, plastic scin-
tillator panels for cosmic ray rejection, neutron absorbing
30% borated polyethylene, 8 inches of progressively lower
219Ph concentration lead bricks to shield against external
y-rays, and a final inner 2-inch thick copper liner that also
serves as the scintillation light collection guide. The novel
light collection guide is designed as a hollow, highly reflective
channel/guide milled within the inner copper liner. The
reflective channels guide scintillation light from decays mea-
sured in the scintillation cocktail vial to photomultiplier
tubes (PMTs) that are “around a corner” within the shielding
s0 as to guard against trace radioactivity in the PMTs
contributing to the background of the instrument.

The table image shows the radiation transport simulation
results of anticipated background contribution rates. Com-
mercial liquid scintillation counting systems typically report
no better than 0.1 counts per minute of background. In con-
trast, the system under development may reach a back-
ground rate of 13.9 counts per day. The low background LSC
design allows for several possible changes to current mea-
surements employing liquid scintillation counting: enhanced
sensitivity to trace radioactivity levels; reduction of initial
sample size for fixed sensitivity requirement (e.g., regulatory
requirements); reduced counting time for higher activity sam-
ples; and potentially reduced sample preparation chemistry.

Developments from this work are reported in the open litera-
ture, with papers submitted to or accepted by Applied Optics,
Applied Radiation and Isotopes, and the Journal of Radioana-
Iytical and Nuclear Chemistry. As of the end of FY 2015, the
low background liquid scintillation counting system is under
construction in the PNNL shallow underground laboratory.
Work in FY 2016 will complete construction, make initial
measurements validating the low background level of the LSC
system, and
demonstrate
the utility of
the low back-
ground LSC
system for mea-
surement of
radioactive iso-
topes in the
environment.

A medium-fidelity Monte Carlo simulation of the radiation transport of a variety different background
sources was employed to evaluate the liquid scintillation counter (LSC) system design. The table (left)
shows the contributions for each of the backgrounds studied. The final design of the LSC system (center)
is shown as an engineering model rendering. At the end of FY 2015, construction is underway in the

PNNL shallow underground laboratory (right).
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Mossbauer Spectral Imaging

Lucas E. Sweet

Actinide Moéssbauer spectral imaging is a
novel concept targeted at improving the
limit of detection and chemical characteri-
zation of actinide-containing solids. This
development is potentially a new tool in
the field of radioactive material detection.

Mosshauer spectroscopy has been an underutilized chemical
characterization technique for a couple of reasons. First, radi-
ation sources to probe actinide nuclear resonances have been
difficult to prepare and required significant radiological
material handling infrastructure. Second, this has been a
bulk solid analysis technique that required up to several days
for a single spectrum to be collected on a sample. At these
sample quantities and data collection times, other analytical
techniques are more effective for chemical characterization.

Recent advances in iron (*’Fe) Mossbauer spectroscopy have
drastically improved detection limits and data collection effi-
ciency, including use of gamma detectors with high spatial
resolution, gamma-ray focusing optics, and technologies for
Mosshauer measurements using high flux synchrotron light
sources. Our focus is to apply these advances in iron to
actinide Mossbauer spectroscopy. These developments are
intended to produce a novel ultra-sensitive characterization
technique for actinide-containing solids that can have appli-
cations in nuclear safeguards and non-proliferation.

In FY 2013, we evaluated options and chose our detector,
which was integrated into the spectrometer. We confirmed
that the new configuration would allow for the high effi-
ciency detection of the correct gamma-ray lines for perform-
ing our targeted actinide isotope Mosshauer measurements.
The majority of our FY 2014 efforts focused on instrument
design and the acquisition and fabrication of parts to make
the design a reality. Several more custom parts were fabri-
cated than originally anticipated because vendors were
unable to produce parts that met our required specifications.
We determined what kinds of gamma detectors were optimal
for actinide Mosshauer measurements and the type of instru-
ment geometries for optimal speed and sensitivity.

For FY 2015, many specialty parts were fabricated and
acquired from vendors. The spectrometer was fully
assembled in early July. Testing and adjustments were
made using >’Fe nuclear resonance to assure proper
performance in a well-known system. After considerable
adjustments and replacement of defective parts, we

were able to demonstrate that the spectrometer is working

properly and meets the specifications for performing actinide
Mosshauer spectroscopy.

The resulting Mossbhauer spectrometer developed in this
project is versatile, safe, and cost effective relative to other
instruments of its type. It can be configured to run in either a
traditional transmission or backscattering mode. The unique
design also allows for independent temperature control of
the sample and source. In our instrument, the highly radioac-
tive source can remain in the unit, shielded from workers
while the sample is being changed out. Closed-cycle helium
refrigerators were used in the design to reduce significantly
the quantity of helium needed to run the instrument.

We designed, fabricated and tested a sample holder able

to contain NpO, powder inside the holder during pressure
swings from atmospheric pressure to high vacuum and tem-
perature swings
from room tem-
perature down to
—260°C. This
sample holder
did not leak after
several tempera-
ture and pressure
swings over the
month long test
measurements of
NpO, purchased
from the
National Isotope
Development
program. We also
learned that the
21Am source pur-
chased from Eck-
ert and Ziegler is
not suitable for
Mossbauer spec-
troscopy. We
were unable to
collect a Mosshauer spectrum of the 22’Np sample because we
did not have a suitable 2'"Am source. One of the things that
we learned from our visit with the operators of the actinide
Mosshauer spectrometer in Germany was that actinide Moss-
bauer source fabrication is considered a lost art.

The actinide Mossbauer spectrometer
equipped with two independent
cryostats that can be adapted to a
variety of different measurement
geometries (e.g., transmission and
backscatter modes)..

It is the recommendation of this team that investments be
made in developing expertise and instrumentation for Moss-
bauer source fabrication capabilities.
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Platform for Large-Scale Determination
of Protein-Ligand Binding

Ryan T. Kelly

We are developing a microfluidic platform
and combining it with ion mobility spec-
trometry-mass spectrometry (IMS-MS) for
the rapid determination of binding affinities
and kinetic parameters associated with non-
covalent protein-ligand interactions.

Noncovalent protein-ligand interactions play a major role

in many biological processes including signal transduction,
enzymatic catalysis and immune response. Determining the
binding affinities and kinetics of those interactions is of great
importance for applications ranging from biofuel develop-
ment to drug screening. Our objective is to create and evalu-
ate a new ultrasensitive, high-throughput, versatile protein/
ligand interaction platform that will broadly advance funda-
mental and applied biological research. Measurements will
be label-free, consume minimal amounts of sample and
have substantially greater throughput than existing
methodologies.

To accomplish the aims of this project, the microfluidic
portion of the platform must have the ability to rapidly mix
protein and ligand, incubate the mixed reagents for variable
periods of time, and then deliver the reagents to an electro-
spray ionization (ESI) source for subsequent IMS-MS analysis
at flow rates that are compatible with highly sensitive nano-
ESI. The IMS-MS portion of the platform must have sufficient
speed and sensitivity to obtain rapid measurements of free
and bound protein with minimal signal averaging to preserve
temporal resolution. The IMS-MS platform must also be suffi-
ciently gentle to preserve the weak, noncovalent interactions
of the protein/ligand complex such that the gas-phase IMS-
MS measurements are representative of solution-phase bind-
ing. Beyond protein/ligand binding kinetics, the flexible
platform more broadly enables generic time-resolved solu-
tion-based reaction monitoring by IMS-MS and MS alone that
was not previously possible. Developments have now made
it possible to follow the reactions that occur in the seconds-
to-minutes range, and further ongoing developments will
enable the monitoring window to be extended to both faster
and slower reaction times.

n Advanced Sensors and Instrumentation

The microfluidic portion of the platform was substantially
simplified from what we originally envisioned, as the original
droplet-based microfluidic devices were extremely sensitive
to surface adsorption and had other issues that impeded
robust operation. Further, the two-phase systems were diffi-
cult to clean and reuse, so new devices had to be made for
each experiment. The current microfluidic system is droplet-
free and highly robust such that a single device can be used
for weeks with consistently reliable performance. The new
design contains inlets for both protein and ligand that are
each controlled by pneumatic microvalves precisely aligned
just prior to the microfluidic mixer. Following the mixer, a
fused silica emitter is interfaced with the microfluidic device
for ionization. Following incubation for a given time, the
ligand valve is opened to elute the reacted mixture. Thus,
subsequent time points are obtained, with each equaling the
pass-through plus valve closure times. In-house built pro-
grammable software enables all time points to be acquired
automatically. Using the current configuration, each stopped
flow time point is eluted for the amount of time that it takes
to pass from mixer to emitter and as such, a tradeoff exists
between the time amount of signal averaging that can be
performed and the shortest time point that can be measured.
There are several modifications involving new channel
designs and variable eluting pressures that can alleviate

this tradeoff.
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Time-resolved mass spectra that represent 5, 10, and 15 s
following mixing of 10 yM human carbonic anhydrase |
with 40 pM of the inhibitor benzenesulfonamide are shown
in the attached figure. Green arrows point to unbound
protein and red arrows point to protein bound to ligand.
The ratio of intensities for bound to unbound protein
increases from 1.1 to 1.6 to 1.8 during the 3 measurements.




To achieve accurate protein-ligand binding measurements by
IMS-MS, the conditions in solution must be close to physio-
logical; otherwise, protein denaturation or other alterations
may occur such that the measured affinities and rates are
not representative of natural conditions. As such, the use of
organic co-solvents and acids, which enhance ESI sensitivity,
cannot be used. Also, the MS settings for desolvation and ion
transmission must be kept as gentle as possible to avoid dis-
sociating fragile protein/ligand complexes in the gas phase.
Given these constraints and the fact that proteins already
exhibit relatively poor ionization sensitivity, it is not uncom-
mon for a protein/ligand solution to produce a signal inten-
sity ~10° times lower than a standard peptide of the same
concentration. The process has been a challenge, but we have
been able to achieve such measurements with just a few
seconds of signal averaging from the high ion transmission
afforded by PNNL-developed ion optics. The enhanced
sensitivity compares very well with that of other groups.

Dissociation constants (KD) for human carbonic anhydrase

I bound to ethoxzolamide, acetazolamide, and benzenesul-
fonamide were studied with the IMS-MS platform to under-
stand if the gas phase KD values agreed with solution-phase
KD values measured with isothermal titration calorimetry
(ITQ). The IMS-MS platform measured KD values of 12 nM
(ethoxzolamide), 1.5 uM (acetazolamide) and 4 uM (benzen-
sulfonamide), which were in very good agreement with
published ITC solution KDs of 9 nM (ethoxzolamide), 1 uM
(acetazolamide) and 4 uM (benzenesulfonamide), indicating
that the gas phase reactions were representative of solution-
phase binding. After this initial evaluation, we started to
study reactions that did not have known solution dissociation
constants because we felt confident our instrument was pre-
serving solution interactions.

One of the first set of complexes that we studied was the
ligand diflunisal bound to the wild type plasma protein trans-
thyretin (TTR) and its Leu55Pro variant (L55P), the most amy-
loidogenic transthyretin variant. Diflunisal is a drug under

evaluation for patient use, where it would be desirable to sta-
bilize the tetrameric form of the protein, thus inhibiting the
unfolding that precedes fibril formation. Without diflunisal,
the TTR and L55P proteins existed almost solely as tetramers
with compact and extended conformations. TTR existed more
as the compact form, which indicated it was more stable than
L55P. This observation confirmed that the single nucleotide
change (T—>() that produced the Leu55Pro variation caused
sufficient structural changes in the expressed protein to effect
the structural stability of the tetramer. Upon addition of difl-
unisal to TTR and L55P, diflunisal readily bound to both with
a KD of ~900 nM and readily filled the two binding pockets
when it was in excess. The extended conformation vanished
in the ligand-bound complexes, indicating the stabilizing
effect of diflunisal on the tetramers and its promise in
stabilizing TTr and L55P. This work was written up in

January and just recently accepted for publication in the
journal Proteomics.

To use our understanding of IMS-MS with native protein com-
plexes, we are also working with the Mayo Clinic to evaluate
protein aggregation in patients with and without amyloidosis.
Mayo Clinic has a quick protocol that can extract the immu-
noglobin light chains from serum in 5 minutes. They have
found that these light chains aggregate for patients with amy-
loidosis but not to the same extent for patients that do not
have the condition. Initially, we analyzed two clinical samples
on the IMS-MS platform: one for a patient with amyloidosis
and one for a healthy control patient. We performed a 15 s
IMS-MS analysis and were able to see the difference easily
between the patients due to the detection of excessive pro-
tein aggregation in the amyloidosis sample. Currently, we are
waiting to analyze another 20 clinical samples to see if our
initial evaluation holds true in a larger sample size. This study
illustrates the potential for IMS-MS native protein analyses in
the clinic.
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Single-Step 2-D lon Mobility

Separations Technology

Keqi Tang

This project is developing a 2-D gas phase
ion separation technology that combines ion
mobility spectrometry (IMS) and field asym-
metric waveform IMS (FAIMS) with high
resolution and sensitivity.

Breakthroughs in chemistry and biology were historically
enabled by new methods for molecular structure character-
ization. During the last decade, IMS coupled with mass spec-
trometry (MS) has emerged as the next powerful analytical
and structural tool of broad utility and has included the rise
of FAIMS from the dependence of ion mobility on electric
field intensity. Strong orthogonality between FAIMS and linear
IMS has prompted their coupling for 2-D gas phase ion sepa-
rations of impressive combined resolving power (>1000).
However, large ion losses at FAIMS/IMS and IMS/MS interfaces
have made the sequential addition of these separation stages
a major challenge preventing the practical utility of this
extremely complex hybrid instrument.

The primary goal of this project is to develop a new instru-
mentation that allows single-step concurrent FAIMS and IMS
separations by using a novel concept of field-driven FAIMS
with electrodynamic ion funnel interfaces to achieve excep-
tional overall instrument sensitivity. Specifically, we are build-
ing the first longitudinally segmented FAIMS device and
integrating it with an MS platform and demonstrate the per-
formance of 2-D FAIMS/IMS separation for high throughput,
high resolution, high sensitivity sample analysis.
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2-D IMS/FAIMS-TOF MS System

In FY 2015, our primary effort focused on building the first
2-D FAIMS/IMS device based on a well-known longitudinally-
segmented FAIMS concept and implement the new device on
a high performance time-of-flight (TOF)-MS using high effi-
ciency electrodynamic ion funnel interfaces. The 2D-IMS/
FAIMS system was installed in the first vacuum stage of the
TOF-MS operating at 30-50 Torr pressure. To ensure high ion
transmission efficiency, high pressure ion funnel interfaces
were used at both the entrance and the exit of 2D-IMS/FAIMS
system. The device was then configured to allow IMS and
FAIMS separations to occur simultaneously in both horizontal
and vertical directions.

Based on detailed theoretical analysis performed in FY 2014,
the 2D-FAIMS/IMS device maintained a gap width between
the two parallel segmented electrode assemblies that opti-
mized FAIMS separation at the selected operating pressure
range Each segmented electrode assembly consisted of iden-
tically separated electrodes to allow uniform electric
field in the horizontal direction for IMS separation. A
FAIMS resolving power of 200 and an IMS resolving
power of 30 were expected to be achieved, with an esti-
mated combined FAIMS/IMS resolving power of 103 for

the new device. With the capacitance matching between
the new FAIMS/IMS device and the commercial FAIMS

unit, we successfully developed a new asymmetric wave-
form power supply. After the successful implementation
of the 2-D FAIMS/IMS device on a high performance TOF-
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Initial evaluation of 2-D IMS/FAIMS TOF MS using reserpine,
segmented FAIMS CV scan 220-250 V DV at 600 Vp-p.
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MS, the new instrument platform was tested for initial
performance under the segmented FAIMS operating
mode. The ion signal was successfully acquired on the
new instrument platform under the segmented FAIMS
operating conditions using reserpine standard.



Universal Liquid TEM Microfluidic Cells Based
on SALVI for Predicative Materials

Xiao-Ying Yu

We are developing a unique vacuum com-
patible microfluidic device that enabled
direct imaging of liquid surfaces by multiple
analytical platforms.

Transmission electron microscopy (TEM) is a widely used tech-
nique for material characterization with high spatial resolu-
tion at the nm level. The surging interest in the ability to
study liquids using TEM has resulted in several companies
offering specialized TEM holders for liquid imaging that are
significantly more expensive than the standard holder. In
addition, liquid TEM holders are incompatible with standard
TEM specialized chips which, in liquid TEM studies, often
have insufficient dimensions, limiting the sample types that
can be analyzed. Although there has been design improve-
ment to reduce sample bulging under vacuum, there remains
a need for a universal liquid TEM device compatible with
standard TEM holders with diverse applications and low cost.

