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1 Summary

1.1 Motivation

There is a variety of biological processes with gas involvement, such as photosynthesis and
respiration (0,/CO,), denitrification (N;), and methanogenesis (CH4). Dedicated gas sensors
for every single gas do exist. However, there is no sensor which is equally applicable for all
gases, although it is sometimes necessary to quantify a blend of gases in order to solve a
certain scientific problem. A gas sensor based on Raman spectroscopy should be able to
measure all molecular gases simultaneously, because it is based on the characteristic
inherent molecular vibrations of a gas. A major drawback of Raman spectroscopy is the low
efficiency of the Raman process. This could be compensated with the high exciting laser
power of an optical cavity arrangement. A Raman gas device which is based on cavity-
enhanced Raman gas spectrometry should have many advantages over common gas sensors

and should be applicable for a variety of scientific questions.

The present work describes the modification of such a device in hard- and software to fit the
demands like versatility and sensitivity of various biogeochemical gas measurements. Three
selected applications with increasing degree of complexity are presented. The objective is to
show that Raman gas spectrometry can be a superior novel tool in biophotonics with its
advantages arising mostly from the new sensing mechanism compared to the present

solutions.




1.2 Current State of Research

Mobile, on-site and cost-efficient multi-gas sensors with low power consumption are
important for life sciences and environmental research. Applications include e.g. isotope
quantification?, biogas analysis®”, breath gas analysis® and environmental monitoring®®.
Relevant gases include N, O,, CO,, CH; and N2010. Generally, the simultaneous quantitative

detection of multiple gases is desired.

In the context of environmental gas sensing gaseous nitrogen compounds such as N, and
N,O play an essential role in the intensive agriculture as the end product of denitification'"
4 Especially dinitrogen gas is not easily sensed by optical means except by Raman
spectroscopy’>, however it can be sensed by exploiting its ionization potential*®. Raman gas
spectrometry is one of the rare methods that are able to detect and quantify all diatomic
gases, especially homoatomics like nitrogen and oxygen. Oxygen plays an important role in
aerobic bioprocesses and photosynthesis. Common oxygen sensors include paramagnetic
sensors, electrochemical sensors like the Nernst-cell, semi-conductive oxygen sensors, and
photoluminescence sensors'’. Carbon dioxide is the main product of combusting processes
like respiration. For carbon dioxide detection galvanic as well as optical near infrared (NIR)
absorption sensors are commonly used. Stable isotopes like 3C0, are often used for isotope
labeling, because of their availability, price and innocuousness. Isotopes like ****CO, and
Y15, are hard to distinguish, due to their very similar chemical properties. They are
conventionally quantified by means of complex laboratory-based isotope ratio mass
spectrometry (IRMS)*8. A laser spectroscopic technique for CO, quantification with
remarkable development throughout the past years is cavity ring-down spectroscopy
(CRDS)™. This technique enables the portable highly sensitive quantification of many single
gases like CH4, N>O, CO, and H,0. New broadband methods promise the simultaneous
measurement more than one gas in a single cavityzo. However, one major drawback of these

broadband methods is the limited availability of NIR-broadband sources and the lower

reflectivity of broadband mirrors.

Solutions for single gas analysis are available, but most applications require the simultaneous
analysis of several gases at once. The small number of detectable environmental gases,

which is often criticized in reviews>, is due to the lack of capable devices, available for that




purpose. To increase this number, several electrochemical sensors are combined in a
portable multi-gas measurement device. The device gets more complex by this combination
of multiple sensors, because the requirements and characteristics of every single sensor
have to be taken into account. The parallel use of several unspecific sensors mimes the

human or animal nose and is therefore called electronic nose®*?

or optical nose
respectively’?”?®>. These approaches achieve higher specificity but also combine

disadvantages like aging, drift and saturation®.

Multi-gas sensors are able to detect a whole range of gases with a single method. Examples
are mass spectrometry (MS), ion-mobility spectrometry (IMS) and mid- (MIR) or near-
infrared (NIR) absorption spectrometry. The gases are spectrally separated, which allows
distinct identification and quantification. However, all common methods show essential
disadvantages. Mass spectrometry is limited in portability, because of the necessary turbo
pumps for high vacuum. This is circumvented in ion mobility spectrometry where ambient
air serves as a drift gas. These devices are especially suited for simultaneous detection of
small ionizable industrial gases or chemical warfare agent526. Another method for multi-gas
detection is infrared spectroscopy. The mid-infrared spectral range offers sensitive
detection, because it exploits vibration transitions of molecules with high absorption
cross-sections. However the optics needed for these wavelengths are expensive and often
sensitive to water. Common SiO,-based optics are sufficient for the near-infrared range,

where overtones of the fundamental vibrational modes are located.

Raman gas analysis is a spectroscopic method which enables detection and quantification of
all gases mentioned above including nitrogen. Also unknown gases can be detected and
hints about their structure are obtained. However, the effect of inelastic light scattering is
inherently very weak?” and the molecule density of gases is low. This makes the detection of
low gas concentrations via Raman spectroscopy very challenging. Possibilities to improve the
detection limits include enhanced excitation and collection efficiency of the scattered light.
The excitation efficiency is increased approx. 50 times with the help of multi reflection cells

28,29

and spherical mirrors®™ . Detection limits in the hundred ppm range were obtained with

these methods®. High-finesse power build-up cavities can increase the field of a laser diode




31,32

up to three orders of magnitude™ . This could improve the detection limit by one more

order of magnitude leading to detection limits in the ten ppm range.