We developed a unique vacuum compatible microfluidic
device, System for Analysis at the Liquid Vacuum Interface
(SALVI), that enables direct imaging of liquid surfaces by mul-
tiple analytical platforms. Extending SALVI to TEM enables
analysis of the same sample with nm spatial resolution with-
out altering the sample such as freezing or drying. This inno-
vation will make liquid TEM
analysis accessible to anyone
with a TEM instrument for in
situ dynamic material charac-
terization without acquiring
expensive sample holders and
holder specific chips. We
anticipate that our project will
appeal not only to the micro-
analysis and microscopy com-
munity but also to anyone
with research interests in
material analysis involving
liquid phases. As liquid TEM
technology advances, it is
anticipated that more people
will begin to use this unique

AIOOH particles in deionized (DI) water sealed
between two SiN membranes.
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Schematic illustrations of A) current liquid TEM cells; B) wet
SEM cells; C) new SALVI-TEM; and D) existing SALVI.
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yet universal tool to study materials in situ in dynamic condi-
tions. Moreover, it will allow more diverse studies in meso-
scale imaging of material interfaces toward predicative
material sciences for DOE.

SALVI contains a silicon nitride (SiN) membrane, an electron
transparent material partially opened to vacuum via microm-
eter-sized apertures with liquid flowing beneath in a PDMS
microchannel. Multiple micrometer-sized apertures can be
opened to expose liquid surfaces to the probing beam (e.g.,
X-ray, electron, or primary ion beams) while liquid is with-
held within the windowless holes by surface tension. This
approach has been validated by time-of-flight secondary ion
mass spectrometry (ToF-SIMS) and scanning electron micros-
copy (SEM). Many applications in biological systems (e.g., bio-
films, mammalian cells) and material
sciences have been studied. Unlike liquid
TEM cells on the market, SALVI-TEM cells
will have a small opening to reduce bulg-
ing based on the original SALVI concept.
The size of the aperture will be optimized
in this development.

In FY 2015, we tested a variety of SiN
membranes provided by Norcada to opti-
mize the technique for assembling
devices that has a thin layer of liquid
enclosed in between. The SiN chips we
experimented have different spacer thick-
ness and vary in their shape, either round
or square. The SiN window sizes are dif-
ferent too: rectangular are more favor-
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able to larger square windows. The SiN membranes are

50 nm thick and supported on a 100 um thick Si frame. We
determined that the square TEM chips with either 400 nm
or 200 nm spacer are good choices for device assembly.

Several samples containing AIOOH (Boehmite) particles in DI
water were used to illustrate that we can safely enclose lig-
uids between two SiN membrane windows and sustain high
vacuum in TEM. The particle plate-like morphology is clearly
visible in the TEM image acquired under high vacuum condi-
tions. Boehmite particles are known to stick to each other to
form aggregates. These features agree with what we observed
when the liquid sample was analyzed several days after
assembling the device.

Using a higher magnification, the insert in the figure depicts
a TEM image of a single AIOOH particle in DI water. More
importantly, X-ray diffraction measurement was conducted to
determine the crystal structure of the single particle in water.
The distinct diffraction pattern shows that the crystal lattice
of this material should be rhombic. This means that the
AIOOH particle is not pure Boehmite, rather pseudo Boehm-
ite. Pure Boehmite is known to be cubic, where pseudo
Boehmite is reported to be rhombic. The latter finding is
from recent TEM characterization of the dry Boehmite sam-
ple using high resolution TEM performed at PNNL.

These initial results show a great promise of our SALVI-TEM
approach in its potential to elucidate nm-sized particle struc-
ture and morphology in the liquid environment using a stan-
dard TEM holder and TEM chips not specific to a particular
holder. Our findings establish the following two milestones:
we obtain the technical know-how concerning the assembly
of stationary TEM devices; and we can use a standard TEM
holder to study small particles in liquid in the high vacuum
environment. They also establish important baselines for our
next step of development.
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An X-ray diffraction measurement of a single AIOOH particle
in DI water. The insert shows the TEM image of the particle.
The legend is 50 nm.

For FY 2016, we will study and optimize the aperture size in
the TEM and develop a flowing cell that is adaptable to a
standard TEM holder. As we learned how to assemble station-
ary devices that can sustain high vacuum in TEM, it is impor-
tant that we optimize the aperture size to make SALVI
suitable for TEM imaging. Because the stationary cell has only
a very thin layer of water or liquid, the electron beam inter-
action on the liquid surface may quickly evaporate the liquid
in vacuum, making it important that we flow the liquid to
overcome beam damage and memory effect.



Vapor Detection of lllicit Substances in an
Atmospheric Flow Tube Mass Spectrometer

Robert G. Ewing

Detection and interdiction of chemical
weapon compounds and illicit drugs are
important national security issues. This
project is enabling real-time detection that
is below occupational safety exposure levels
and significantly lower than previous
technologies.

The recent development of an atmospheric flow tube-mass
spectrometer (AFT-MS) enabled the real-time vapor detection
of some explosives at unprecedented levels, approaching a
single part-per-quadrillion (ppq). These remarkable detection
limits enable standoff or non-contact detection for a variety
of scenarios, including cargo screening. In turn, this discovery
led to the desire of determining what other substances, such
as narcotics or chemical weapons, might be detectable at
these levels. The challenge is that many of these compounds
form positive ions, unlike explosives that form negative ions.
Preliminary studies using AFT-MS have demonstrated com-
plex positive ion spectra for background laboratory air. The
primary scientific challenge associated with using the AFT-MS
to detect positive ions of illicit substances is ionizing the
target substances selectively in the presence of a variety of
compounds in room air. The goal of this investigation is to
identify and select appropriate ionization chemistries to
reduce the interference of hackground chemicals while
enabling the detection of illicit substances.
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CDC recommended airborne exposure limits for nerve
agent sarin

In FY 2014, two narcotics and two chemical weapon
surrogates were evaluated with an AFT-MS to determine

the substances’ ability for ultra-trace vapor detection. It was
determined that with the proper selective ionization chemis-
try, all four substances were detectable. For the narcotics,
vapors from micro-gram quantities were detectable; for the
chemical agent surrogates, vapor was detected from material
permeating through the septa of a sealed 2 mL glass ampule.
Preliminary data based on calculations of signal intensities
suggest detection limits approaching single digit ppq. Further,
vapor concentrations coming from the sealed vial with a
dilution flow of ~7 L/min were estimated to be ~5 parts-
per-trillion.

To varying degrees, all four substances responded differently
to changes in the selective ion chemistry. In one instance,
the selective ion chemistry produced a response 1600 times
greater than that measured in room air. The selective ion
chemistry in conjunction with the AFT-MS provided unprece-
dented detection limits for the compounds investigated. The
system also provided unparalleled selectivity with the combi-
nation of selective ionization and mass spectrometry for
positive identification with MS/MS for additional compound
confirmation. With ppq detection levels in real-time without
solute pre-concentration, this technology not only enables

a revolutionary detection capabilities but it also provides a
means to monitor analyte breakthrough at ultra-trace levels
that will be useful in material development for personnel
protection equipment such as gloves or protective suits.

In FY 2015, additional compounds were characterized,
expanding the suite of chemicals that could be detected.
Quantitation of both the ionization chemistry and analytes
was performed. The optimal ionization chemistries were in
the low parts-per trillion range. Under optimized conditions,
the chemical weapon surrogates were detected at levels
between 10 and 100 parts-per-quadrillion in real time.

These levels were confirmed by 3 different methods: the first
method used the relative peak intensities and a accepted
equation, the second used a calibrated permeation tube and
calculations were based on flow, and the third used known
quantities of analyte that were injected and concentrations
were calculated from flow rates. Values from all three meth-
ods agreed well, and the narcotics exhibited similar detection
levels. Further, both substances were detectable in the pres-
ence of common solvents that were 6-8 orders of magnitude
higher in concentration with little to no degradation in
response. Thus, this method provides unprecedented sensi-
tive and selective detection capabilities for these compounds.
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Aperture

G. Christer Jansson

We are investigating environmental control
of stomatal response in plant leaves with
the objective of engineering bioenergy
crops for improved water use efficiency.

Plants are sessile organisms, and their survival depends on
efficient perception and response to the constantly chang-
ing environment. A major interface between plants and
their surroundings is represented by stomatal pores formed
by pairs of highly specialized guard cells. To maximize CO,
uptake for photosynthesis and also minimize water loss,
guard cells sense various signals and adjust the stomatal
pore size accordingly. The manner in which the stomatal
aperture is adjusted by the rapid movement of guard cells
has fascinated plant biologists for decades. In addition,
how abscisic acid (ABA) induces stomatal closure and how
light induces the opening have been extensively studied. A
plant hormone synthesized during drought to prevent
water loss, ABA triggers a signaling network in guard cells
that results in the loss of turgor and reduction of the sto-
matal aperture. The mechanisms for regulating stomatal
closure and opening each involve distinct proteins kinases
that regulate ion traffic across the plasma membrane.

The purpose of this project is to leverage EMSL capabilities for
discovering how plant stomata is regulated by environmental
factors in Brachypodium distachyon (Brachypodium, a
genomic model for bioenergy grasses). Specifically, we aim to
understand how parameters such as CO, levels, light, soil
moisture, and temperature affect the aperture by regulatory
mechanisms in the guard cells that make up the stomata. The
project objectives during this partial year were two-fold: first,
we wished to develop methods for imaging B. stomata by
confocal and helium ion microscopy (HIM) specifically to
enable characterization and capture in the living state. Sec-
ond, we aimed to develop the technology for single-cell tran-
scriptomics of Brachypodium guard cells.

HIM allows for sub-nanometer resolution of uncoated biolog-
ical tissues. In combination with high pressure freezing, HIM
allowed high contrast, high resolution imagining of stomata
on the surface of Brachypodium leaf tissue in the living state.
We demonstrated our capabilities to image intact leaves and
epidermal strips sampled from drought resistant Brachypo-
dium leaf tissue. Future studies will delve into plants exposed
to drought and/or ambient and elevated CO, levels for differ-
ent periods of time.

Single-cell analysis (SCA) will elucidate cellular functions
within individual cells in response to changes in their envi-
ronment that are not accessible from bulk measurements of
heterogeneous populations. We demonstrated our abilities to
isolate individual guard cells from whole plant tissue, a criti-
cal step prior to extraction of RNA and generation of a cDNA
library from individual cells for RNA-seq.

Leaf tissues were cut from the central portion of the leaves
and dissected according to published procedures. A shallow
cut was made with a
sharp razor blade hori-
zontally across the leaf
and a flap of leaf tissue
lifted with a razor, leav-
ing the lower epidermis
intact. After being
removed from the epi-
dermis with forceps, leaf
tissue immediately
floated cuticle side up on
an incubation buffer.
Dissected leaf samples
were imaged, with trans-
mitted light and red
images collected in two
channels and overlayed.
No staining was introduced prior to confocal imaging, and
tissue samples were consistently wetted by incubation buffer
during imaging to prevent drying of the sample.

Abaxial layer from a
Brachypodium leaf blade.

High pressure freezing (HPF) of Brachypodium leaf tissue was
performed, after which leaf samples were fixed by the 2-h
fast freeze substitution method and endured multiple washes
in two different solutions. Once all water was removed, the
fixed leaf tissue was carefully transferred to the critical point
dryer. The samples were purged with cold liquid CO, (~2°C) at
elevated pressure and brought to supercritical pressure and
temperature (42°C, 1200 psi) for incubation and equilibra-
tion. The pressure was slowly reduced while maintaining
supercritical temperatures greater than 32°C. After the bleed-
ing process, dried samples were transferred to HelM holders
with carbon tape and stored until imaged.

HIM was performed at 25 keV beam energy with a probe
blanker ranging from 0.2-0.7 pA. In some instances, 2-7 nm
of carbon was sputtered onto the leaf tissue to prevent charg-
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ing effects. No post processing of the images were applied to
the digital images. The image signal was acquired in a line-
averaging mode with either 8 or 16 line integration to obtain
the final image, where features were measured using the
scale bar and line tool.

Leaf tissues isolated from the central portion of the leaves
were dissected according to published procedures. Ethanol
was fixed and placed onto a polyethylene naphthalate (PEN)
membrane slide for laser capture dissection microscopy
(LCDM) using a microeam. Guard cells were located, and iden-
tified cells were laser dissected from the surrounding leaf tis-
sue and then collected. With one of our goals to preserve the
leaf tissue in a living state that would reveal native cellular
structures, we verified preservation of the stomata and plant
cells by confocal fluorescence microscopy. High-pressure
freezing methods were tested using the aluminum specimen
carriers and different cryoprotectants. We then surveyed vary-
ing amounts of the fixative prior to critical point drying of the
leaf tissue samples.

HIM revealed the surface architecture of the Brachypodium
leaf tissue in fine detail. The mesophyll side of the guard cells
was more clearly defined in the abaxial layer as opposed to
the outer epidermal layer, where they appeared camouflaged
by the surrounding tissues. High-pressure freezing clearly pre-
served the natural architecture of the leaf tissue surface and
allowed long-term storage of different treatments and sam-
ple modalities. Ideally, imaging the native state of the leaf tis-
sue would require additional adjustments to the fixation
methods as well as eliminating the need for conductive coat-
ings of the leaf tissue. However, our results clearly demon-
strated that we can attain sub-micrometer resolution of the
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leaf tissue surface. Further experiments will utilize tissue-
sectioning methods following treatment to reveal the native
organization of organelles within the stomata and surround-
ing guard cells. Moreover, analysis of varying light, tempera-
ture, and calcium will capture the stoma in the varying open
conformations in high resolution that will reveal further
details of the Brachypodium and other plant stomata.

Having demonstrated the applicability of HIM in imaging
Brachypodium stomata guard cells, we will aim in FY 2016 to
dissect the structural and ultrastructural properties of the
guard cells as they respond to different environmental fluctu-
ations, including CO, levels, temperature, soil moisture, and
light intensity and spectral composition. We will compare sto-
matal responses in Brachypodium plants with diverse degrees
of drought tolerance. We will continue to develop the proto-
col for single-cell transcriptomics of guard cells with the goal
of mapping regulatory processes underpinning stomatal
response to environmental perturbations. HIM and single-
cell transcriptomics will be complemented with metabolite
profiling of guard cells during acclimation to perturbations.
Of specific interest will be to monitor stomatal emissions

and uptake of VOGs.

A specific focus of the project moving forward will be

to investigate if and then how we can monitor protein phos-
phorylation in vivo as a means to identify kinases, phospha-
tases, and target proteins involved in stomatal responses to
environmental cues such as shifts in CO, levels, temperature,
and soil moisture. Achieving these efforts would put us in
position to modify the phosphorylation status of stomata in
crop plants as a means to improve water use efficiency.



Biological Threat Signatures

for Bacillus Anthracis

Cynthia J. Bruckner-Lea

Distinguishing laboratory adapted from
naturally occurring pathogens remains a
challenge for the research and biodefense
communities. This work will enable a more
rapid identification of the source of disease
outbreaks and a more effective response.

Previous work at PNNL has been focused on identifying and
characterizing protein, carbohydrate, and other cellular sig-
natures of pathogens grown in laboratory media. In addition,
we have shown that the commonly used genomic tools for
identification and characterization of pathogens are insuffi-
cient for providing information regarding whether an isolated
pathogen has been cultured in a laboratory, which would be
a likely prerequisite to its use as a bioweapon. This project
was initiated to provide an in-depth investigation of both
wild and laboratory strains of Bacillus anthracis using pro-
teomics to understand the protein signatures that differenti-
ate benign from potentially intentional infections. In addition
to establishing protein signatures of B. anthracis domestica-
tion, we will establish for the first time whether these signa-
tures are stable during in vitro infections of lung cells. This
work will be a crucial achievement, as primary samples

from infected patients may be the only source of samples

for proteomic analysis. If B. anthracis is not available for

this research, we will conduct similar studies using other
pathogens of concern.

In January 2015, two of our team members traveled to
Emerging Pathogens Institute at the University of Florida for
our collaboration to establish a list of global wild and labora-
tory B. anthracis strains to be grown for proteomic analysis.
We had a follow-up visit from them at PNNL in July 2015,
during which time they brought grown and inactivated

B. anthracis samples (80 total) for analysis and verified that
the samples were sterile through extensive testing. Currently,
additional samples are waiting for the lifting of a Centers for
Disease Control and Prevention transport moratorium on

B. anthracis. We anticipate that the samples will be shipped
during FY 2016, after which time they will be processed and
analyzed. We will use PNNL-developed lung tissue culture
methods in Biosafety Level (BSL)2 space using attenuated

B. anthracis strains to establish procedures for infection of
lung tissue cultures, with virulent B. anthracis strains in

BSL3 space for examining the stability of proteomic signatures
following infection.