With only few exceptions such as monoatomic gases like the noble gases, all gases can be
measured simultaneously with Raman gas spectrometry. The inelastic scattering process is
inherently fast compared to other methods and linear in the complete dynamic range. The
whole system as well as the costs should be miniaturizable since the substantial progress in
semiconductor optoelectronics, namely charge coupled devices (CCD) and laser diodes (LD).
This makes the method universally applicable for a variety of applications like investigation
of respirational processes (0,/CO;), photosynthesis (CO,/0,), methanogenesis (CH;) and
denitrification (N,O, N;). Therefore the method is superior to a complex and cost-intensive
combination of most diverse techniques which would be necessary to cover the quantitative

detection of all relevant biogenic gases.




1.3 Theory and Setup
The ability to detect all gases is fundamental for Raman gas spectrometry. This chapter

briefly describes the necessary theory as well as the setup for Raman gas spectroscopy.

1.3.1 Quantitative Raman Gas Spectroscopy

Raman scattering is utilized for molecular spectroscopy and to some extent complementary
to infrared absorption spectroscopy. Raman scattering reveals information about the
structure and properties of molecules via vibrational transitions. The majority of the Raman
scattered light is shifted to longer wavelengths (Stokes scattering)®>. Raman scattering leads
to a very weak signal and to an insufficient signal-to-noise ratio for certain applications
aiming for high sensitivity compared to other spectroscopic techniques like absorption
spectroscopy. Several parameters can improve the sensitivity and therefore the limit of

detection. These are expressed by the simplified equation®**":

da(Vr,Vo)
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In this equation, I, represents the intensity of exciting field, I the intensity of the Raman
scattered light, N is the molecule density of the measured gas (parts per cm™). The factor n
represents the detection efficiency of the experimental setup and takes intensity losses
related to signal collection geometry, the optical components (mirrors, grating efficiencies),
and quantum efficiency of the detector into account. ) contributes to the solid angle of the
signal collection optics and the effective scattering length is the probe volume length L.
(do)/(dQ), the absolute differential Raman scattering cross-section (in cm” sr™) is herein

given by following equation,

4 (5 =4
O ) .
where v, is the excitation wavenumber, V; the wavenumber of the Raman signal, g is the
degeneracy of the Raman mode, a? and y? are the isotropic and anisotropic part of the
polarizability tensor (C> V* m?*)*. From the above equation (1), we can observe a linear
relationship between the intensity of the Raman scattered light and the laser intensity, as
well as the particle density of the gas. The particle density is related to the pressure by the

ideal gas law and is thus linear with pressure. According to equation (1), there are multiple




options to improve the performance of a Raman gas sensor, as for instance: increased gas
pressure, collection angle, reduced exciting wavelength, reduced gas temperature and

increased exciting laser power lo.

1.3.2 Cavity-enhanced Raman Spectroscopy

The setup that was used for the measurements was a Raman gas monitor prototype built
within a cooperation of Philips Medizin Systeme Boeblingen GmbH and Carl Zeiss Jena
GmbH. It is based on a power build-up cavity that increases the exciting laser power by
several orders of magnitude. The optical cavity as well as further setup constituents for

biogenic gas analysis are discussed in this chapter.

Miniaturization plays a major role in mobile and portable gas analysis based on Raman
spectroscopy. This has been considered using miniaturized parts, for example light source

and detector. Figure 1 shows the principle setup and Figure 2 some example Raman spectra.

The laser cavity consists of an external 650 nm laser diode with anti-reflection coating at the
front facet. The emitted light of the laser diode is focused into the center of the cavity. The
cavity is pumped through the input coupler mirror and the beam is reflected back from the
high reflective end mirror. Both of these mirrors have extremely low scattering losses and
form a stable confocal resonator. A cavity of this geometry and with these reflectivity values
acts as a power build-up cavity (PBC) supporting a Gaussian beam inside the cavity. The laser
diode feeds about 50 mW of power into the cavity and acts as the gain medium. Due to the
very low losses inside the cavity the power there builds up by a factor of several thousand to

more than 100 W. Figure 1 illustrates the optical pathway.
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Figure 1: Schematic diagram of the optical pathway. Blue: resonator mode in the power build-up cavity. Green lines
indicate inelastically scattered light.

The spectrograph in the system has a very compact design. The radiation scattered from the
laser beam is collimated by an aspherical lens and falls onto a planar diffraction grating. The
diffracted spectrally separated radiation is imaged by an aspherical camera lens onto a linear
CCD array of 512 elements. The wavelength range covered by this spectrograph allows to
record the Stokes-shifted Raman scattered light of the gas molecules interacting with the
laser beam. Behind the collimator lens a long-pass Rayleigh filter is mounted in the parallel
beam in order to filter Rayleigh-scattered light from the signal impinging onto the CCD array.
With this device it is possible to acquire spectra within a measurement time of 33 ms. The
gas sample is pumped through the cavity. Changes of gas composition over time can be
monitored with high temporal precision. The thermal measurement of the gas flow is
facilitated and this is used to ensure and adjust a continuous gas flow. Dust particles are
filtered out before entering the laser cavity by sterile filters. The gas sample is continuously
monitored for temperature, pressure and flow. The number density of each gas component
in the volume interacting with the laser beam is a measure of its relative abundance in the
sample. Quantification of the partial pressures of the gas species in the sample is
accomplished via calibration of the system with pure samples of each gas of interest. Some

prominent gas spectra are plotted in Figure 2.
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Figure 2: Raman spectra of some prominent gases. The spectral intensity is normalized to one for better visibility.

Linearity and Scaling

All signal influences that are not related to the gas concentration have to be compensated to
establish Raman gas spectrometry as method for quantitative analysis. First of all, the Raman
spectrum is intra-cavity power dependent. This was investigated in a diode current tuning
while acquiring Raman spectra in Figure 3a. It was found that the Raman intensity scales

linear with the laser diode current (Figure 3b).
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Figure 3: Spectra of 23% vol. CO, in Argon versus the gain medium current (unit: mA). The spectral intensity scales with
the current. Band height analysis of the spectra of the 1387 cm™ band. No deviations other than statistical uncertainty
from linearity are visible.