Another team member traveled to Ventura, CA in March 2015
for the Gordon Research Conference on Chemical and Biologi-
cal Terrorism Defense and presented data about Yersinia pes-
tis threat signatures, which were generated during a previous
PNNL effort that led directly to this project. During the meet-
ing, a partnering with Northwestern University was estab-
lished that expands our project capabilities and includes a
proteomic characterization of Y. pestis and Y. pestis infection
and allows additional proteomic studies with Y. pestis while
we are awaiting B. anthracis samples.

We were provided samples of lung fluid from Y. pestis
infected and uninfected mice as well as Y. pestis samples for
proteomics analysis (all samples were inactivated and non-
infectious prior to sending to PNNL). This work investigated
proteomic signatures of Y. pestis isolated from mouse lungs
after infection and were processed without any laboratory
culture steps. As expected, we observed significantly
increased protein abundance in virulence determinants, but
we also observed unexpected changes in central metabolism
and stress response. The host response to Y. pestis infection
was also investigated and will serve as a baseline for future
studies using additional strains of Y. pestis from different evo-
lutionary lineages. These data will comprise preliminary find-
ings for upcoming external funding proposals in FY 2016
geared toward investigating the evolution of Y. pestis during
its emergence as a potent human pathogen. On their own,
these data also offer additional insight into protein expres-
sion in laboratory-adapted pathogen strains during infection,
which will allow us to refine our main efforts investigating

B. anthracis.

Finally, we invested a significant amount of time further ana-
lyzing existing unpublished data that supports project goals
and drafting manuscripts. Specifically, we drafted two manu-
scripts describing the work to study long-term adaptation of
Y. pestis to laboratory conditions; we modified a manuscript
and added data to work that investigated the use of pro-
teomic signatures of Y. pestis grown in different laboratory
media for forensics; and we revisited work that examined the
differences in proteomic signatures of B. anthracis spores
produced in laboratory media versus soil. These four manu-
scripts will be submitted during FY 2016 and will contribute
to our understanding of pathogen proteomics as they apply
to attributing a source or sources to outhreaks of disease.
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Chromatin Activity Precipitation (TIP)

Stephen R. Lindemann

We are developing a technology that would
enable straightforward identification of reg-
ulatory mechanisms across microorganisms
and eukaryotic cells to enhance the ability to
predict organism behavior under changing
environmental conditions and identify
points at which microorganism functions
may be controlled.

Chromatin activity precipitation (ChAP) is a novel approach to
identify small molecule-bound regulatory proteins and the
genes they regulate using PNNL-developed activity-based
probes. The current state-of-the-art technology to determine
regulator binding sites is chromatin immunoprecipitation
(ChIP), which requires multiple variables: 1) a priori knowl-
edge of which specific regulators are important; 2) cultivation
of the organism in question; and 3) genetic tractability of the
organism or generation of a specific antibody against the reg-
ulator. These conditions limit ChIP for use only in well-stud-
ied, tractable organisms and require a significant resource
investment. In contrast, ChAP is an approach that is agnostic
to the system in question, can identify novel regulators with-
out a priori knowledge, and can be employed in environmen-
tal organisms without prior cultivation. Thus, ChAP has broad
usefulness in studying metabolite regulation across organ-
isms and in environmental samples and high commercializa-
tion potential.

The specific objective of this study is to develop a novel
approach to elucidate transcription factors and their binding
sites in cells based upon allosteric binding of regulators by
small molecules. We are developing a suite of activity-based
probes that mimic small molecular cofactors and irreversibly
bind proteins in vivo to pull down complexes of probe-bound
regulatory proteins selectively and target DNA or RNA as well
as direct probe-RNA complexes.

Over the past year, we established a reporter system for the
validation of vitamin B, ,-mimic probes to the B, Escherichia
coli riboswitch, which is a regulatory motif within the mes-
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senger RNA that codes for the vitamin B, salvage machinery
known to bind vitamin B,,. When vitamin B,, is present, the
cell senses via interaction of both the riboswitch and vitamin
B,, that it does not need to import more, which thus stops
translation of the salvage transporter. Initial experiments
were aimed at identifying whether the vitamin B, probe
actually bound the riboswitch using a reporter construct,
within which the riboswitch regulates the expression of a
protein whose activity is easily measured (LacZ). Using the
reporter assay that we constructed, we were confirmed that
the vitamin B, probe specifically binds the riboswitch, and
that it does so with an affinity strongly similar to that of vita-
min B,, itself. These data confirmed that our activity based
probing strategy can target RNA regulatory elements directly
without the indirect effects of a protein regulator.

Additionally under this project, we successfully expanded
work performed in E. coli using a tryptophan-based probe
performed under a companion project. We used a trypto-
phan-mimic probe to target tryptophan-mediated regulation
in E. coli. We next expanded that approach to encompass
tryptophan-based regulation in Bacillus subtilis, a phyloge-
netically-distinct organism. As B. subtilis regulates tryptophan
biosynthesis using an RNA-regulatory protein complex, the B.
subtilis reporter assay that we established allows us to target
probe-protein-RNA interactions in addition to probe-protein-
DNA and direct probe-RNA interactions. We also developed a
click chemistry protocol that successfully identifies alkyne-
labeled nucleic acids, a precursor for using our probe system,
to identify nucleic acid-probe complexes. This advance brings
us one step closer to an integrated approach to using metab-
olite-mimicking probes to identify regulatory complexes.

In FY 2016, we will develop the aforementioned integrated
approach to isolation, enrichment, and analysis of probe
complexes, demonstrating our platform as a useful tool and
allowing for the commercialization of this work in ways that
can be broadly employed to identify metabolite-based mech-
anisms of gene expression in both microbes and in tissues of
multicellular organisms.



Cultivation-independent Untangling of
Microbial Gene Regulation Networks

Stephen R. Lindemann

We designed an approach to identify the
gene regulators in uncultivated microbes
using molecular probes that mimic
metabolites of interest.

Despite over a century of attempts, less than 1% of the
world’s microbes are currently thought to have been iso-
lated and cultivated in the laboratory. Our inability to sepa-
rate the remaining >99% stems largely from the fact that in
nature, microbes are almost are almost never found on
their own but rather exist as members of diverse microbial
communities. As community members, they typically inter-
act strongly with each other, exchanging resources as they
cooperate and compete with one another. In contrast to
macroorganisms, member interactions in microbial com-
munities occur at the molecular scale and are difficult to
decipher. The mechanisms by which a community’s func-
tion changes between those conditions cannot be deter-
mined. Microbes are known to regulate the genes tightly
they express in response to environmental cues. In many
cases, detected changes in function may be due to a long
series of compensatory changes, thus making it impossible
to discern which of the responses observed by metatran-
scriptomics are reactions to environmental change and
which are responses to the responses of other community
members. Ultimately, a lack of a mechanistic understand-
ing of gene regulation in microbial communities hampers
our ability to predict how these communities will respond
to perturbation.

In this project, we are generating a system to identify the
regulators that respond to specific metabolites and the
genes they regulate to be employed in uncultivated organ-
isms regardless of microbial species. To identify regulator-
gene pairs, we are employing probe molecules designed to
mimic the metabolites of interest that are modified to
allow us to induce irreversible binding to their regulatory
protein and enrich probe-protein-DNA complexes from a
mixed sample. The probe-bound proteins can then be
identified using proteomics, while the genes regulated by
the regulators can be determined using metagenomics.

To demonstrate the feasibility of our approach, we exam-
ined one of the best-studied cases of metabolite-mediated
gene regulation, repression of the tryptophan (Trp) biosyn-
thesis operon of Escherichia coli. In this system, the regula-
tory protein TrpR responds to the intracellular
concentration of Trp by binding upstream of genes encod-
ing Trp biosynthesis, preventing their expression. Because
the targets of TrpR are known, this system permits us to
determine the sensitivity and specificity of our approach.
We initially designed and synthesized a probe molecule
based upon Trp but could find no evidence that this first-
generation probe was capable of either entering the bacte-
rial cell or binding TrpR. Fortuitously, however, this spurred
us to generate a bioassay by which a wide variety of Trp
analogs could be examined for their ability to enter living
cells, bind TrpR, and repress gene expression by binding
DNA. This bioassay then allowed us to determine first, that
our modifications to promote enrichment were not posi-
tioned at the appropriate location on the Trp molecule and
second, that modification at different positions on the Trp
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In FY 2016, we will employ third-generation Trp probes to use in mixed-species communities, after which we will syn-

enrich probe-TrpR complexes to determine whether they thesize probes that mimic other metabolites of interest
bind correctly to their DNA targets via genome sequencing  (e.g., sugars) to determine which proteins recognize these
and proteomics. Once the expected E. coli targets of the metabolites and what pathways they regulate.

Trp probe have been identified successfully, we will apply
the probe in low-diversity experimental communities for
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Developing a Next Generation Biogeochemical
Module for Earth System Models

Yilin Fang

This research will bridge the gap between
soil biogeochemical and earth system mod-
eling research so that the representation
of terrestrial ecosystem processes in land
models can be used to improve the quality
of climate model projections.

Biogeochemical processes regulate soil carbon dynamics and
(0, flux to and from the atmosphere, influencing global cli-
mate changes. Integrating biogeochemical processes into
earth system models (e.g., community land models [CLM]),
however, faces three major challenges. First, extensive efforts
are required to modify modeling structures and rewrite com-
puter programs to incorporate biogeochemical processes
with increasing complexity. These efforts must be repeated to
integrate new knowledge being generated with time. Next,
computational cost to spin-up CLM to steady state of coupled
carbon—nitrogen processes is prohibitively expensive due to
the long residence time of soil carbon. Finally, various mathe-
matical representations of biogeochemical processes exist,
some of which are too simplified to reflect fundamental
mechanisms and others too complex for pragmatic applica-
tion. A systematic evaluation of the different mathematical
representations has not been performed in terms of their
impact to climate prediction.

The objective of this research is to develop a generic biogeo-
chemistry module to address the challenges mentioned
above. This model will enable significant modeling research
to be done in the future with reduced cost and minimize cod-
ing error. Additionally, we anticipate that the model will also
facilitate the whole community to test different mechanistic
process representations and data to gain new insight on what
is most important in the system in response to climate
change.

In FY 2014, we developed a new biogeochemical module that
has a generic computational framework to readily incorpo-
rate mechanistic biogeochemical reactions into Earth system
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models for simulating carbon-climate feedbacks. A phospho-
rus cycle model was incorporated in CLM, the land component
of the Community Earth System Model (CESM), using the new
module.

During FY 2015, we developed an algorithm based on the new
framework to directly estimate global soil organic carbon (SOC)
using satellite-derived canopy leaf area index (LAI) and CLM, as
soil carbon plays a key role in the carbon cycle that is impor-
tant in global climate models. This is the first time that SOC is
calculated using Moderate Resolution Imaging Spectroradiom-
eter (MODIS)-derived LAl and without using the traditional
long time spin-up of carbon-nitrogen (CN) models, often the
bottleneck issue for global modeling and analysis. The results
are comparable to those using the spin-up approach that can
be a promising tool to estimate global SOC distribution effi-
ciently and evaluate and compare different aspects simulated
by different CN mechanisms in the model.

We developed a gradient projection approach to reduce the
computation time of spin-up by 20-69% for point-scale simu-
lations compared to one of the fastest approaches in the litera-
ture. During the study, we found instability of water table
calculation in the hydrology model of CLM4 due to its local
mass conservation error of water. The instability issue was
resolved after we replaced the hydrology scheme in CLM4 with
a PNNL-developed flow model STOMP for variably saturated
porous media. We also replaced the microbially implicit first-
order kinetic model for soil carbon decomposition in CLM with
the Monod-type kinetic model that explicitly include microbial
biomass and growth. We found discrepancies in the modeling
results compared to the literature and are evaluating the
causes. Our work has generated three manuscripts, two of
which were published in Geoscientific Model Development and
one in JAMES: Journal of Advances in Modeling Earth Systems.

We are working with another PNNL project, the Accelerated
Climate Modeling for Energy (ACME), to incorporate the generic
biogeochemical module into the river routing model MOSART
to study biogeochemical processes in river systems. We are
also participating in a multi-institutional site level model
intercomparison study to evaluate the flow and
biogeochemical models.
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Dissection and Deciphering

of the Soil Microbiome

Janet K. Jansson

Molecular-level information that provides
insight into microbial processes performed
by soil microorganisms should improve
terrestrial carbon cycle models that predict
climate change impact on soil carbon pools
and greenhouse gas emissions.

This project addressed key gaps in our knowledge about the
composition and functional roles of the tens of thousands of
microbial species in soil. Although these microorganisms
carry out critical processes for life on earth, including cycling
of nutrients and decomposition of organic matter, the major-
ity (>90%) has never been cultivated, and their identities and
functions are unknown. We developed and applied a suite of
molecular tools and computational approaches to enable
deciphering of the identities and key roles played by mem-
bers of the soil microbiome. As a result, we improved our
knowledge about the functioning of complex microbial
communities, including their ability to process specific
carbon substrates and react to nutrient additions. In addition,
this work is highly relevant to the DOE Office of Biological
and Environmental Research mission of understanding the
terrestrial carbon cycle and climate feedbacks performed

by soil microbes.

We developed and applied a combination of ‘omics
technologies (16S sequencing, metagenomics, metatranscrip-
tomics, proteomics, lipidomics, and metabolomics) to Konza
Native Prairie (KNP) soil in Kansas that is part of the Great
Prairie of the United States, an ecosystem is of high interest
to DOE because it represents
soil that contains large amounts
of carbon, and climate change
has unknown consequences on
the microbial communities in
the soil and their ability to

cycle the carbon contained

in the soil. Specific project
milestones are categorized

and discussed below.

a) Modified Folch Extraction

Metabotomics

Lipidomics

:

Soil metagenome assembly
and analysis pipeline. To tackle

E Biological Sciences

LC-IMS-MS
Analyses

the recognized difficulty in soil metagenome assembly, we
applied a long read approach “Moleculo” combined with
Illumina HiSeq sequencing for a hybrid assembly using the
MetaHit assembly platform. This process enabled us to
achieve the best soil metagenome assembly to date, with
>6000 contigs greater than 10 Kb in size. By comparison, the
best soil metagenome assembly for KNP at the Joint Genome
Institute had 100 contigs >10 Kb, and the best published had
only nine. In addition, with the application of new tools, we
successfully annotated the metagenomes and binned several
novel draft genomes representing previously undescribed
members of the soil microbiome.

Soil glycine incubation experiment. Glycine is a model root
exudate that is hypothesized specifically to stimulate growth
of community members capable of rapid consumption of
glycine as a substrate. We anticipated that addition of a
substrate such as glycine would decrease microbial diversity
and evenness, as taxa capable of metabolizing it would be
enriched in relation to those that are not capable. We tested
this hypothesis by incubating three Kansas prairie soils field
replicates with and without glycine in triplicate for 48 hours,
and characterized community level responses and the spe-
cific influence of glycine through 16S rRNA gene surveys and
multi-omic analyses. All of the sequence data showed differ-
ences between the three soil locations, but not according to
glycine addition, indicating the high variation between
sampling locations in the field.

Macromolecule extraction protocols and analytical pipe-
lines. During the incubation experiments, we developed and
optimized methods for extraction of macromolecules from

b) LC-IMS-MS KNP Soil Analysis

Hummics

i N

a) The modified Folch extraction showing the metabolite (top), protein (middle), and
lipid layers; b) LC-IMS-MS nested spectrum showing the humics (red circles) IMS
separation from the peptides throughout LC gradient.



soil (DNA, RNA, protein, lipids and metabolites) and the pipe-
lines for sample and data analysis. These established pipe-
lines are now available for other samples that are generated,
including soil and human/mammalian samples.

Activity-based probes successfully applied to soil. One of
our aims was to dissect the soil microbiome into functionally
relevant sub-communities prior to the application of multi-
‘omics technologies. To address this aim, we used a novel

activity-based probe approach to identify the species and
functionally active enzymes that may participate in metabo-
lism of key substrates in soil. To establish the technology,
we designed and successfully tested these probes targeted
to glycoside hydrolases and monooxygenases.

As the result of this project, four manuscripts are currently
in preparation (as of FY 2015 end) and will be submitted to
journals during the next fiscal year.
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Drugs of Abuse Retention and
Degradation in Environmental Biofilms

Eric M. Winder

This project uses PNNL'’s expertise in
biofilms and world-class instrumental
analysis facilities as a means to investigate
drugs of abuse retention, degradation

and detection in biofilms.

Currently, the ability to detect drugs of abuse and other
chemicals in non-traditional locations and throughout the
environment is limited. Biofilms will capture and retain
materials such as DNA and heavy metals from the surround-
ing environment. To be sure, biofilms are found in most envi-
ronments, particularly at the interfaces of solid, liquid, and
atmospheric environments and may range in appearance
from the dry desert varnish found on rock surfaces in arid
environments to the more familiar “slimes” including
periphyton found in aquatic environments. The structure of a
biofilm allows microorganisms to form a distinct microenvi-
ronment that is separate from yet interactive with the sur-
rounding environment. A critical feature is the matrix of
extracellular polymeric substances (EPS) secreted by cells that
reside in the biofilm. The EPS is composed of a heteroge-
neous mixture of polysaccharides, lipids, nucleic acids, and
proteins. Each component of the EPS plays a particular role
in providing protection, sorption capabilities, nutrient/waste
processing, and/or planktonic release of progeny cells.

This project aimed to show that biofilms derived from
laboratory sink drains could capture/retain drugs of

abuse (methamphetamine, cocaine, heroin, codeine,
v-hydroxybutyrate, and methylone) and signatures thereof
from the aqueous environment. Subsequently, we investi-
gated the ability to detect these materials by isolation from
the biofilm and testing, over a time (7 days) post-simulated
disposal (spiking) event. Of particular interest was the molec-
ular sieve capability of an established biofilm that allows

it to capture, sort, and sequester particular molecules from
passing water, a sort of sticky trap (cf. flypaper) for passing
cells, chemicals, biomolecules, and metals. This collection
potential has several implications, including the extent to
which biofilms may create and preserve a historical record
of passing chemistry.

Initially, we aimed to increase the basic science knowledge
for the fate of the studied chemicals in the environment
while adding new sampling and analytical capability to the
forensic toolkit used to investigate crime scenes and suspect
facilities. To accomplish our goals, we established biofilms
with drugs of abuse at varying concentrations to determine
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the limits of detection for each compound on our custom LC-
Nanospray-ESI Orbitrap (LC-NS-ESI) and selected reaction
monitoring tandem (LC-SRM)-MS systems. Solid phase extrac-
tion (SPE) methodology was tested, but direct infusion of the
samples was used for this research to determine presence or
absence of the spiked drugs in the biofilm material. The spec-
tral data (peaks) obtained from blank media and biofilm
samples were compiled for background subtraction from the
final data set, allowing simplification of the complex samples
for target and degradation product detection.

Using the LC-NS-ESI instrument, we showed a large reduction
in the limit of detection for codeine and heroin compared to
values in literature (limit of detection [LOD] ~5 ng/mL c.f. 377
and 960 ng/mL, respectively), while the LC-SRM showed signi-
fication LOD reduction (<0.02 ng/mL) for all drugs of abuse
tested. Specifically, the LC-SRM is useful only when testing
samples for specific known compounds; therefore, to test for
unknown transformation/degradation products, we used the
LC-NS-ESI instrument for spiked sample analysis.

Parallel samples were spiked at 50 ug/mL drug final concen-
trations (single drug target per sample). Samples were pro-
cessed/analyzed at four time points (Day 0, 1, 3, and 7). The
drugs y-hydroxybutyrate and heroin were not identified in
the biofilm sample fractions over the course of the 7-day test,
as the molecular ion peak detected was too similar to a
media component for peak-only identification, while the
other drugs (methamphetamine, methylone, codeine, and
cocaine) showed identifiable signals from the biofilm fraction
over the 7-day period. The cocaine-spiked biofilm fraction
mass spectra also showed peaks indicative of benzoylecgo-
nine and ecgonine methyl ester (known metabolites) as these
peaks were not seen in the spiked water samples, which indi-
cates a transformation or degradation of cocaine by the
microbes present in the samples. These metabolites were
seen in the Day 3 and 7 samples but not the Day 0 or 1,
lending a means to backdate the spiking event.

During FY 2015, we showed that biofilms can retain drugs of
abuse, and that these drugs can be transformed or otherwise
degraded by the microbes present. As of FY 2015 end, a man-
uscript has been prepared detailing these findings, and con-
tacts and presentations have been made with the U.S.
Department of Justice to suggest future research opportuni-
ties. Along with other biofilm work, this research was also
presented at an international conference. The sampling and
analysis performed in this project could ultimately transition
into a forensic toolkit for use by officers and first responders
to determine if drugs are or were at a given location.



Exploring and Engineering Phototrophic-
Heterotrophic Partnerships

Hans C. Bernstein

This project is identifying controllable,
cooperative ecological phenomena
employed by phototrophically driven
microbial communities for conceptualizing
and engineering multispecies biocatalytic
platforms. The target application for this
work is energy capture and transfer from
renewable resources, light, and CO,.

Microbial consortia engineering has become an established
scientific discipline populated by interdisciplinary biologists,
engineers, and ecologists. The methodology is based on
assembling microbial communities through enabling,
encouraging, or enforcing interactions between distinct cell
populations and their environment. Applications have the
widely accepted potential to contribute technology toward
key social benefits such as biofuel production, carbon seques-
tration, and environmental remediation. The soundness of
the consortia concept for biotechnology applications is sup-
ported by observations in nature: naturally occurring ecosys-
tems optimized by eons of evolution are almost ubiquitously
organized as interacting mixed communities. Of these, pho-
toautotrophic microbial consortia are of keen interest to
chemical and biological engineers as promising catalytic sys-
tems capable of utilizing renewable resources light and CO,.

The objective of this research is to dissect metabolically cou-
pled interactions within naturally occurring biofilms from
unique environments (i.e., high temperature and hypersa-
line) to discover ecological cooperation strategies to build
engineered microbial consortia. The focus will be on identify-
ing natural biological phenomena between photoautotrophic
and heterotrophic microorganisms that can be controlled
and harnessed. Our research differs from previously reported
microbial community studies because it will advance techni-
cal understanding in the context of fundamental and applied
science.

Phototrophic—heterotrophic communities were investigated
in three separate experiments. The first study used data pro-
vided (partially) by external university collaborators and
established that both photoautotrophic biofilm communities
were capable of producing biofuel “precursors.” We also
established the spatially resolved kinetics of photosynthesis

and respiration in these systems, which was published in the
Journal of Bioresource Technology. The second biofilm com-
munity study employed a novel flow-cell bioreactor designed
and built for this project to culture and maintain benthic,
hypersaline microbial mats. Advanced oxygen microsensor
methods were combined with the novel PNNL technology
laser ablation isotope ratio mass spectrometry (LA-IRMS) to
resolve spatially photosynthetic oxygen evolution, heterotro-
phic respiration, and carbon fixation. The LA-IRMS methodol-
ogy has already been published in Environmental
Microbiology Reports, and the results portion of this experi-
ment are expected to be published during FY 2016.

A high temperature “hot-spring” community was cultured in
an advanced turbidostat bioreactor and tested for its ability
to overcome light and oxygen stress as a community. Prelimi-
nary results suggest that the artificial phototroph-heterotroph
community preforms marginally better (in terms of measured
specific growth rate) than the axenic, thermophilic cyanobac-
teria controls. The results from this portion of the project
were presented at an international conference at the end of
FY 2015.

The physiology of marine cyanobacteria as potential drivers
of synthetic photoautotrophic-heterotrophic consortia was
investigated in greater detail by studying axenic growth and
photosynthetic performance, for which two studies were
completed. The first evaluated the growth and photosyn-
thetic performance of Synechococcus sp. strain PCC 7002
under mono- and dichromatic light regimes, which found dis-
tinctions in photoautotrophic functional capacity based on
the spectral quality of incident light. These findings were
published in Frontiers in Microbiology. A second similar study
employed an advanced feedback-controlled turbidostat pho-
tobioreactor to investigate/compare the growth and photo-
synthetic performance of Synechococcus sp. strain PCC 7002 to
its transcriptional response during variable incident light
intensities and oxygen tensions; a manuscript is under review
as of the end of FY 2015. During FY 2016, this platform will
be expanded to include heterotrophic pairing and targeted
metabolic engineering for control of interactions.

Additional studies that have been published as a result of
this project include an article in the international journal
Life, an article at the end of FY 2015 in Scientific Reports,
and a chapter in the forthcoming book Biotechnology for
Biofuel Production and Optimization.
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Global Forensic Chemical Exposure
Assessment for the Environmental Exposome

Justin G. Teeguarden

Our goal is to perfect and apply technology
that allows the measuring of thousands of
chemicals that are important to public and
environmental health in blood and other
fluids used for biomonitoring. The technol-
ogy will revolutionize the way chemical
effects are studied, how safer energy tech-
nologies are developed, and how we predict
and respond to global climate change.

Human and ecological health is widely recognized as the
product of the genome and its environmental analogue, the
exposome, the comprehensive history of exposures to natural
and manmade agents within individuals and populations.
One ambition of DOE’s Human Genome Project was to use
genomic information to predict the health of humans and
the environment. However, without corresponding knowl-
edge regarding
human chemical
exposure and its 800
interaction with
the genome, infor-
mation from the
Human Genome
Project was not
sufficient for mak-
ing these predic-
tions.
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Specifically, our analytical approach used ion mobility spec-
trometry-mass spectrometry (IMS-MS). Developing a reference
library of chemicals and their unique chemical signatures
measured by IMS-MS, a central project goal, continued in
FY 2015. These chemical signatures included the IMS drift
times and accurate masses, which become the basis for the
high throughput, accurate quantification of the chemicals.
To date, we developed a reference library and signatures for
nearly 500 chemicals (lipids and chemicals). To increase prog-
ress, we created a novel computational algorithm that auto-
mates library development. The software combines new
approaches for identification of IMS-MS peaks, with novel
concepts from field of computer visualization to provide
rapid, highly accurate assembly of data and calculation of
entries for the library. A manuscript describing this method
has been drafted and will be submitted in FY 2016. We also
continued to build on earlier findings that the IMS-MS plat-
form provided extraordinary resolution and detected chemi-
cals down to the parts per trillion range in solvents, ideal for
analyzing tissue
and fluids for
environmental
chemicals. We
found that the
IMS-MS technol-
ogy can separate
all of a subset of
chemicals we
tested from thou-
sands of endoge-
- nous chemicals in
blood (e.g., lipids,
metabolites), pav-
ing the way for
simultaneous
analysis of endog-
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measurements that were previously not possible; i.e., chemicals.

quantifying hundreds to thousands of structurally diverse
chemicals simultaneously within single samples of blood or
other fluids used for biomonitoring of exposure. This project
was initiated to perfect the application of PNNL’s advanced
instruments in making these measurements.
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With a goal of applying the IMS-MS technology to the analysis
of human biomonitoring samples, novel approaches for the
rapid analysis of blood and urine samples were the major
focus of the FY 2015 effort. Our initial finding was that the
large number of compounds in blood and urine reduced the



sensitivity of the approach. In collaboration with a major
instrument developer, we pioneered integration of a new,
ultra-fast separation system RapidFire with the IMS-MS instru-
ment. After optimization of the method separately for blood
and urine, we discovered that a systems combination dramat-
ically improved detection limits of test compounds in blood
and urine as well as increased the number of identifiable
metabolites and xenometabolites. The RapidFire-IMS-MS sys-
tem achieves detection limits in the part- to sub-part-per tril-
lion level, while maintaining a sub-minute run time. An
article about this work will be published in early FY 2016.

Significant progress was also made in developing advanced
computational approaches for the prediction of the unique
signature for chemicals without the need for experiments.
Our approach was able to predict the unique chemical cross-
sectional area of test chemicals with errors small enough to
support identification of unknown structures when used in

combination with additional meta data and a chemoinfor-
matics platform. Advancing approach through development
of a supporting chemoinformatics platform is a major focus
of our efforts in FY 2016. In FY 2015, we also maintained
partnerships with the U.S. FDA and the U.S. EPA which pro-
vided materials for advancing the methodology and opportu-
nities for collaboration.

Three major goals will be the focus of FY 2016 research
efforts. Publication of results in high impact journals is
the highest priority effort for the first quarter, followed by
submission of an NIEHS grant. The second major objective
is to complete and publish the computational informatics
approach for in silico prediction of collision cross section
and the supporting algorithm for untargeted analysis of
human samples. Finally, applying the system to analysis
of human samples will complete this project.
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Imaging and Monitoring the Initial Stages

of Biofilm Formation

Raymond S. Addleman

The analytical capabilities developed in this
project will enable unprecedented visualiza-
tion, characterization, and understanding of
the initial molecular and cellular processes
involved in biofilm formation.

Systematic studies of initial stages of biofilm formation — the
conditioning film and primary colonizers — are lacking in lit-
erature largely due to the complex nature of the problem
and the absence of available tools for studying the process.
We are leveraging advanced chemical imaging techniques
developed at PNNL to improve the understanding of initial
biofilm formation and subsequent surface biofouling. This
interdisciplinary effort will provide better tools and a mecha-
nistic understanding of the initial biofilm formation process
on existing and novel material surfaces. Having new tools to
study the processes that lead to biofilm formation will sup-
port the development of new, innovative, non-toxic means to
combat fouling relevant to DOE missions in hydropower, effi-
cient desalination, reduced environmental contamination,
improved fuel efficiency for ship transport, bioremediation,
and improved separations and catalysis as well as biomedical
and other applications.

Key issues in our research include determining which new
analytical methods are best suited to visualize and character-
ize the initial stages of biofilm formation. A critical challenge
for the study of biofilms has been the lack of methods and
instrumentation that can perform detailed measurements
and monitoring of wetted surfaces. Another key challenge
the development of methods that can measure young bio-
films nondestructively enabling them be measured in situ
and their development monitored over time. Finally, because
biofoulings is an irregular process over surfaces, measure-
ment methods preferably have the widest field of view
possible while maintaining the best vertical resolution
achievable (u to nm).

We commenced this project by evaluating then-recent tech-
niques and developing new analytical methods. The imaging
and analytical techniques explored during this project has
provided new tools for fundamental science studies as well as
new methods for quantitative and qualitative biofilm assays
for a variety of applications. These specific techniques in
development include the following:

» MALDI-TOF has shown to be effective for biochemical
characterization during biofilm formation

* Ultrasonic imaging have shown in situ monitoring of
the growth of harder biofilms at the micron scale
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The study of antifouling surfaces has resulted in the
creation of a novel paintable superhydrophobic, ultralow
surface energy, and self-healing surface that is nontoxic and
has outstanding resistance to biofilm formation. Shown is
the Chemical Imaging initiative acronym at PNNL painted

in this water repellent coating, that clearly remains dry
despite being surrounded by water.

* Sophisticated digital image analysis techniques has
been shown to provide rapid accurate quantification of
biofouling and are amendable to field measurements

* Low power UV light, similar to that found in LED flash
lights, has shown the ability to perform in situ monitor-
ing of biofilm growth.

* Optical interferometry has be shown to provide very
sensitive nondestructive in situ monitoring of the
growth of biofilms with a wide field of view (mm) and
excellent vertical resolution (nm)

» We developed a new quantitative method for measur-
ing total biofilm content on a surface and correlated it
to standard methods as well as some of the selected
newly developed techniques.

The above resulted in the creation of a novel paintable,
superhydrophobic, ultralow surface energy, self-healing non-
toxic surface that has outstanding resistance to

biofilm formation as shown in the figure.

For FY 2015, we continued to explore the new methods to
measure biofilms as they form and demonstrate them in new
ways. This project focused on two high impact areas: marine
biofouling and biomedical-related biofilm formation. The ini-
tial stages biofouling processes as a function of time and sur-
face composition were quantitatively studied for the first
time with these new methods. As of the end of FY 2015, we
have three manuscripts under review and three others to be
submitted during FY 2016. This project has also resulted in
one patent application and two provisional patents as place-
holders. Moving forward, we are exploring the process of hav-
ing some of the next methods certified as new American
Society for Testing and Materials international standards.



Impact of Environmental Stressors
on Complex Biological Systems

Karin D. Rodland

This project integrates data from multiple
imaging and mass spectrometry (MS)-based
technologies to predict complex biological
system response to external stressors. In
addition to furthering PNNL'’s capabilities

in systems biology, we will explore applica-
tions relevant to human health.

The concepts of stability and resilience are key to

promoting ecosystem sustainability in the face of significant
climate change. The same fundamental principles are rele-
vant to the maintenance of homeostasis (health) in complex
organisms subjected to environmental perturbations. Our
objective is to specifically target the flow of information from
the genome to the functional level defined by proteins and
metabolites, with emphases on the dynamic response to
environmental perturbations and the communication mech-
anisms that allow complex systems — whether communities
of microbes or organized tissues in multi-cellular organisms —
to adapt to and mitigate perturbation. We will achieve these
goals by applying systems biology approaches to quantitative
data generated with unique PNNL instrumentation in MS,
nuclear magnetic resonance, and imaging to understand the
effects of environmental stressors on multi-cellular systems.
We will select novel model systems that represent unique
challenges in understanding the effects of environmental
stressors on the health and resilience of complex biological
systems.