High light intensities could lead to nonlinear effects. However, no deviations from intensity
were observed. Reasons are the low matter density of gases and, with respect to nonlinear

effects, the low intra-cavity power.




Dynamic Range and Limit of Detection

Stability and reproducibility of the spectral intensity was the first requirement for
guantitative measurements. The second is the linearity of the Raman signal with the analyte
concentration. It is crucial if a simple and fast calibration is desired A linear fit through the
origin and one point proved to be sufficient, because of the excellent linearity over the
whole dynamic range (Figure 4a) on the one hand and stable spectral background leading to

an unbiased signal after background correction on the other hand.
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Figure 4: a) Analysis of the dynamic range. The band height increases linearly with the concentration in a range of four

orders of magnitude.
b) Spectrum of 80 ppm CO, in Ar. The peak height at 1387 emtis 241, the standard deviation of the noise in the range of

1000...1200 cm™ was determined to be 16. The LOD is supposed to be three times the standard deviation of the baseline
noise, equaling 48 ppm if only the peak height of the highest peak is evaluated. The LOD reduces/improves further, if
more CCD pixels are taken into account.

The measurable concentration range spans over almost six orders of magnitude, ranging
from 100 % vol. down to ca. 50 ppm. No saturation occurs within this very large range
compared to other gas sensors. Linearity governs the whole range which is a very strong and

rare advantage of this method.

The limit of detection (LOD) for CO, can be estimated by analyzing the low concentration
spectrum in Figure 3b. Generally, LOD is considered as a peak height equaling three times
the baseline noise (o = 3). This yields an LOD of 48 ppm for CO,. The exact LOD depends on
the actual differential Raman cross-section of each gas species. A brief overview of Raman
cross-sections of prominent gases normalized to the one of N, is found in Table 1. Reported

ratios”” were adjusted to 650 nm using an assumed frequency dependence of va. The




absolute differential Raman cross section for the vibrational line (Q-branch) in nitrogen was

adjusted from the same reference and resulted in 8.81:10%* cm?sr*mol™.

Table 1: Important biogenic gases, their transition wavenumbers and the differential cross sections with respect to the
one of N, for an excitation wavelength of 650 nm.

frequency
Gas ratio
/cm™
N, 2331 1.0
0, 1556 1.4
CO; (v4) 1388 1.5
CO;(2vy) 1286 1.0
N,0 (v1) 1285 2.4
N,O (vs) 2224 0.5
CHg (v1) 2914 5.7
CeHg (1) 3062 6.6
CeHe (V1) 992 10.1

Data processing and result validation was done with a software which also allows working
with different setups for parallel monitoring of two or more samples. One concentration has
to be measured for calibration. Gases are therefore measured either as pure gases or as
known mixtures with an inert gas. The reproducibility of the calibration process was
determined by measuring the calibrated gas again. The relative standard deviation of this
procedure was below 0.3 %. The concentrations were obtained using a classical least-square
fit of the calibrated pure gas spectra and the measured spectrum, this is called soft

modeling37. Therefore an over determined linear equation system is solved:

I

911 gt 1 Igq

Igln Igmn Cm Ian

Equation 1: Least-square fit of pure gas spectra and unknown spectrum.

with calibration gas g, analysis gas a, Intensity |, CCD pixel n, and number of gases m. The

validation of the calibration procedure in this thesis is carried out with a total of three

points: the pure gas, a zero measurement and a certified test gas mixture. The standard

10



deviation of successive measurements of pure nitrogen was 0.2 %. The zero measurement
depends strongly on the baseline stability, which deviated by 50 ppm for nitrogen gas. The

results of the test gas analysis are shown in Table 2.

Table 2: Comparison and deviation from certified test gas (Linde AG, D-06237 Leuna) prepared in compliance with
DIN EN ISO 6141. The absolute deviations were below 0.16%.

test gas Raman deviation
gas
% % %

N, 1.12 0.96 0.16
0, 0.92 1.05 0.13
CO, 1.02 1.05 0.03
N,O 0.99 1.09 0.10
CHs 1.08 1.08 0.00

There were only small absolute deviations below 0.16 % from of the concentrations
obtained by Raman gas spectrometry and these obtained with several certified gas
chromatographic measurements. This quantifies the absolute accuracy of the cavity-

enhanced Raman gas spectrometry setup.
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1.4 Closed-Chamber Experiments

The evolution of gas atmospheres and fluxes are often more relevant than just
concentrations. One option to measure fluxes is to establish a closed system and to record
gas concentrations over time. The fluxes are obtainable even for very low gas concentrations

below the detection limit because of this enrichment process.
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Figure 5: Example closed chamber measurement taken from a leaf dark respiration measurement of 3C-labeled beech
mesocosms. Linear concentration courses of O,, 12COZ, and 13C02 are shown. The flux is determined via linear fitting.

Enriching can be a very powerful tool to determine small changes, but it is limited to the
sample-dependent range of linearity. This range turned out to be very big for the dark
respiration of leaves (Figure 5). The slopes of the linear fits with the respective errors are
0,: -2860%31 ppm/h, 12c0,: 265010 ppm/h, 13co,: 11247 ppm/h. Even the 130, flux rate
can be obtained via long closed chamber enrichment, although its concentration is 20 times
lower in comparison to *>CO,. The uncertainty for oxygen is three times higher than that for
CO,, because uncertainty scales with the peak height and small oxygen changes in the range
of 30 ppm are detected on an underground signal of 205000 ppm (blue curve in Figure 5).