Signature discovery in the fecal microbiome. Recent obe-
sity and lipid metabolism studies show that bile acids have a
significant role in the reduction of weight gain by a hormonal
mechanism that is independent from caloric intake. It
appears to include direct effects of bile acids on the gut
microbiome, the relationship between which is dynamic.
While conjugated bile acids inhibit the survival of certain
microorganisms, other microorganisms are able to use them
as a carbon, nitrogen, or sulfur source. Data from this project
demonstrated that gastric bypass surgery changes the gut
microbial ecology to reestablish a flora more similar to nor-
mal weight. The success of surgery also correlates well with
the microbiota composition. This portion of the study helped
to define the effects of surgery-related physiological changes
on the host-microbiota and enhanced the current under-
standing of the role of microbiota on surgical weight loss
and host energy balance.

Identification of systemic components associated with
preconditioning induced protection against ischemic tis-
sue injury. Collaborating with Oregon Health & Science Uni-
versity (OHSU), we established the OHSU-PNNL Co-Laboratory
for Integrated 'Omics to tackle problems related to the func-
tional proteomics in complex model systems. One such
model system is the use of toll-like receptor (TLR) agonists to
induce tolerance to ischemic injury in mouse models of
brain, kidney, heart, liver, and lung ischemia. The Stenzel-
Poore group at OHSU has shown that the combined induction
of circulating factors and a local tissue response are required
to mediate the protective effects of TLR agonists; however,
the identity of these factors is currently unknown. We are cur-
rently providing a comprehensive global proteomics analysis
of samples provided by the group to identify the TLR-medi-
ated responses in the systemic circulation and in the brain
that may orchestrate ischemic protection with the goal of
new therapies for ischemic injury.

Quantification of brain sub-region neurotoxic dosimetry
and response in juvenile rats. As climate change affects agri-
cultural production, the use of pesticides is likely to increase,
thus increasing the exposure of agricultural workers and their
families to these toxic chemicals. Very little is known about
the developmental aspects of organophosphate toxicity; thus,
it is difficult to estimate the risk for the children of agricul-
ture workers. This portion of the project used the unique
nanospray desorption ionization imaging MS technique
developed at PNNL to study to the localization and concen-
tration of important neurotransmitters in the brains of juve-
nile rats that had been exposed to chlorpyrifos, a neurotoxic
organophosphate. Spatial mapping of important neurotrans-
mitters to specific brain regions was observed with high spa-
tial resolution and sub-femtomole sensitivity.

Pilot study of regulatory feedback loops in cultured cells.
Signal transduction networks convey information in cells by
adding and subtracting phosphate groups from specific pro-
teins. The highly sensitive, highly quantitative targeted MS
techniques at PNNL were used to study the stoichiometry of
phosphorylation to identify novel regulatory circuits that
regulate cell growth in both prokaryotes and eukaryotes.

Plans for FY 2016 include using the gut microbiome as a
model system for studying fundamental ecological processes
that are responsible for restoring health microbial communi-
ties in the human gut after perturbation by diet, disease, or
toxic exposures.
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Increasing Annual Biomass Productivity
Through Development of Cold Tolerance

in Algae

Michael H. Huesemann

We aim to understand the basic stress
response mechanisms and methods to miti-
gate abiotic stress in photosynthetic organ-
isms to increase photochemical efficiency,
winter resilience, and biomass growth in
bioenergy feedstock crops in temperate
regions of the continental United States.

Algae have the potential to provide carbon-neutral biomass
for the sustainable generation of fuels and industrial prod-
ucts. Cold stress severely inhibits growth in algae, similar to
many highly productive tropical biofuel crops such as sor-
ghum and sugarcane. Mitigating the damage to the photo-
synthetic apparatus from cold exposure can improve
resilience of photosynthetic organisms and enhance cold
season biomass productivity. Specifically, cold stress in
photosynthetic crops is especially relevant in the continental
United States due to the high latitudes and seasonally

cold climates.

Our research project explored methods of improving cold
tolerance in photosynthetic algae specifically through appli-
cations of the plant stress hormone2-hydroxybenzoic acid
(salicylic acid [SA]), which has surprising effects on the sys-
temic enhancement of cold tolerance in several distinct
genera of crop plants like tomatoes, cucumbers, and rice.
Although it is well known that winter conditions severely
reduce biomass productivity in algae, the current literature
on enhancing cold tolerance in algae is negligible as is the
current literature on the effects of SA on algae.

SA was hypothesized to have analogous actions in green algae
(Chlorophyta) as in higher plants. The protective mechanisms
of SA are not fully understood, but there is a general consen-
sus that it behaves as a global signal for defense gene expres-
sion. This defense mechanism gives terrestrial plants what is
known as systemic acquired resistance against pests and
pathogens. As a part of this response mechanism, plant cells
upregulate stress response networks that, among other
actions, provide added capability to dissipate reactive oxygen
species (ROS) generated by excess light energy. This ability to
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Effect of SA on photosynthetic oxygen production under
cold stress in Scenedesmus obliquus DOE0152.Z. Relative
to the control, photosynthetic oxygen production under
cold stress declined much slower in the presence of SA,
indicating a protective effect of this stress hormone.

quench damaging reactive molecules is the mechanistic
hypothesis of cold tolerance enhancement in crops plants
and, in this study, algae.

Our objective was to test SA as an exogenously applied stimu-
lant to enhance cold tolerance in algae. We initiated an
assessment of cold tolerance in microalgae currently being
evaluated as potential commercial biomass crops. We deter-
mined the optimum concentration of SA for the alga
Scenedesmus obliquus DOE 0152.Z by measuring the rates of
photosynthetically derived oxygen production under cold
stress over a concentration gradient of SA (0.01 to 10mM). We
demonstrated the significant protective effects of 0.1mM SA
on S. obliquus DOE 0152.Z in maintaining the activity of oxy-
genic photosynthesis under conditions of cold stress over sev-
eral days. Interestingly, the observed protective effects of SA
were only temporary under cold stress conditions. To explore
in greater detail the potential of SA on increasing growth
rates during cold-season algae production, the optimum con-
centration of SA (0.1 mM) was used in a laboratory-based,
cold-weather climate simulation of pond water temperatures
in Tucson, AZ measured during early spring. No statistical dif-
ference in the growth rate was found between the control
and 0.1 mM SA treatment. SA had definitive protective effects
under cold stress conditions but failed to improve the bio-
mass productivity of treated cultures. Although there may be
protective effects of SA on oxygenic productivity, observations



indicated that under the tested conditions, there was no sig-
nificant enhancement of the growth rate or long term cold
tolerance of the alga.

To explore cold tolerance further, we developed a novel rapid
cold tolerance test (RCTT), which enables high throughput
screening of bioactive compounds on the growth and resil-
ience of algae cells under cold stress environments. We
increased our processing capability by leveraging microplate-
based assays to screen for compounds that enhance biomass
productivity under cold conditions in photosynthetic algae.
Using the RCTT, a plant extract of proprietary composition
was discovered that has cold tolerance enhancing effects
greater than those observed in SA. Further tests will elucidate
if this compound will increase the biomass productivity
under a cold weather climate simulation. Qur screening
methodology is applicable to exploring the roles of other
plant hormones and biostimulants under a myriad of abiotic
or biotic environmental stressors such as heat, salinity, light,
parasites, and predators. The ability to screen algae for envi-
ronmental stress resilience provides a foundation for future
efforts in optimizing not only microalgal biofuels but also
photochemical and carbon fixation potentials of other photo-
synthetic processes.
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Quantifying cold tolerance in the RCTT: Percent change
in biomass concentration (optical density at 750 nm) of
S. obliquus as a function of cold exposure time (5°C and
light intensity of 500 pmol photons/m?/sec) in the presence
of SA and a proprietary plant extract relative to an
unamended control. Six hours of cold exposure reduced
the biomass concentration in the control, while the SA
and plant extract amended cultures continue to grow
slowly. Even after 24 h of cold exposure, biomass
concentration in the plant extract amended culture
declined only 5%, compared to 24% in the control.
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Microbial Community Dynamics and Plant
Phenomics with Single-Cell Gene Expression
and Imaging Mass Spectrometry

Galya Orr

We are developing a novel approach to
quantify the expression of multiple genes or
proteins in individual bacterial cells using
mass spectrometry approaches.

The inherent heterogeneity of microbial communities limits
the questions that can be resolved by averaged cell popula-
tion measurements, which lump the behavior of an entire
population of cells or organisms into a single average value.
It is possible that the processes deduced from the average are
not actually employed by individuals within the population.
To this end, mass cytometry has been used to analyze single
cells labeled by antibodies tagged with rare earth elements,
mostly to detect the expression of specific cell-surface recep-
tors in mammalian cells. However, no study has yet applied
mass cytometry to quantify multiple mRNA species in single
cells using an in situ hybridization approach in high through-
put. Generation of in situ hybridization probes and their
application in microbial cells and communities has been well
established using fluorescence methods and widely used as a
mainstream approach by us and many other groups.

The goal of this project is to establish new approaches using
existing EMSL instruments to enable the investigation of indi-
vidual cells within complex cell populations. Two specific
aims will be pursued: first, we will establish a novel approach
using the CyTOF to quantify the expression of multiple genes
in individual cells from complex microbial communities in
high throughput. This method will be used to understand the
metabolic and regulatory principles underlying the function
of the community as a whole. Under the second aim, we will
establish a novel approach using the NanoSIMS to image
plant tissues and their colonizing microbial communities

Effect of SA on photosynthetic oxygen production under cold
stress in Scenedesmus obliquus DOE0152.Z. Relative to the
control, photosynthetic oxygen production under cold stress
declined much slower in the presence of SA, indicating a
protective effect of this stress hormone.
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in situ. This approach will be used to understand mass and
energy fluxes and identify the critical players at the cellular
and molecular levels with sub-micrometer spatial resolution.
The novel approaches will also be applied to decipher inter-
actions underlying the function of complex microbial com-
munities in C cycling, biomass degradation, plant resistance,
and the release of volatile organic compounds.

Based on our solid experience in the design and application
of fluorescence in situ hybridization (FISH) probes, we
designed multiple probes and established the approach for
tagging them with different rare earth elements, relying on
multiple sub-probes (~20 bases each) spaced along the mRNA
molecule by 3-5 bases. Each sub-probe is tagged with 20
atoms carried by the commercially available metal-chelating
polymers. We established the protocol for reacting the
maleimide groups on these polymers with SH groups that we
added to each sub-probe. This approach ensures that each
probe is tagged with sufficient number of atoms for mRNA
detection and quantification using both the CyTOF and the
NanoSIMS.

Using the CyTOF, we optimized the above tagging approach
and demonstrated the detection and quantification of the
probes in bacterial cells with no detectable background. In
the coming year, we will establish the application of the
technique to detect and quantify the expression of multiple
mRNA species in a single bacterial cell. Using the NanoSIMS,
we optimized immunostaining protocols in mouse alveolar
epithelial cells grown in culture. Using an antibody specific
for actin, followed by a secondary antibody tagged with CdSe
quantum dots, we were able to acquire chemical images with
a resolution and accuracy comparable with fluorescence
images of the same cell taken by super solution fluorescence
structured illumination microscopy. We started developing
the protocols for applying this approach in bacterial cells.

It is anticipated that the new capability from this project will
be applied to decipher interactions underlying the function
of complex microbial communities in C cycling, in biomass
degradation, plant resistance, and the release of volatile
organic compounds. Initially, the new approach will be
applied to achieve a mechanistic understanding of the car-
bon cycle in the terrestrial ecosystems with a focus on pro-
cesses that take place in the rhizosphere, where interactions
within and between complex microbial communities and
roots directly impact C cycling.



Microbiome Models Across Scales - From
Metabolism to Succession: A Framework
for Modeling, Simulation and Theory
Development for Microbial Ecology

William R. Cannon

We are developing new computational and
theoretical methods that are more predic-
tive than the current state of the science

to allow the understanding of adaptation,
acclimatization, and collapse of microbial
communities in a changing environment.

Predictive modeling relies on solving differential equations in
which the necessary equation parameters are either based on
first principles or empirical data. This process has hampered
predictive modeling of biological systems in that the relevant
scales (such as those in metabolism) are too large and com-

microbe capacity is abstracted to a simple representation,
these models are described as functional guilds rather than
specific microbes. One functional guild type may represent
more than one microbe or operational taxonomic unit (OTU).

In a traditional functional guild approach, the model consists
of two high-level processes: energy supplying and growth
modeling. In the energy supplying process, a nutrient with a
high redox potential (usually a carbon compound) is oxidized
to a compound with a much lower redox potential. This reac-
tion provides the energy needed for an organism to grow.
The organism grows by capturing a fraction of this energy
and channels it into the growth process. As mentioned above,
each “organism” or guild has a growth equation which also

plex to be modeled by first principles,
and the necessary rate constants are
simply not available. This project is
modeling the dynamics of microbes in
complex environments, soils, and the
gut to understand how a changing
environment affects the microbes
residing in it and how these microbes
feed back to and shape the environ-
ment. We are developing the methods
and software designed to simulate
large-scale microbial communities,
integrate metabolomics and pro-
teomics data, and subsequently under-
stand microbial ecology on a
fundamental level.

To commence the project, we evalu-
ated the sufficiency of using functional
guild models of microbes to represent
metabolic capacity of the microbe
metabolism and subsequently devel-
oped a more flexible method. The tra-
ditional approach to modeling
function guilds of microbes attempts
to model a functional capacity of the
metabolism of a microbe. Because
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A) Functional guilds are usually modeled as
an anabolic or growth reaction competing

with a catabolic or energy supplying reactions.

B) This results in a fixed yield: the amount or
likelihood of biomass produced per carbon-
based nutrient consumed. C) Our hybrid
model incorporates respiration reactions that
allows for the yield to vary according to the
environmental conditions.

uses the carbon source for growth.
The relationship between the
energy supplying and growth pro-
cesses is fixed by an experimen-
tally measured constraint: the
carbon yield, which is essentially
the fraction of the nutrient used
for growth relative to the amount
of nutrient used for growth and
energy supply. While this is conve-
nient for many purposes, microbes
in a changing environment have
variable yields that reflect the con-
ditions of their environment.

We developed a hybrid approach
to functional guild modeling that
does not require a fixed yield to
relate the energy supplying pro-
cess to the growth process. We do
this by requiring the energy sup-
plying process to pass the chemical
energy on to an intermediate
energy carrier that can be used
either directly or indirectly by the
growth process.
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The addition of these energy carriers matches how metabo-
lisms of organisms actually work: they store energy in high
potential intermediates such as NADH, ATP, GTP, flavonoids,
quinones, and other chemicals. These high potential interme-
diates are then used to drive the growth processes of cells. In
fact, the ability to expand these models as needed — from
simple models of functional guilds to full genome-scale mod-
els of metabolism to address specific scientific questions —
was one of three goals for these models. Our other
requirements for these models is that the representative
equations be based on physics (thus providing predictive
dynamics) and that the code be amenable to high perfor-
mance computing so that the microbes could be modeled in
complex environments. This work is still in its early stages,
but we have built the first generation of models for fermenta-
tive organisms, methanogens, and acetogens.

Simultaneously, we have been developing the model
of the environment of the microbes. The environ-
mental model combined with the functional guild
models will comprise the model of the microbiome.
Our first environmental model is that of the human
gut, in which we will model the effects of radiation.
While we intend on also modeling soil microbiomes,
the gut environment is a much more structured,
improved characterized environment making it a
better target for our initial efforts.

Our gut model was developed in collaboration with
a gastrointestinal surgeon and biophysicists at the
University of Chicago and is based on an earlier 2D
model SEGMENnT. We developed the initial work into
a full 3D model in the Biocellion software frame-

work, including physical structures (villi and crypts) and a
number of different cell types modeled as individual agents
such as enterocytes, intestinal stem cells, undifferentiated
transit amplifying cells, and differentiated enterocytes. The
cell types undergo differentiation based on cell signaling
pathways that are included in the model and thus allowing
for morphogenesis and apoptosis. As the cells grow, they
push and shove each other by physical contact.

In the next year, we will be working to create the functional
guild models of a microbial community with the gut environ-
mental model that includes mucin. Mucin is the network of
complex carbohydrates in the gut (excreted by goblet cells in
the epithelium) on which microbes reside. Our long-term
goal is to model radiation effects on the gut microbiome and
how radiation impacts the host.

Model of the gut epithelium that serves as an environment for
microbial communities. It is based on initial work at the University
of Chicago but has been ported to Biocellion for high performance
computing needs.
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Microbiome Responses to Hydrologic
Regime Shifts and Subsequent Alteration

to Ecosystem Function

Vanessa L. Bailey

We are determining how hydrologic change
impacts the coupling of soil biogeochemical
cycles and whether there are broad rules
that transfer between ecosystems. Under-
standing these processes under changing
hydrologic regimes is critical to improving
process-rich models of climate change
effects on the land-climate system.

Soil microbiomes strongly influence the functioning of terres-
trial ecosystems from the pore-scale to the global-scale by
transforming materials in the environment. For example,
research shows that the availability of water strongly influ-
ences the rate and nature of microbiome-driven material
transformations. Soil water content is a dynamic variable
influenced by shifting hydrologic
regimes due to natural variation (e.g.,
seasonal and weather-driven precipita-
tion) and human influences (e.g., land
use and climate change). Determining
how soil water content dynamics and
its changes impact soil microbiome
composition and function is funda-
mental to DOE missions related to
global carbon and water cycles.

This project seeks to discern the sensi-
tivity of soil microbiome molecular
processes to altered hydrologic
regimes. Filling this knowledge gap is
critical, as it currently limits our ability
to predict changes robustly in ecosys-
tem function as a consequence of
altered hydrologic regimes. We aim to
fill the knowledge gap through hypoth-
esis-driven experiments coupled to
multi-'omic characterization and stable
isotope probing of key metabolic pathways. Changes in the
mean and temporal variability of soil moisture will alter the
balance among aerobic and anaerobic metabolic pathways,
but underlying dynamics of soil microbiome functional
potential are currently unknown. We hypothesize that rapid
fluctuations in soil moisture will depress aerobic respiration
and iron reduction by decoupling microbiome "omic profiles
and elevate rates of sulfate reduction — and therefore depress
methanogenesis — by promoting in situ sulfur recycling.

Tidally influenced wetland near (A)

the mouth of the Columbia River and
(B) the Caribou-Poker Creeks Research
Watershed LTER.

Aquatic-to-terrestrial transition zones are biogeochemical hot
spots that provide key ecosystem services ranging from car-
bon storage to contaminant mitigation to sediment stabiliza-
tion, while also releasing CO,, CH,, and N,O to the
atmosphere. These environments have significant effects on
larger-scale functioning, but their ecosystem services are
threatened by factors driven by shifts in hydrologic dynamics.
The microbiome response to altered wetting-drying dynamics
will strongly influence the functioning of aquatic-terrestrial
transition zones. Changing precipitation patterns and a
warmer climate are altering the magnitude and dynamics of
hydrologic flow, both of which significantly impact biogeo-
chemical functioning in these zones at local, regional, and
global scales.

Our research focuses on two different ecosystems, each sub-
ject to significant hydrologic stressors. The first is a tidally
influenced wetland near the mouth of the Columbia River in
Washington State. Climate change is altering the hydrologic

- regime in this and similar watersheds
such that historically snowmelt-driven
moisture inputs are being replaced by
rain events, and the timing of snowmelt
and precipitation is changing. The conse-
quences of these shifts yield changes in
the soil stability and timing/magnitude
of water runoff and material fluxes in the
Columbia River Basin. The second site is
a permafrost zone within the Caribou-
Poker Creeks Research Watershed, a long-
term ecological research site near
Fairbanks, Alaska. Permafrost in boreal
forest is at risk of thaw due to the
increased frequency of fires and climate
change that can rapidly shift the ecosys-
tem from permafrost-dominated to -free.

Both locations were sampled in 2015,
and wetland soils and permafrost cores
will be subjected to altered hydrologic
regimes in highly controlled laboratory
experiments that control the soil water content, fluctuations
in water content, and the local redox state. These conditions
will force shifts in the microbial access to different terminal
electron acceptors that will be reflected in hiogeochemical
measurements. These observed changes will be evaluated
with the genomic information regarding the potential of the
soil microbiome to mediate processes, the expression of
these processes in the proteome, and the outcome of these
processes in the metabolome.
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Microbiome-Exposome Interactions

Brian D. Thrall

This project is addressing key gaps in our
understanding of how the composition
and function of mammalian microbial
communities (microbiomes) are impacted
by exposures to environmental agents
and how these impacts host susceptibility
to the agents.

The broad diversity of microbes residing in the body greatly
extends the synthetic and metabolic capacities of the human
genome through the production of essential amino acids,
vitamins, metabolism of dietary chemicals, and shaping pat-
terns of host immunity and tolerance. Emerging studies also
show that the diverse metabolic functions encoded by tril-
lions of microbes within the intestinal tract can mediate the
chemical transformation of xenobiotics, such as pharmaceu-
ticals and environmental contaminants associated with
energy production. Still, the impact that environmental expo-
sures have on the microbiome, and in turn how perturbed
microbiomes influence host susceptibility to environmental
agents, is poorly understood, largely from the lack of under-
standing of the enzymatic activities and metabolic pathways
involved, and the microbes that express these. To advance
our understanding of the metabolic functions of microbi-
omes, innovations in analytical approaches are needed that
permit the identification of

the specific proteins associated A
with a given biochemical

activity.

Through the introduction of
activity-based probes (ABPs)
and proteomics profiling cou-
pled with new computational
approaches for prediction of
microbiome functions, a cen-
tral goal of this work is to
advance microbiome research
beyond current metagenomics
strategies to achieve a mecha-
nistic understanding the spe-
cific protein and metabolic
activities that comprise a given

microbiome phenotype. This
monooxygenase ABP.
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goal is being achieved through three interrelated aims: deter-
mining the impact of environmental exposures (radiation,
chemicals) on the composition and diversity of gut microbi-
omes using mouse intestinal microbiomes as a model; devel-
oping and applying ABP profiling (ABPP) methods to enable
identification of proteins that have metabolic activity toward
foreign chemicals (xenobiotics) and the microbes that express
these activities; and applying emerging metabolomics tech-
nologies to test predicted consequences of perturbing micro-
biome compositions from environmental exposures on their
metabolic capacity.

Within the 6 months of project commencement, significant
progress has been made in optimizing sample preparation
for the analysis of microbial communities, analyzing gut
microbiome samples from mice exposed to different forms
of ionizing radiation, and developing, synthesizing, and test-
ing novel ABPs that report on targeted metabolic activities,
including monooxygenases and glycoside hydrolases.

Impact of exposures on microbiome composition. Through
collaborations with the University of Florida and Eastern Vir-
ginia Medical Schools, experiments were initiated to investi-
gate impacts of different forms of external ionizing radiation
on gut microbiomes in rodent models. Intestinal microbiome
samples from mice exposed to therapeutic doses of gamma
irradiation (0, 3, 9 Gy) were received, and the 16S sequence
analysis is in progress to evaluate shifts in microbiome com-
position. In addition, samples

" Probe -

B were prepared from animals that
were provided a metabolic inter-
vention treatment consistent of
amino acids and trace nutrients

456

ABP of targeted microbiome metabolic activities:

A) Protein gel showing different patterns of binding
of ABPs following labeling reaction with microbiome
of mouse large intestine; B) Example flow cytometry
analysis of mouse large intestine microbiome

after labeling with either no probe (control) or

(Enterade™), which were previ-
ously shown to minimize toxicity
to the intestinal epithelial tissue.
Metagenome sequence analysis
is currently in progress to evalu-
ate the relationship between
radiation-induced changes in the
host environment and shifts in
composition/diversity of the
microbiome. In parallel, metabo-
lomics analyses are in progress
to determine changes in gut
metabolites (including lipids
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involved in inflammatory pathways) to determine the effects
of exposure and intervention treatment. As these analyses
progress, we will integrate these approaches with measure-
ments of metabolic pathway activities using ABPs described
below to determine how perturbations of the microbiome
composition by radiation influence its metabolic functions.

Activity-based proteomic

profiling of microbiome metabolic activities. To enable
identification of specific metabolic activities, proteins and
microbial community members that express these, we are
developing ABPs that target enzyme active-site chemistries
for common xenobiotic metabolism activities. Our initial
focus has been on the development, optimization, and test-
ing of ABPs that target monooxygenases and glycoside trans-
ferases/hydrolases that represent major pathways of phase |
and phase Il metabolism of environmental chemicals (includ-
ing drugs) known to be performed in host liver tissues by
P450 and glucuronyl transferase enzyme superfamilies,
respectively.

Design and synthesis of first generation ABPs has been com-
pleted, and we successfully demonstrated the ability of the
ABPs to label (bind) proteins selectively within the large and
small intestines of untreated mice, providing a first-time
demonstration of in vivo labeling of specific microbiome
enzymatic activities. Through the use of click-chemistry, we
demonstrated that fluorophores can be conjugated to the

probes after binding to target in vivo and used to sort
microbes based on their targeted metabolic activity by flow
cytometry. Initial 16-sequence analyses from ABP-sorted sam-
ples have also confirmed ABP binding to microbial compo-
nents of the intestine. Thus, our early results provide
proof-of-principle evidence for a new technological strategy
that will enable rapid identification and isolation of specific
microbial components (proteins, organisms) based on tar-
geted metabolic activities. Ongoing studies include optimiza-
tion of sample preparation methods and ABP reaction
conditions to optimize throughput, selectivity and sensitivity
of the approach. In addition, we PNNL computational biolo-
gists are developing a custom proteomic database that will be
used in conjunction with the ABPs for proteomic identifica-
tion of metabolically active microbiome proteins.

Future studies will use this new technological strategy to
understand how specific metabolic functions of microbiomes
are altered following environmental exposures and deter-
mine how these functional shifts relate to changes in micro-
biome composition. Because of the broad utility and
adaptability of the activity based strategy, successful develop-
ment of these tools and approaches will not only aid in
understanding of the metabolic functions of mammalian
microbiomes but also facilitate their broader application to
more complex microbiomes in the environment.
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Multi-Scale Processes Controlling Spatial
Variation in Greenhouse Gas Emissions in a

Subarctic Watershed

James C. Stegen

This project combines field measurements
with simulation modeling to deepen our
understanding of and reduce uncertainty
in predicted greenhouse gas emissions
across permafrost to non-permafrost
transition zones.

Microbial communities play a central role in the functioning
of natural ecosystems by heavily influencing biogeochemical
cycles. A major scientific challenge is to use knowledge of
those influences to improve the ability of Earth System Mod-
els to predict future climate change robustly by incorporating
feedbacks between environmental change and biogeochemi-
cal rates. Understanding how shifts in the environment are
tied to shifts in biogeochemical rates via changes in microbial
communities is particularly relevant in high latitude terres-
trial systems underlain by permafrost due to vast carbon
stocks currently stored within thawing permafrost.

The primary objective of this study is to gain new knowledge
of the factors that govern observed patterns in greenhouse
gas emissions rates associated with permafrost to non-perma-
frost transition zones. We additionally aim to use that knowl-
edge to improve the representation of soil microbiology in the
Community Land Model (CLM). To pursue these objectives,
field studies are being used to generate data needed to first
test CLM predictions and in turn provide hypotheses for how
the model may be improved through inclusion of additional
biotic (e.g., microbial community composition) and abiotic
(e.g., organic carbon composition) features. The field site near
Fairbanks, AK is characterized by spatial transitions in the
presence/absence of permafrost and in active layer depth (the
depth of soil overlaying permafrost). Across these spatial tran-
sitions, greenhouse gas emission rates are being directly mea-
sured and biotic/abiotic features of the associated soil
environment are being characterized.

From an initial sampling trip to the AK field site in fall 2013,
(0, emissions were characterized across spatial gradients in
active layer depth. Results show a strong relationship between
active layer depth and CO, emission rates, but only across the
lowest elevation sites with the thinnest active layer depths.
This result points to a highly non-linear influence of active
layer depth on CO, emissions at the landscape scale. Field
sampling designs were implemented in the 2014 field season
to characterize more effectively this non-linear relationship
and understand how other environmental features contribute
to the non-linear behavior.
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Beyond the influence of active layer depth, soil cores were
taken across the spatial gradients in active layer depth. Soil
core material from 2013 was characterized in terms of numer-
ous biotic and abiotic characteristics, including microbial
community and organic carbon compositions. Soil cores from
2014 sampling are currently being processed using similar
characterization methods; a portion of characterization is
with EMSL. Coupling below-ground data and CO, flux from
2014 samples revealed that the relationship between active
layer depth and CO, flux is indirect. The best predictor of flux
rates—and presumably the variable that most directly indi-
cates the control point over CO, flux—was a proxy for the
degree to which soil C has been microbially processed. The
relationship was much stronger than for other explanatory
variables that were expected to have strong influences, such
as temperature, moisture, and root density.

In addition to above-summarized activities, the single-site ver-
sion of CLM has been set up, and initial simulations have been
run for different permafrost conditions at our field site.
Retrieving and formatting the necessary meteorological forc-
ing data was a significant achievement, and the model setup
can be used by other internal and external researchers.

The next modeling steps include a formal CLM spin-up with
resulting model outputs used to characterize predicted-
observed deviations between CO, emissions and soil C stocks.
Additional above- and below-ground data will be used to
interpret these deviations to identify processes and/or fea-
tures missing from CLM. Multiple instances of CLM will be run,
each corresponding to a specific spatial position within our
field spatial domain. This approach will take CLM—a global-
scale model often run on 10 km? grid cells—down to the scale
of point field measurements, thereby reaching across an
extreme disparity in scale. To support this integration, we
quantified spatiotemporal variation in CO, emissions (using
the 2015 field season to sample at a larger spatial scale rela-
tive to 2014) and net primary production.

Ongoing efforts associated with soil core processing will
include characterizing vertical profiles of numerous key vari-
ables such as soil moisture, pH, texture, C content/composi-
tion, and microbial biomass, composition, and potential
enzyme activities. These data will enable a multi-scale com-
parison between CLM predictions and empirical observations.
In total, results have been presented at national and interna-
tional meetings, formed the basis of an invited seminar, and
are being used to generate three manuscripts for submittal
during FY 2016.



Optofluidics and Microfluidics for Exploring
Biofuel Production at the Single Cell and

Molecule Levels

Andreas E. Vasdekis

This project investigates biofuel production
at the single cell level: by treating cells as a
single biochemical factory, biofuel produc-
tion efficiency and timing will be measured
precisely, hence unmasking better perform-
ing traits.

Our society’s prosperity and growth is inevitably linked to
reliable energy sources. From climate change, increasing
energy demand, and finite fossil fuel reserves, sustainable
prosperity and growth necessitate the use of renewable
energy sources such as solar, wind, or biofuel. These are of
key importance due to their compatibility with our current
transportation infrastructure. Despite substantial advance-
ment during the past decades, there remains a plethora of
unknowns surrounding alternative energy sources especially
within the context of efficiency and species selection or
design. In this project, we are addressing such challenges by
directly imaging biofuel synthesis at a controlled cell and
molecule density down to the single entity. At this level, the
cell acts as an isolated chemical factory while its synthetic
performance can be precisely characterized, unmasking invis-
ible spatiotemporal phenomena and imoroved performance.
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(a) A SlL-enabled microfluidic channel, where red denotes
a fluorescent dye solution in which the microchannel is
infilled and grey denotes impregnated channel walls with
oxygen-sensing dye; (b) sensor intensity response to oxygen
as a function of oxygen concentration (x-axis); (c) an
isolated diatom immobilized for >20 h while its intracellular
protein kinetics are fluorescently monitored; and (d) the
lipid fluctuations of single yeast cells immobilized in a
sub-microfluidic trap.

The project’s methodology is based on cell handling micro-
systems, chemical imaging of biosynthesis, and ’omic analy-
ses (i.e., transcripotmics and proteomics) of such
pre-analyzed microorganisms.

In FY 2015, we expanded on last year’s activities, reaching pri-
marily two milestones through work performed at both PNNL
and the University of Idaho: photophysical characterization
of 3D optical sensors in microbioreactors and investigation of
microbial growth and metabolism in microfluidics. The work
was collaborative, including academic partners at MIT (USA),
EPFL (Switzerland), and the University of Idaho. For optical
sensing, the focus was on oxygen, an element of significant
implications, as it is one of the most important electron
acceptors in bioprocessing. We implemented solvent immer-
sion imprint lithography, enabling direct impregnation of
planar polymer slabs with an oxygen-sensing chemical moi-
ety. This approach enabled two unique characteristics. The
first was simplicity, requiring simple benchtop processing
based on widely available organic solvents. The second
unique element was the ability to impregnate a 3D distribu-
tion of sensing moieties, including independent control of
sensor sensitivity and dynamic range. This work was prepared
and the manuscript submitted at the end of FY 2015, with a
U.S. patent application also filed.