The underground signal for carbon dioxide is considerably smaller in comparison.

12



Closed chamber experiments are often performed to obtain soil gas exchange rates.
However, they suffer from an underestimation of the soil gas rates*®*°, because of diffusion
limits of the gases into the porous soil. This was investigated by other researchers and a non-
steady state diffusion model was established®. In the present work, an exponential fit of the
type f(t) = a* ePt + ¢ is used to determine the slope at time t = 0, which was assumed to

be the best representative of the actual soil gas flux.
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Figure 6: Example soil respiration graph of a sandy-loamy soil. The observed experimental oxygen and carbon dioxide
courses (squares and spheres) and their exponential fits (solid lines) are shown. Ambient air is the starting atmosphere
and is again measured as reference in the end.

The first derivative of this function is f'(xt) = a * b * ePt, the slope at t = 0 represents the gas
rate and is equal to f'(0) = a * b. This data processing was automated in a LabVIEW program
to enable fast and reproducible processing of many datasets. The rates for oxygen and

carbon dioxide in Figure 6 are: O: -1.48 %/h and CO;: 0.77 %/h.

Volume and leak test

The gas rates are obtained in volumetric units and need to be related to the sample and
have to be corrected by the total experimental gas volume. This volume is determined by an
overpressure test, which serves simultaneously as a leak test. A defined amount of gas
volume is injected into the closed system for this purpose and the pressure leap is

determined via the built-in pressure sensor.

13
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Figure 7: Example graph for the pressure test (black dots) with pressure leap and decay for the determination of the total
volume and leak testing including an exponential decay fit (red curve)

In Figure 7, a glass syringe was used to inject a defined volume of 50 mL gas into the
experimental setup. This led to an end pressure of 1015 mbar and to an overpressure of
45 mbar, respectively. The total gas volume V;,; of the setup is derived from the isothermal

ideal gas equation:

p * V = const

p1* Vi =p2*V,

with the ambient state (ambient pressure p,m,p, and volume of the syringe Vs, ) at the left

side:

Pampb (VSy + Viot) = P2Vior

A total volume of 1097161 mL is obtained for three measurements for the example in Figure
7, which is consistent for a setup that consisted of an 1 L glass serum bottle, spectrometer

and tubing.
Leakproofness can be assured with the same test. An exponential decay function
f(t) = ae + ¢

is fitted to analyze the decay rate of the overpressure which serves as a measure for the

leakproofness. The parameter c, the asymptote for the decay function, equals the ambient

14



pressure; the parameter a is the overpressure at t=0. The resulting decay rate b is

conveniently converted into the half-life time of overpressure:

In2

ty2 = — b
The resulting half-life time for the above example in Figure 7 is 15.3 h. This test can be
considered a worst-case scenario for a pressure gradient between the system and the
atmosphere. This gradient is in common experiments not larger than the weather-
dependent atmospheric pressure variations which are in the range of 980...1000 mbar at the
local altitude™. This test was automated and delivers the total volume and the half-life time
within some minutes depending on the desired tightness and the accuracy of the pressure
sensor, which is currently limited by its resolution of 0.3 mbar. These values are crucial for

closed chamber experiments.
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1.5 Selected Applications

1.5.1 Bacterial Respiration

The brief opening of the Herrenberg cave provided a unique opportunity to investigate
bacteria that lived in the absence of light for thousands of years [RK1, RK5]. A bilateral
collaboration combined the expertise of Raman spectroscopy and microbiology, such that
the biogenic mineral samples of different sites in the Herrenberg cave were supportively
investigated by near-infrared Raman macrospectroscopy and confocal Raman microspectro-
scopy [RK5] on the one hand and extracted cave bacteria were cultivated and investigated in

terms of respiration and mineral formation [RK1] on the other hand.

The extracted cave bacteria (Arthrobacter sulfonivorans) were cultivated in a liquid growth
medium which was optimized to best represent the cave environment. The respiration in the
headspace above this medium was monitored with cavity-enhanced Raman gas analysis.
Oxygen and carbon dioxide concentrations over time were obtained. The concentrations
were differentiated with respect to time yielding the according respiration velocities. Two
maxima were detected for the pleomorphic (two-stage) lifecycle of A. sulfonivorans,
whereas a single-stage lifecycle bacterium (Pseudomonas fluorescens) yielded only one

maximum (see Fig. 2 in [RK1]).

The bacteria precipitated calcium carbonate which was investigated with Raman macro and
microspectroscopy. Near-infrared (1064 nm) Raman macrospectroscopy was applied for
fluorescence-free spectra acquisition of the averaged sample composition. The carbonate
valence vibration in the Raman spectra around 1086 cm™ indicated that a high amount of
calcium carbonate precipitates as the thermodynamically instable mineral vaterite first. The
stable form calcite was exclusively detected in later samples in contrast. This shows that

calcium carbonate crystallizes first as vaterite which transforms to the stable calcite later.

Single carbonate crystals could be targeted with 532 nm Raman microspectroscopy. The
microscopic results indicated that the bacteria serve as nuclei for the crystallization of
biogenic vaterite. Epitaxial growth of further calcium carbonate happens preferably in form
of calcite. This was exemplarily shown with a chemical Raman image showing a vaterite

crystal which is surrounded by epitaxial calcite.

16



In summary, Raman spectrometry sterile monitored the gaseous headspace for oxygen and
carbon dioxide changes on the one hand and determined the solid microcrystal composition
on the other hand. The Raman gas spectrometry revealed differences in the life cycle of the
pleomorphic bacteria versus one-stage lifecycle bacteria. Raman macro and micro-
spectroscopy discovered the mechanism of vaterite and calcite precipitation. This gave
valuable hints on the functioning of biomineralization inside cave wall biofilms and may
explain the crystal size in the micrometer range and the macroscopic shape of karstic cave

walls. No other technique owns this analyte versatility.

17



1.5.2 13CO: Labeling of Plants

The counter-ecosystem function to bacterial and plant respiration is the photosynthesis of
green plants. This is exploited in ecophysiological studies as introduction pathway for the
labeling with stable mass isotope 3¢ [RK2] by photosynthetic assimilation of **CO,. This
procedure has many advantages for the investigation of the flow of resources: The stable
mass isotope is the perfect inert label, because it is not radioactive, not decomposable and

has no significant influence on the subject’s metabolism.

Unfortunately, stable mass isotopes are hard to distinguish from their abundant isotope,
which makes it difficult to sense them in any other way than mass-resolved. The common
analytic method is mass spectrometry, mostly coupled to gas chromatographic separation
(GC-MS). With some modifications, it is also possible to sense the O,/N, ratio as the other
important gas related to photosynthesis. However, this coupled technique is bulky, slow,
consumptive, expensive, and a complex calibration of the non-linear mass spectrometer
response with special test gases is necessary. These disadvantages may be overcome by
Raman gas spectrometry with fast spectral separation of all gases. The mass isotopes in
particular are spectrally shifted, because the molecular vibration frequency is altered by
altered reduced mass of the molecule. The Raman spectrum of CO; is marked by a Fermi
diad, due to the coupling of deformation overtone and valence vibration (see Fig. 1B in
[RK2]). The mass change of carbon induces a change in the intensity distribution of the diad
as well as an altered spectral position. This allows the quantitative spectral separation in the

Raman spectrum of the chemically almost identical isotopes within labeling experiments.

The 3CO, labeling was performed in a sealed chamber which was integrated into a gas cycle
with the Raman gas cavity. Saplings of Populus trichocarpa were placed inside the chamber
and 13COz was released. The concentrations of nitrogen, oxygen, 12COz and 13C02 were
recorded via Raman gas monitoring (see Fig. 1 in [RK2]). The important peak values of **CO,
around 380 ppm were resolved and it could be assured that they do not exceed a CO,
concentration limit of 400 ppm. The second dose was administered as the Raman-*CO,-

concentration fell below 100 ppm.

Two separate labeling runs were performed in total (see Fig. 3 in RK[2]). The second run

yielded an overall oxygen production of 0.38 mol/d, and 63 % of the *CO, were consumed in
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te = 17.2 min. A lower overall oxygen production of 0.35 mol/d and a slower *CO, uptake of
t. = 23.5 min were measured for the first run in comparison. This is explained by the lower
mean light intensity (photosynthetic active radiation, PAR) and the lower total leaf area
inside the chamber for the first run. The *CO, uptake was stated based on the exponential
decay time. This time was obtained by exponential fitting of the decay curves. That worked
exceptionally well, because of the high time resolution of the optical measurement leading

to highly resolved decays and good quality fits.

The labeled plants were further investigated by leaf dark respiration measurements with
only little changes to the setup. A dark container of one liter size was used to enclose a
defined leaf area. The oxygen and carbon dioxide concentration courses were measured and
respiration rates were calculated based on the leaf area that is covered by gas-exchanging
stomata. The mean CO, and O, rates were 1.8 umol m2h? for immature leaves and
0.7 umol m?2h? for mature leaves, what is in good agreement with values reported in
literature. Furthermore, Raman gas spectrometry provides an opportunity to calculate the
respiratory quotient (RQ) due to the additional quantification of oxygen fluxes. The
respiratory quotient is defined as the amount of released carbon dioxide divided by the
amount of consumed oxygen. It can characterize the type of combusted substrate. In the
dark, leaves combust starch and other carbohydrates that they generated by photosynthesis
during daylight. Carbohydrates produce an RQ of one, what was approved by in-situ Raman
gas measurements. Determinations of RQ own a huge potential for further ecophysiological

studies that are running to date.

In summary the short communication [RK2] briefly proves, that Raman gas spectrometry is a
valuable tool for ecophsiological studies including the comprehensive monitoring of labeling

experiments, dual respiration rate determination, and RQ determination.
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1.5.3 Monitoring of a Complex Ecosystem

Photosynthesis and leaf dark respiration were separately investigated in this third chapter. In
the third publication, [RK3], a complex ecosystem consisting of both peat soil and sphagnum
moss as green plant, was monitored. It is demonstrated, that a proper multi-gas analysis can

lead to valuable multivariate ecosystem data.

Monitoring of peatland areas is important, because they store in an area of only 3 % of the
global land surface approximately one-third of the world’s soil carbon. Peat bogs act as
carbon sink, because they fix carbon dioxide in a growing organic peat layer. The peat has to
be covered by water, since this carbon fixation is an anoxic process. The global warming and
agricultural land-use lead to drained and desiccated peat layers, which then change their
ecosystem function from carbon sink to strong CO, source due to the aeration and therewith
oxidation of the organic matter. This CO, emission risk and the high methane production of
peat bogs constitute how important the gas-related specification considering soil respiration,
photosynthesis, and methanogenesis of peat areas is. The on-site characterization should be
done via portable gas sensors, which are able to quantify the occurring biogenic gas mixtures
(N5, O,, CO,, CH4). Raman gas analysis is supposed to be able to supplement the existing non-

dispersive infrared techniques for CO, and CHa.

To prove this hypothesis, a peat bog column experiment was performed. A sample of the
peat bog including the sphagnum was carefully cored and transferred into a transparent
acrylic cylinder. The column was incubated at room temperature under varying light
conditions. A gas cycle between the Raman cavity and the headspace of the column was
established. The gas phase monitoring lasted for four hours and N, O,, CO, and CH; were

monitored.