For cell physiology and growth in microfluidics, previously
published single-cell isolation methods (from FYs 2012 to
2014) were implemented to demonstrate the applicability of
such assays in single-cell immobilization for prolonged peri-
ods to explore intracellular events and growth. Regarding the
former, we demonstrated diatom immobilization with PNNL
at Sequim, WA as well as single bacteria trapping. Such cell
types were successfully immobilized for over 12 h. Specific to
diatoms, the biosynthetic properties were monitored via fluo-
rescent imaging of intracellular protein kinetics. For cell
growth, a proof-of-concept investigation involved Shewanella
and showed that such demanding strains grow under micro-
fluidic isolation, indicating that physiological conditions are
characteristic of these assays.

Our focus in FY 2015 was on the oleaginous yeast Yarrowia
lipolytica (work performed in collaboration with MIT and the
University of Idaho). Specifically, the project expanded on the
aforementioned deliverables to image the synthesis of hio-
fuel precursors directly in the form of neutral lipids at the
single cell level. To this end, one journal article has been
published in Metabolic Engineering, another manuscript will
appear in the Journal of Polymer Science Part B: Polymer
Physics, and a third article is being submitted to a journal as
of the end of FY 2015.
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Rapid Viability Assays for Biothreat Event

Characterization

Janine R. Hutchison

This project uses PNNL's expertise in bacte-
rial detection and analysis to develop a
field-based method to assess bacterial via-
bility (is the sample alive or dead?) and the
associated threat (will this cause disease?)
of unknown environmental samples.

The identification of bacterial pathogens in environmental
and clinical samples is important for a variety of environmen-
tal, national security, and medical applications. The response
to a biological threat hinges largely on the knowledge of
whether an identified organism can grow and subsequently
cause disease (i.e., its viability status). As this information will
guide the proper response and remediation, the time to
detection and characterization is a critical parameter for pro-
tecting lives and containing exposure. While methods to
detect and identify biological agents have been effective, sig-
nificant challenges still exist in the follow-on determination
of the biological threat agent’s viability. For example, detect-
ing DNA in an unknown sample can reveal the identity of the
organism (such as Bacillus anthracis vs. Yersinia pestis), yet
this identification does not provide indication of the organ-
ism’s viability and therefore its potential to cause disease.

Rapid knowledge of the viability status of an unknown sam-
ple would greatly enhance downstream response and actions
during remediation and recovery. Current viability methods
rely on a laboratory-based cultivation step that takes hours
delaying decisions made during a threat scenario. In this proj-
ect, we will enable field-based detection for first responders
and scientists to assess threats during a biological threat. Spe-
cifically, our project is focused on evaluating bacterial viabil-
ity methods for B. anthracis and Y. pestis. The aims of this
effort include the development of rapid (<60 min) viability
assays for bacterial spores (B. anthracis) and bacterial cells (Y.
pestis), and the subsequent integration of these assays into
biological detection technologies with the end goal of rapidly
characterizing biological threat events to inform both
response and recovery.

To accomplish our goals, we are using three different
approaches that can be coupled. Our first approach is based
on the premise that DNA within non-viable cells can be spe-
cifically altered via chemical treatment. This technique allows
for the selective detection of viable bacteria via downstream
DNA-based analyses. As modified DNA in dead cells cannot be
amplified, any DNA detected post-treatment must have origi-
nated in a viable cell. The second approach maximizes the
differential permeability of live and dead cell membranes.
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We coupled fluorescent cell staining with microscopy (tradi-
tional and smartphone-based) to identify organisms via spe-
cific molecular markers and differentiate live vs. dead cells.
An unexpected outcome has been development of a 3D
printable smartphone microscope. The PNNL design is
unique in its low cost and disposable nature of the device.
The final approach builds on our past work in the areas of
rapid bacterial culturing. This experience enabled us to iden-
tify optimized growth and germination conditions to reduce
overall detection time four fold.

We also developed and optimized a rapid growth and optical
detection method for B. anthracis spores. A microfluidic incu-
bation device
was developed
for the germi-
nation and
imaging of
spores. Low
numbers of
spores (50 to
5,000) are
seeded into
the chip in ger-
mination
medium. The
spores are
allowed to
grow and form
filamentous
vegetative cells
that are then
detected using
PNNL smart-
phone micros-
copy, which is easily converted to a fluorescent microscope
for improving its utility for imaging bacteria that have been
stained with live-dead fluorescent dyes.

B. anthracis spores are germinated and
stained to reveal the metabolically active
filamentous vegetative cells. Using the
PNNL smartphone, fluorescent microscope
samples can be viewed and imaged quickly
and easily.

During or just after the end of FY 2015, a manuscript based
on our work from this project was published in the journal
Analyst. A second article that describes our results of using
biochemical assays to assess B. anthracis and Y. pestis and via-
bility was accepted to the Journal of Bioterrorism & Biode-
fense. A summary as part of a larger article appeared in the
Domestic Preparedness Journal, and a layman’s summary
based on some of this work newly appears in the online pub-
lication Atlas of Science. Overall, the work generated from this
project provides additional methods for the detection and
characterization community and enhances our ability to
respond to a biological threat.



RhizoControl: Does the Rhizospheric Microbiome
Influence the Plant Metabotype? A Plant

Gnotobiotics Approach

G. Christer Jansson

We are building a knowledge base to under-
stand how the rhizospheric microbiomes in
the grass Brachypodium distachyon (Brachy-
podium) control the synthesis of volatile
organic compounds (VOCs) and other metab-
olites and how these interactions affect
drought tolerance in the plant.

Understanding plant-microbe interactions and their impact
on plant metabotypes is highly relevant to DOE’s missions in
sustainable biofuel production, understanding carbon
cycling, and mitigating negative effects of climate change.
The knowledge is further of importance to a new EMSL focus
on plant phenotyping, where the plant microbiota and their
interactions with the plant host are of central interest. Many
studies in the last decades have shown that plant-microbe
interactions are key for understanding plant growth and
health but also for sustainable crop production. There is
growing evidence that a
significant number of plant
metabolites are in fact
produced by associated
microbes or through inter-
action with their host.
However, a thorough inves-
tigation of plant-microbe
interactions in plant metab-
olite profiling is lacking,
which indicates a knowl-
edge gap that constitutes

a critical limitation in our
ability to improve plants
for renewable energy and
chemicals production.

Brachypodium distachyon
(Brachypodium)

The purpose of our project is two-fold: first, to establish the
workflow and infrastructure for plant gnotobiotics work,
and second, to employ the gnotobiotics approach in gaining
understanding for if and how the rhizospheric microbiome
influences and controls the synthesis of plant metabolites,
including VOGs (i.e., its metabotype). The study was per-

formed with Brachypodium distachyon (Brachypodium),
a genomic model for bioenergy grasses like miscanthus
and swithsgrass.

As an initial phase of establishing a plant gnotobiotics sta-
tion, we are setting up four gnotobiotic isolators equipped
with a stainless steel atomizer for sterilization of the interior.
Transfer of plant material and other supplies from biohood
to isolators will be performed with sterilizing cylinders that
dock to the isolator via transfer ports. Once set up on tables,
the isolators will be supplemented with light banks. VOCs will
be captured from the efflux port and collected until analysis.
While waiting for the isolators to be functional, we used sin-
gle-plant containers. Seeds of the diploid inbred Brachypo-
dium line also used for the reference genome were
surface-sterilized, rinsed, and pregerminated on filter paper
in sterile moist chambers to ensure their fertility and germi-
nability. Germinated seeds (three seedlings per pot) were
transferred after 7 days under sterile conditions to vented
containers with a mixture of repeatedly autoclaved clay and
vermiculite (3:1). Seven replicate pots were amended with a
natural microbial community extracted from soil slurry were
prepared. Filter-sterilized slurry extracts were added to a sim-
ilar amount of control pots, which allows exclusion of non-
biological or chemical differences between the two
treatments resulting from the soil slurry application. This
method also excludes impacts on physico-chemical soil prop-
erties that would occur by simply autoclaving or gamma-irra-
diating soil. A similar set of replicate pots with and without
an added natural soil microbiome were set up as plant-less
controls for VOC analyses.

The soil for slurry preparation consisted of four subsamples
collected from a field site at the Washington State University
Tri-Cities in Richland, WA in July 2015. The soil texture was
classified as fine sandy loam with clay content of 7%, an
organic carbon content of 0.43%, and a near-neutral pH of
7.6. Sterility controls of seed surfaces and soil slurry filtrates
were performed on nutrient agar. Plant containers were
placed in a randomized complete block design into a growth
chamber under a 16:8 h (light:dark) photoperiod at 23°C and
a relative humidity of 65%. Watering was done under sterile
conditions, usually at 7-day intervals. When plants were
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4 weeks old, leaves, roots, and rhizosphere soil were har-
vested for further analyses. Different treatments were
encoded using abbreviations indicating: 1) plant (Bd) or
control (C), 2) with or without soil microbiome (microbiome-
plus, microbiome-minus), and 3) independent replicate pot.

To determine if there were any differences in the metabotype
between plants grown in the presence (microbiome-plus) or
absence (microbiome-minus) of associated rhizospheric
microbiome, we analyzed samples from Brachypodium
shoots with Fourier transform ion cyclotron resonance (FTICR)
to obtain metabolomic fingerprints of the shoots. The results
from the multivariate analysis demonstrated that the plant
metabotypes clearly differed between microbiome-plus and
microbiome-minus plants. Additionally, a principal compo-
nent analysis (PCA) was performed to the same metabolomic
dataset. Case plot of the PCA showed clearly that both groups
of plants (microbiome-plus and microbiome-minus) are sepa-
rated in the multidimentional space, also showing different
metabolome composition.

Constitutive emission of VOCs from grasses is usually low but
increases in response to stress. The first step in this task was
to develop protocol and experimental setup for detecting
and identifying VOCs emitted from Brachypodium. Four-week
old plants were grown in small plastic containers. Ambient
air entered the containers through a filter situated on the lid
and specially designed to stop any microbes that would be
found in the air. Similar containers with the same amount
and kind of soil were used as control.

In one set of experiments, we used a solvent to trap the
VOCGs from the plants, which were enclosed such that only
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the leaves were inside the bag. Ambient air could enter the
bag at the bottom of the bag, and air was extracted at the
top. The extracted air was first passed through a cooled
stainless steel tube to trap the water, and then passed
through chloroform. The experiment ran for 15 h at a flow
rate of 27 ml/min. Obvious peaks could be distinguished
from the background, suggesting that this approach is a
possible way for analysis.

While refining the technique for VOC detection from Brachy-
podium and prepare for comparison between Microbiome-
plus and Microbiome-minus plants, we also need to acquire
good reference libraries to identify the VOCs. Using currently
available (but rather old and insufficient) libraries, we could
identify nonadecanoic acid, benzoic acid, quinoline, carba-
zole, trimethylsilyl ester, glucopyranosiduronic acid, quinolin-
edione, phenethylamine, and dihydroxymandelic acid among
the VOCs emitted from the Brachypodium.

In FY 2016, we will continue installation of gnotobiotic isola-
tors and convert a section of a laboratory to a plant gnotobi-
otic station. Using the gnotobiotic facility will allow more
controlled experiments and with a larger number of plants.
Once the data from the metabolomic profiling and ampli-
cons, metagenomes, and metatranscriptomes analyses are
at our disposal, we are in position to interpret the results
from the initial pilot studies and plan follow-up experiments
using Brachypoidum plants with a demonstrated diversity in
drought tolerance. We have currently 12 such Brachypodium
accessions in the laboratory and have access to an additional
40 lines.



Rhizosphere Underground: Unraveling
the Role of Microbes in Stabilizing Carbon

Pools in Soils

Alice C. Dohnalkova

This project is developing a multi-capability
platform for correlative imaging and analy-
ses to investigate microbial and mineral
association and interactions in the rhizo-
sphere that will be applicable to a variety
of environmental sciences systems.

Microorganisms are fundamental to biogeochemical pro-
cesses, as microbial metabolism significantly contributes to
the regulation of global carbon and nitrogen cycling. The
zone immediately surrounding the plant roots, rhizosphere
has an important role in the production and stabilization of
soil organic matter, with considerably more abundant micro-
bial population than in the adjacent bulk soil environment.
However, the impact of the community of soil microbes
within the rhizosphere has not been examined in detail due
to the difficulty of tracking microscale processes in natural
microbial communities in complex soil habitats.

This platform will be used on a model ecosystem to identify
interactions of individual microcosm components: roots, soil
fungi, microbial communities, and soil minerals. Special
emphasis is given to formation of microbial extracellular
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A - An SEM image of biotite and microbially produced
carbohydrates moving into its layers; B — A model of
extracellular polymeric substances between the phyllosilicate
layers; C and D — Van Krevelen diagrams of SEM compounds
extracted by water from rhizosphere and bulk soil.

polymeric substances (EPS) that may significantly contribute
to recalcitrant pools of microbial products with mineral sur-
faces and as organic matter (SOM). In particular, we will
examine the current hypothesis that preferential association
with mineral surfaces and soil pores is an important mecha-
nism of carbon sequestration. Our imaging approach will
provide fundamental high resolution 3D information that will
contribute to a better understanding of the factors influenc-
ing carbon flux and C sequestration toward the scheme of
microbial carbon pump in soils.

Seedlings of Pinus resinosa, a widespread North American
pine forests ecosystem, was cultivated under experimental
conditions in well defined soil mineral mix (quartz, biotite,
and anorthite) with bacterial inoculum to develop biofilms-
minerals associations. The mesocosms were destructively
sampled at time points and investigated through the suite of
imaging and analyses for extracted labile and persistent SOM.
Datasets were correlatively evaluated, and a mechanistic
model will be created from the integrated data that will con-
nect microbial function to ecosystem processes.

We designed a multi-modal, multi-scale imaging and analyti-
cal system to provide an integrated workflow with seamless
consecutive steps in multi-scale investigations from microme-
ters-scale to atomic level in imaging or to the respective reso-
lution limits of coupled chemical analyses, including confocal
microscopy for identification of biofilm-rich areas for electron
microcopy, EMSL’s state-of-the-art high resolution suite for
microbial-mineral interactions visualization and analyses as
well as micro-XRD for mineral analysis. We are coupling imag-
ing with extractions of root microbial system for FTIR-MS to
identify carbon species involved in the process.

During FY 2015, we applied this platform to addressing spe-
cific hypotheses in the Pinus sp. ecosystem. Specifically, the
FTICR showed spatial differences in the rhizosphere soil sys-
tems. We observed a pattern in preferential bacterial attach-
ment and coverage to a minerals. In addition, micro-XRD
revealed differences in minerals with time, which suggested
microbially induced minerals weathering. We also extracted
DNA and anticipate the sequencing results to identify the key
microbial players in the rhizosphere processes of mineral
weathering and soil formation. The work from this project
was presented at two international conferences during this
year, one of which had an accompanying journal publication
in Microscopy and Microanalysis.

Biological Sciences m

PN14081/2665



PN13102/2583

Signatures of Environmental
Perturbation — Microbial Community
and Organic Matter Resilience

Vanessa L. Bailey

We are using existing capabilities to discover
one or more signatures that indicate impaired
resilience of the soil carbon biogeochemical
system following a system-wide perturbation
such as simulated climate change.

The microbial metabolism of soil carbon leads to the release
of greenhouse gases that directly impact global climate by
exerting a strong positive feedback effect on temperature
(i.e., global warming). Analytical tools currently do not assess
the vulnerability of soil carbon reservoirs to changing climate
conditions, but it is likely that microbial metabolism of soil
carbon increases with temperature, resulting in even greater
emissions. The structure and function of the native microbial
community is intimately linked to soil

carbon by the deposition of new soil . N

carbon and respiration of existing soil R

carbon as part of the terrestrial ecosys- Py

tem carbon cycle. By integrating key

chemical and molecular signatures of
the soil system, microbial community
interactions with the vulnerable soil :
carbon reservoir may be predicted @ v
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to identify signatures in a complex system such as soil has the
potential to transform classical ecological research.

We have been leveraging an existing long-term experiment at
the Arid Lands Ecology Reserve in Richland, WA in which soil
cores were reciprocally transplanted between the cooler,
moister upper slope position and the hotter, dryer lower
slope position in 1994. This transplant was designed to mimic
the stress of climate change with natural temperature and
moisture gradients provided by elevation. A previous study of
these soils has suggested that one of these core soils has lost
robust microbial community function as a result of this trans-
plant. A major goal in 2015 was to identify soil organic C pro-
cess signatures that could separate our soil treatments,
specifically the native soils from the lower and upper sites
(LN, UN), the control soils at each site (LL, UU), and the lower-
to-upper (LU) and upper-to-lower (UL) site transplants.