The interdependence of oxygen and carbon dioxide was of particular interest (Fig. 2 in
[RK3]). The intense light at the beginning of the experiment promoted photosynthesis and
decreased CO, concentration to the plant-specific CO, compensation point of 170 ppm. The
maximum slopes around 3.3 pmol m?h™ represent the maximum photosynthesis rate of the
sphagnum as a C3 shade pant. The amount of soil respiration (0.2 pmol m?h™) was
indirectly quantifiable during the period of steady CO, concentration by the slope of the

oxygen concentration, because so0il-CO, is immediately transformed into O, by
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photosynthesis. Leaf dark respiration was quantified in the last period during the total
absence of light. The sum respiration (3.2 umol m?h™) equals soil and leaf respiration and

leaf respiration (3.0 umol m?Zh?) by subtracting the already known soil respiration.

Besides the interesting results due to simultaneous oxygen and carbon dioxide
quantification, diffusion-induced difficulties of standalone CO, quantifications were
encountered (for details see [RK3]) and an enrichment of methane in the headspace was
guantified and normalized to the emitting soil area (0.11 pumol m?Zh™) and could therefore

serve as a parameter in climate models.

In summary, Raman gas spectrometry was proven to be a versatile and superior toolkit for
the investigation of the dynamics of greenhouse gas fluxes and for the elucidation of

complex biogeochemical processes.
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1.5.4 Fiber-enhanced Raman multi-gas spectrometry

The amplification of the optical field has happened inside an optical cavity up to this point of
the thesis. Now this method shall be compared with an alternative approach for sensitive
Raman multi-gas spectrometry: the enhancement of the Raman signal inside a hollow core
photonic bandgap fiber. The two methods are both based on Raman gas spectrometry,

however signal amplification is accomplished in different ways.

Hollow optical fibers feature the following advantages for Raman gas sensing: guiding of the
analyte, minimal sample volumes, guiding of exciting laser light, almost complete spatial
overlap of light and analyte, and guiding of the inelastically scattered light in the framework
of the numerical aperture. That suggests the “enrichment” of Raman light and therefore

scaling sensitivity with increased fiber lengths.

A setup was built on an optical table to prove the applicability of Fiber enhanced Raman gas
sensing to environmental gas analysis and breath-gas analysis. The optical part of this setup
(see Figure 1 in [RK5]) consisted of a 2.8 W 532 nm Nd:YAG laser, telescope, dichroic beam
splitter, microscope objective and a liquid nitrogen cooled spectrometer. This focused the
laser light into the hollow core of a photonic bandgap fiber. The backscattered Raman light
was collected via the same microscope objective, passed a pinhole and an edge-filter and
was finally focused into a spectrometer. The gas part of the setup consisted of a
sophisticated adapter (see Figure 2 in [RK5]) featuring four ports: two ports are connected to
gas, what allows gas filling of the fiber and flushing of the system. One central port holds the
fiber in place with outstanding spatial stability in the sub micrometer range. The fourth port
has a sealed optical window and allows the exciting laser light to be focused into the fiber
core and allows the Raman scattered light to be collected by the microscope objective. The

gas was filled into the fiber core by a syringe pump supporting pressures up to ten bar.

The whole setup was intended to push todays detection limits of fiber enhanced Raman gas
spectrometry and was not optimized for size. The whole setup is therefore much bulkier and

immobile compared to the cavity-enhanced miniaturized mobile setup.

As a result, linear scaling of the Raman gas signal with laser power and partial pressure was
observed (Figure 3 in [RK5]), equally to the cavity-based approach (see Figures 4 and 5 in this

thesis). To prove the simultaneous multi-gas detection capabilities, a certified test gas
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mixture consisting of five gases was measured. Each gas had a concentration of 1 %. The
gases in the resulting spectrum in Figure 4 in [RK5] were spectrally well separated due to the
higher spectral resolution. This doesn’t theoretically improve the limit of detection, because
the peak area is unaffected by its broadness. However, unideal influences like drifting
baseline and not normally distributed baseline noise leads to higher signal-to-noise ratios for
high-resolved systems. The sub inverse centimeter resolution of the FERS setup allowed the
observation of the natural **N*>N and *CO, isotopes in human breath. These are promising
results, considering that especially the nitrogen isotope breath gas analysis is not extensively

explored yet.

The “analytical power” of the two methods can be compared by normalizing the obtained

LODs to laser power, pressure and measurement time.

Table 3: Comparison of CERS and FERS with respect to the obtainable LOD. The LOD was normalized to time, laser power
and pressure to improve comparability.

CERS FERS
laser power | 50 2000 mW
pressure p 1 20 bar
measurement time t 100 1000 ms
LOD 48 4 ppm
LOD I xp %/t 1 160 ppm*W*bar*+/s

The analytical efficiency of CERS is over one hundred times higher than that of FERS. It
achieves lower LODs, which is mainly due to the low exciting laser power and the massive
optical field enhancement in the cavity. Generally spoken, the finesse of optical cavities
outruns the losses of optical fibers to date. However, the miniaturized cavity approach in this
thesis is limited to the low laser power and to low pressures what renders the fiber method

more sensitive in most common measurements.
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1.5.5 Calcite Biomineralization by Bacterial Isolates

This publication [RK5] by the Limnology department of the Institute of Ecology in Jena is the
predecessor of [RK1]. It evolved in a bilateral cooperation with the objective to investigate
the bacterial cultures and biomineral precipitation. The recent opening of the pristine carstic
Herrenberg cave allowed discovering an unperturbed habitat containing bacteria that lived
in the absence of light for about twenty million years. The cave walls are covered by a
microbiological active biofilm which rules the biomineralization process and substantially

determines the actual shape of the cave.