The chemical, molecular, and func-
tional profiles for soil samples were
generated by Fourier transform ion

TS AN cyclotron resonance (FTICR) mass
s " ‘ spectrometry, lllumina HiSeq DNA
“o* -4 ' sequencing, and targeted enzyme

_,:.H b * ¥ assays and respiration measure-

ments, respectively. Principal compo-
S . nent analysis is a classical way to
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could be used to support sustainable
agricultural and food/energy crop
security practices. In this project, we
have been improving our understand-
ing of soil biogeochemistry, ecology,
and the relationships between carbon
chemistry, microbial community struc-
ture and function, and ecosystem per-
turbations. The demonstration that
our analytical tools can be integrated
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1* Principal Component

PCA plots for the FTICR-MS features of the
soil samples. Top: for all features showing

no discrimination of soil types; Bottom:
obtained through the recursive application
of 25 classification trees (425 features. The
legend identifies symbols as Lower Native
(LN), Upper Native (UN), Lower to Upper (LU),
Upper to Lower (UL), Upper to Upper (UU),
and Lower to Lower (LL) soil samples. Filled
symbols are used to identify replicates.

>90,000 chemical formulae with lit-
tle informative value to 425 key for-
mulae that can be further explored
with biological data to reveal the
microbial and chemical processes
that differentiate the responses of
these soils to simulated climate
change.



Statistical Integration of Omics Data

from Microbiomes

Lee Ann McCue

We will develop an infrastructure and com-
putational tools designed to process, ana-
lyze, and visualize microbial community
sequence data to address the challenge

of computational analysis.

Microbes exist and function in communities. Studies of natu-
ral environmental or human-associated sites often reveal
hundreds to thousands of microbial species co-existing, i.e., a
micriobiome. The interactions between microbes within such
a microbiome are often complex, as is the impact the micro-
biome asa

complex data from microbial communities in human hosts
and in the environment will be key to understanding their
vulnerability to change. Specifically, we tested the accuracy of
predicting functional attributes from raw, high-throughput
sequence data using hidden Markov models (HMMs) of pro-
tein families (functionally related proteins). We used HMM
libraries that are broadly available to the scientific commu-
nity: Pfam, PhyloFacts, TIGRFAM, and FOAM, with sequencing
data from the genomic material of well-characterized
microbes (Table 1). Based on prior knowledge about these
characterized microbes and their complete genomic informa-
tion, we were able to process the raw sequence data from
each microbe and calculate the positive predictive value of
our predicted assignments to HMM protein families. For

whole has on Table 1. Positive Predictive Value exanIe, a
its environ- Organism Pfam  TIGRFAM FOAM  PhyloFacts 5%\;&2{5 .
ment. Deci- Cytophaga hutchinsonii 0.8247 0.8391 0.8275 0.6506 represents that
phering Flavobacterium johnsoniae 0.9182 0.9301 0.5986 0.7244 proportion of
icrobial 3 : . C
Icrobial Shewanella oneidensis 0.8784 0.9092 0.9266 0.8275 the predicted
" p
fﬁi’i‘; 'L'::u' ?al Xylanimonas cellulosilytica 0.8838 0.9098 0.9382 0.8340 functional
. Aspergillus niger 0.7439 0.7460 0.7703 0.6381 assignments
environments
Yarrowia lipolytica 0.8810 0.9035 0.9276 0.7504 that are cor-

is a prerequi-

site to under-

standing their functional role in environmental processes.
Research efforts to understand the vital roles these communi-
ties of microbes play in human health, and environmental
sustainability have thus turned to high-throughput technolo-
gies to measure the various biomolecules extracted from a
sample (its nucleic acids, protein and metabolites) to infer the
functional capability and emergent properties of the microbi-
ome.

One of the most readily available data types for microbiome
research is nucleic acid sequence data. It is feasible to
sequence the DNA extracted from natural microbial commu-
nities consisting of many species. However, such DNA samples
consist of a composite mixture of the genetic material of all
of the community members (i.e., a metagenome), and infer-
ring the functional capability from complex mixtures of
genetic material has proven challenging. Further, sequencing
technologies are capable of generating approximately a tera-
byte of data in a week; it requires considerable computing
power to process data at this scale.

Our ability to make molecular-scale measurements on micro-
bial systems using high-throughput technologies means that
large volumes of data are being generated that require the
development of novel analytical tools. Robust analysis of

rect. The
results in Table 1 show the consistently high positive predic-
tive value of this approach.

Processing the volume of data generated by current sequenc-
ing technologies requires access to a compute cluster to han-
dle the typical data volumes. Thus, we developed this HMM
protein family analysis approach on the PNNL institutional
computing cluster, and we have successfully ported it to a
recently purchased PNNL cluster, Constance, and the EMSL
computing cluster Cascade. Using these large clusters requires
that our method coordinate processing data on hundreds of
compute nodes. We accomplished this process by partitioning
the data and tasks into subtasks, identifying the data

required for subtasks, copying that data to the local disk of
individual nodes, processing the data locally, and compiling
the results from the hundreds and thousands of subtasks
from all the nodes back to a cohesive set of results.

This project has been active for only 6 months, during which
time we have focused on testing the accuracy of our
approach and its efficiency on high-end computing clusters.
Future work will encompass the development of a user-inter-
face and ensuring the availability of this approach to the
microbiome research community.
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Structure and Dynamics of Biological Systems

James E. Evans

The ability to observe “live” biological sys-
tems across multiple platforms with various
spatial, temporal, and chemical resolutions
through this project will provide unique
insight for these model systems and validate
the versatility of this combined approach.

As biological systems are highly complex, understanding how
a single protein is related to the function of a whole organism
requires spanning more than 10 orders of magnitude across
spatial and temporal scales. This is a feat on its own, but a
complete picture is possible only if methods are added to
probe the chemical and temporal evolution of the system to
observe how it changes over time. Biologists have striven
since the 1950s to link biological system structures to their
physiological function, but countless details remain obscure
due to underlying intricacies and wide-ranging processes.
Because no single instrument is currently capable of address-
ing structure, dynamics, and chemistry across all scales simul-
taneously, new methods integrating data from multiple
instruments are required to achieve a clear understanding of
biological processes relevant

biological samples with chemical sensitivity. We developed
novel methods for APT to detect the individual protein mac-
romolecules embedded in a resin matrix. Both developments
with biological APT and femtosecond XRD of 2D crystals were
never before been demonstrated. Additionally, we developed
a novel in situ liquid cell compatible with femtosecond XRD
experiments to image the 2D protein crystals in a fully
hydrated state in order to permit pump-probe dynamic
observations.

In FY 2014, we continued to develop the multimodal and
multiscale platform for interrogating biological systems. In
particular, we implemented a more integrated approach by
looking at the same sample but using multiple techniques.
First, we designed and fabricated new in situ liquid cells for
X-ray, electron, ion, and optical imaging to allow for a single
sample to be transferred between each technique and the
correlated images. We also demonstrated novel applications
of in situ ToF-SIMS and structured illumination microscopy for
multimodal imaging of hydrated biological samples, which
yielded the first mass spectrometry identification of lipid
content in “live” cells.

In FY 2015, we applied the novel in situ ToF-SIMS capabilities
developed during the previous 2 years toward imaging
nanoparticle uptake and

capabilities by designing,

for the production of energy, 2-D Protein . nanotoxicity in mammalian

cleanup of environment, and Crystal _# l cells as well as observed lipid

improvement of human Sample J E dynamics during biofilm for-

health. Ultrafast i .. | I mation. We extended our APT
f=

In this project, we are develop-
ing, adapting, and employing
state-of-the-art approaches
toward enabling a better
understanding of biofilm orga-
nization, enzymatic energy
transduction, epithelial cell
interactions and organic/inor-
ganic interfaces. We will com-
bine dynamic transmission
electron microscopy (DTEM) with femtosecond X-ray diffrac-
tion (XRD) at the linac coherent light source (LCLS), secondary
ion mass spectrometry (SIMS), and atom probe tomography
(APT) to interrogate the structure and dynamics of biological
systems.

Pulse

structure from 2D crystals.

During FY 2013, significant progress was made with each of
our specific project aims. Highlights included acquiring the
first transmitted XRD patterns from 2D protein crystals using
LCLS, nano-SIMS, and in situ time-of-flight (ToF)-SIMS to study
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Schematic of fixed target diffraction experiments
using coherent X-ray diffraction to interrogate protein

building, and implementing
an environmental-transfer sys-
tem that would allow us to

run samples in a room tem-

perature state transferred

under vacuum or controlled
gases or in a cryogenic state.
The benefit of transferring
samples at low temperature is
three-fold. First, the freezing process can be done strategically
to prevent the crystallization of water and optimally preserve
the sample in its native state thereby avoiding artifacts com-
mon to room-temperature biological sample preparation.
Second, multiple cryo-compatible instruments for electron
and optical imaging already exist onsite and can now be used
in conjunction for multimodal imaging. Third, the ability to
freeze samples in near-native buffers allows one to tune the
local environment and sample conductivity to improve atom
probe analysis and interpretation.

P

CSPAD
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Understanding Cellular Communication and
Controlling Directional Flow of Nutrients

Julia Laskin

We are developing unique capabilities for
molecular imaging of cellular communica-
tion and controlling the directional flow
of nutrients and metabolites between cells.

Understanding and controlling intra- and intercellular com-
munication in diverse biological systems is one of the grand
challenges in biology. Quantitative imaging of chemical gradi-
ents in biological systems with high spatial resolution and
high chemical specificity will facilitate understanding cellular
communication. This project is focused on developing mass
spectrometry imaging (MSI) approaches capable of measuring
chemical gradients of individual molecules with 1-10 um spa-
tial resolution and high chemical specificity. Controlling direc-
tional flow of nutrients and metabolites between cells is
critical to the rational design of biological systems for a spe-
cific function. Combining genetics, molecular biology, high-
resolution structural biology, and dynamic imaging yields new
methods for controlling cellular response to environmental
changes. These responses are examined using the novel nano-
spray desorption electrospray ionization (nano-DESI) mass
spectrometry imaging capable of mapping chemical gradients
of individual molecules released by cells. The combination of
these techniques will be

used for a detailed under- Morphology
standing of cellular com-
munication in several
model systems includin
4 o m

well-characterized yeast E
colonies and plant i‘,
tissues. .%
The control of influx and 2
efflux of nutrients, ions,
and minerals into plant
cells is achieved by
designing selective ion
transporters. Plants
exchange nutrients and
metabolites with the envi-
ronment through their roots formed by single-cell root hairs
connected to the larger multi-layer system. The innermost
root layer contains the vasculature with xylem and phloem
that translocate nutrients and is protected by a single-cell tis-
sue: the endodermis that prevents uncontrolled access to the
vasculature. Overall, the system can take high amounts of
ions, minerals, and nutrients while excluding potentially toxic
substances such as heavy metals.

on an agar plate.

Simultaneous measurement of morphology (left) and chemical
composition (right) of a living 24 hr-old Bascillus subtilis colony

Our focus is on the phytoremediation of strontium by enhanc-
ing uptake and storage as insoluble crystals. The only lacking
element is a strontium-selective pump localized to the endo-
dermis that will increase strontium uptake from the soil. Ulti-
mately, the implementation of these unique capabilities will
position PNNL at the forefront of chemical imaging and will
help bridge the mesoscale gap by extending the integrative
multimodal imaging platform being developed in the PNNL
Mesoscale Pilot project to be applicable to all DOE-BER biologi-
cal systems of interest from single cells to complex tissues and
communities.

In FY 2015, we focused on developing robust tools for imaging
of biological samples of arbitrary morphology. We created a
unique approach for constant-distance-mode nano-DESI imag-
ing using shear force measurement as a feedback. When the
nano-DESI probe approaches a sample, several vibrational
modes are affected by the sheer force between components.
Using this method, we performed for the first time a simulta-
neous measurement of the morphology and chemical compo-
sition of a living Bascillus subtilis colony. The shear force
feedback system allowed us to image a 100u—tall colony while
maintaining a constant distance between the nano-DESI probe
and colony. The resulting ion images allowed us to identify
molecular signatures of both fully and partially developed bio-
films. An invention disclosure describing this experimental
approach has been submitted, and the results were presented
at the annual American Soci-
ety of Mass Spectrometry
Meeting. We also initiated
work designing plants capable
of removing heavy metals
(e.g., strontium) from the envi-
ronment.

lon images
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During FY 2016, we will con-
tinue the biodesign of plant
phytoremediation and use
nano-DESI to examine metab-
olite distribution in the epi-
dermis of these model plants
systems. Specifically, we will
modify the P2A-ATPase cal-
cium pump and/or an iron
transporter already known to be expressed in plant cells to
make them selective for strontium and target the epidermis.
We will quantify strontium uptake and characterize the modi-
fied transporter and its localization in plant tissues using trans-
mission electron microscopy. Subsequently, we will use
constant-distance-mode nano-DESI imaging for visualization

of metabolite gradients in plant tissues with high spatial reso-
lution and high sensitivity. The results will provide unique
insights on the effect of the newly designed protein transport-
ers on the flow of nutrients in the system
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Bio-Inspired Actinides Recognition

for Separation Science

Ping Yang

We are developing novel, more efficient
strategies for selective separation to allow
for better reprocessing of spent nuclear
fuels that will reduce the need for long-term
waste storage.

Current techniques for the separation of transuranic actinides
from lanthanides rely on multi-state liquid-liquid extraction.
This approach is challenging from the similar chemical prop-
erties of actinides and lanthanides: they are typically present
under trivalent oxidation states in acidic solution. A funda-
mental understanding of the chemical

and physical properties of actinide com- _N

plexes is critical to designing chelating
molecular systems rationally and with
high selectivity. Nature demonstrates
that it is possible to engineer systems
with remarkable molecular recognition
capabilities among metal ions (e.g.,

potassium channels show a selectivity s
factor for K* over Na* as high as 104:1). [ _:r
The possibility of mimicking such natu- “ae

ral design to improve the selectivity to
actinides collectively by incorporating
multiple binding sites with O, N, and S
remains to be explored.

In this project, we are observing the
physico-chemical interactions of
actinides binding motifs and designing
chelating reagents with high selectivity to
actinides. The research will be based on two main thrusts:
the thermo-structural investigation of actinides-bio-ligands
complexes and the tuning of redox potentials of actinides
compounds through interactions with ligands. We are study-
ing the interactions between actinides and binding sites in
select biomolecules using first principle electronic structure
methods that include relativistic effects and electron correla-
tion to validate calculations via gas phase collision-induced
dissociation experiments and solutions.

In FY 2014, we systemically investigated techniques and
uncovered the method that could predict redox potentials for
actinide complexes without applying system-specific correc-
tion parameters. Further experiments based on free-electron
lasers for infrared experiments verified the sulfur-sulfur (S-S)
bond structures predicted by theory, the first time that the
N,S-coordination chemistry to actinide center was firmly veri-
fied in gas phase. Based on FY 2013 results, we further veri-

N, _COO™

N-donor ligands showing the alpha-
and gamma-picoline carboxylate
binding to AnO,* in different fashions.
N,O-coordinated complexes are
thermodynamically more favorable
than the O,0-bidentate configuration.

fied differences in binding between uranyl cation and alpha/
gamma-picoline carboxylates in solution chemistry.

We focused on a bidentate chelating ligand with hard 0- and
soft N-donor heterocyclic groups. Alpha and gamma-picoline
carboxylate ligands bind to transoxo complexes of An(VI) in
different fashions as elucidated by our first-principle calcula-
tions using relativistic density functional theory (DFT) meth-
ods. We also analyzed and computed binding/dissociative
energies, including scalar and spinorbit coupling. The ther-
modynamically favorable structures of alpha picoline carbox-
ylate actinyl complexes are O- and N-coordinated in
preference to bidentate binding with two O atoms. An-N dis-
tances were shorter compared with An-O bonds across the
actinide series. In contrast, the stable
configuration for gamma-picoline car-
boxylate was bidentate with the carbox-
ylate group in the equatorial plane. Our
DFT calculations show that the heterocy-
clic amine is a strong donor to the
actinide center and more favorable com-
pared to the hard O-donor. The results
were further verified by gas phase colli-
sion induced dissociation (CID) experi-
ments from our Lawrence Berkeley
National Laboratory collaborator.

An S-S bond was postulated to reduce
actinyl ions during the cellular biological
remediation process. Therefore, we
chose 2,2’-dithiodipyridine (DTDP), con-
taining one S-S bond that can reduce
actinides under mild chemical condi-
tions to study the role of s