Solid cave samples of different cave locations from stalactites, cave wall, ceiling and floor
were taken and investigated by Fourier-Transform (FT)-Raman spectroscopy and FT-infrared
(IR) spectroscopy for their mineral composition. 1064 nm FT-Raman was used, because it
allows the fluorescence-free imaging of complex samples. As a result of IR-spectroscopy, the
samples were separated into two groups: sediments and stalactite samples. The sediment
samples consisted of a varying mixture of muscovite, quartz, and another component which
may be dolomite, calcite or aragonite, what is hard to distinguish with IR-spectroscopy. The
deformation vibration in FT-Raman spectroscopy finally determined the last component to
be calcite. Only carbonate bands at 1450 cm™ and 870 cm™ were found in the IR spectra of
stalactite samples. Again, these carbonates were identified to be calcite (bands at 1085 cm™
and 713 cm™) by FT-Raman spectroscopy. FT-Raman imaging of a polished stalactite surface

yielded a homogeneous undisturbed calcite distribution.

This cooperation was extended and one of nine isolated bacterial species (Arthobacter
sulfonivorans) was investigated in more detail in terms of gas exchange and

biomineralization in [RK1].
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1.6 Conclusion and Outlook

The application of an innovative design of a miniaturized and extremely robust gas sensor
based on cavity enhanced Raman spectrometry is introduced. The versatility of the new
sensor allows online, simultaneous identification and quantification of various biogenic gases
and volatiles in a wide range of concentrations and without cross-sensitivity. The different
experiments in which this instrument has been applied demonstrate its stability for a range
of important environmental research questions. In particular, the ability to simultaneously
measure O, and N, besides other gases like CO, and the ability of real-time, in-situ
measurements using isotope labels with a comparable inexpensive sensor is unique. The
application of stable isotope tracers, such as used in the examples with *C, provides a
powerful tool for understanding metabolic pathways, using low flow rates and small sample
volumes in closed systems. All this is possible because Raman spectra are based on the
characteristic inherent molecular vibrations of the measured gases such that the
measurement does not influence or disturb the experimental site by the consumption of
gases, labels or transducers. Fast analysis of gas exchange processes is possible, since time
consuming sampling and sample preparation steps are not necessary. Also long-term gas
observations can be performed due to stable linear calibration with no saturation and aging
effects. It was shown that Raman gas spectrometry provides versatility, while at the same
time portability is maintained by miniaturized instrument components and low power
consumption. The comparably simple calibration and the straightforward handling allow
focusing on the actual experiment rather than on the gas quantification. The experiments
demonstrated that Raman spectrometry enables the simultaneous investigation of various
gases produced and/or consumed by plants and microbes in controlled laboratory studies
and in complex ecosystems. Miniaturization and low power consumption constitute a high
potential for on-field measurement campaigns. This method is urgently needed and will
contribute in the future to the elucidation of complex and strongly interdependent

environmental processes.
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2 Zusammenfassung

Die Cavity-verstarkte Raman-Spektrometrie ist eine neue Technik mit vielen Vorteilen
gegenlber den etablierten Gasmesstechniken. Die sensitive Gasdetektion durch Raman-
Spektroskopie ist eine besondere Herausforderung, da Gase im Vergleich zur kondensierten
Phase eine besonders niedrige Molekiildichte aufweisen und zusatzlich nur wenige
Photonen inelastisch, im Sinne des Raman-Effekts, gestreut werden. Die Verstarkung der
Lichtintensitat durch eine optische Cavity macht die Raman-Spektroskopie fir die
anwendungsorientierte Quantifizierung von Gasen nutzbar, indem der niedrige
Streuquerschnitt durch eine um drei bis vier GroRenordnungen hohere Lichtintensitat
kompensiert wird. Durch diesen Aufwand werden die Vorteile der Raman-Spektroskopie fir
die Gasanalytik zuganglich. Zu den Vorteilen gehort die Universalitat, das heilSt die Fahigkeit
nahezu alle Gase simultan zu quantifizieren. Diese resultiert aus der speziellen Auswahlregel
der Raman-Streuung, dass sich die Polarisierbarkeit der Molekiile wahrend der Schwingung
andern muss. Diese wird von allen mehratomigen Gasmolekiilen erfillt. Keine andere
Technik ist in der Lage diese Fille von Gasen abzudecken. Insbesondere die homoatomaren
Gase sind mit herkdmmlichen Techniken schwierig zu quantifizieren und es werden
Spezialldsungen notwendig, welche sich dann meist auf ein einzelnes Gas beschranken. Zu
den interessanten zweiatomigen Gasen gehoren Stickstoff, Sauerstoff und Wasserstoff und
deren Isotope. Diese und andere Gase kdnnen mit einer hohen Messgeschwindigkeit online
bis zu 30 Hz erfasst werden, was durch die schnelle optische Technik und schnelle Elektronik
realisiert wird. Dies spielt vor allem bei schnellen Anderungen der Gaskonzentrationen eine
Rolle. Die Gaskonzentrationen skalieren linear mit analytischen KenngréofRen wie der
Bandenhohe beziehungsweise der Bandenfliche, was am Beispiel Kohlendioxid gezeigt
wurde. Fir die Bestimmung der Gaskonzentrationen wurde ein least-square Fit des
gesamten Spektrums durchgefiihrt, was zusdtzlich zum verbesserten Signal-Rausch-
Verhaltnis die ohnehin sehr gute Spezifitat weiter steigert indem zusatzlich schwache aber
sehr spezifische Banden zur automatisierten Auswertung hinzugezogen werden. Diese
extreme Spezifitat wird durch die sehr gute Unterscheidbarkeit der chemisch fast
identischen Isotope deutlich. Auch das Isotopensignal skaliert linear mit der Konzentration.
Die Linearitat ermdglicht eine einfache, schnelle und glnstige Einpunktkalibration mit

Reingasen und mit hinreichender Genauigkeit fir die meisten Anwendungen, wie im
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weiteren Verlauf der Arbeit gezeigt wird. Die hohe Linearitdat ist der Raman-Streuung
inhdrent und umfasst den gesamten dynamischen Bereich. Der dynamische Bereich reicht
von reinen Gasen bis zu einer Konzentration von etwa 50 ppm (gasabhangig) und umfasst
damit fast sieben GroRenordungen, was den meisten anderen Gasmesstechniken weit
Uberlegen ist. Die Methode wurde durch drei Punkte validiert: Blindwert, Reingas und
mittels eines zertifizierten Testgases, welches aus einer Mischung aus flinf Gasen mit einer

Volumenkonzentration von je einem Prozent bestand.

Diese neue Gasmesstechnik wurde in verschiedenen Experimenten getestet. Zuerst wurde
der respiratorische mikrobielle Gasumsatz von Pseudomonas sp. und Arthrobacter sp.
qguantifiziert [RK1]. Durch die Gasmessungen konnten die herkdmmlichen Messungen der
optischen Dichte zur Bakterienzahlbestimmung mit den Atmungsraten verglichen werden.
Die Atmungsraten beinhalten sowohl Sauerstoff als auch Kohlendioxid und zeigten die
gleiche bakterielle Lag-Phase an, waren aber im weiteren Verlauf des Experiments
unbeeinflusst von Tribungen durch die Fallung von Calciumcarbonat. Die Atmungsraten
korrelierten mit dem Lebenszyklus der Bakterien. Das einstufige Bakterium hatte ein
Maximum in der Aktivitdt, das zweistufige zeigte zwei Maxima. Die Atmungsmessungen

profitieren hierbei von der simultanen Quantifizierung von Sauerstoff und Kohlendioxid.

Neben der Atmung besitzt die Isotopenmarkierung eine grolRe Bedeutung fiir die Aufklarung
von Stoffwechselvorgingen in Organismen. Pflanzen werden oft mit >CO, markiert, welches
photosynthetisch assimiliert wird. In einem Ubergeordneten Experiment sollte mittels
3c0,-Markierung geklart werden, ob die Verteidigungsmechanismen einer Pappelart aus
gespeicherten oder aus frisch synthetisierten Abwehrstoffen basiert. In [RK2] war es dazu
wichtig, zwischen 12C02 und 13COz diskriminieren zu kénnen. Die 13C02 Markierung wurde
verfolgt und wichtige Daten konnten online erhalten werden. Dazu gehoéren die maximale
CO,-Konzentration, welche einen bestimmten Wert nicht lGbersteigen sollte und die Dauer
der *CO,-Aufnahme fir das Timing des Experiments. Im Anschluss konnte die gleiche
Methode fir die Quantifizierung der Dunkelatmung verwendet werden. Es stellte sich
heraus, dass junge Blatter eine fast doppelt so hohe Atmungsaktivitdt im Vergleich zu

ausgewachsenen Blattern haben und dass der respiratorische Quotient, ein wichtiger
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Indikator fiir die Art des verbrannten Substrats, bei eins lag, was fir die Verbrennung von

Kohlenhydraten, z.B. Starke, schlieBen lasst.

Die Messung von mehreren Gasen inklusive derer Massenisotope kann zur Kenntnis von
mehreren Parametern eines Systems fiihren. Das kann zur umfassenden Charakterisierung
von komplexen Systemen genutzt werden. Stellvertretend fiir ein komplexes Okosystem war
eine Torfmoorprobe in einem Mesokosmos [RK3]. Diese Probe bestand aus einer griinen
Pflanze (Torfmoos), einer hochatmungsaktiven wassergesattigten Torfschicht, welche
methanogene Mikroorganismen in anoxischen Mikrozonen enthielt. Durch das Gas-
Monitoring bei drei verschiedenen Lichtverhiltnissen konnten viele spezifische Parameter in
kiirzester Zeit erhalten werden, wie die maximale Photosyntheseaktivitdt des Torfmooses,
die  Dunkelatmungsrate des Torfmooses, die Bodenatmungsrate und die

Methanogeneserate.

Zuletzt wurde die Cavity-verstarkte Raman-Spektrometrie mit der faserverstarkten
Ramanspektrometrie verglichen [RK4]. Dabei stellte sich heraus, dass der Cavity-basierte
Ansatz energieffizienter und miniaturisierbarer ist, wohingegen die Verstdarkung mit einer
photonischen Hohlkernfaser zu deutlich verringerten Nachweisgrenzen und niedrigeren

Probenvolumina fuhrt.

Zusammenfassend zeigt diese Arbeit, dass die Cavity-verstarkte Raman-Gasspektrometrie
ein wertvolles Instrument fiir die Quantifizierung von biogenen Gasen in den
verschiedensten Anwendungsszenarios ist. Diese Methode hat das Potenzial neben der
Gaschromatografie eine universelle Standardgasanalysemethode in der analytischen Chemie

zu werden.
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3 Publications

The publications are structured by the intricacy of the investigated biological system. The
first three publications [RK1...3] describe the application of Raman gas sensing to respiring
bacteria [RK1], photosynthesis and isotope monitoring [RK2] and monitoring of a complex
ecosystem [RK3]. The benefits of utilizing an optical fiber to enhanced Raman gas
spectrometry was evaluated in [RK4]. In the collaboration publication [RK5], we contributed
Raman and infrared measurements of solid biogenic samples. This collaboration was
extended to Raman gas measurements in the headspace of bacteria, which eventually led to

the publication of [RK1].
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3.1 Raman Spectroscopy - An Innovative and Versatile Tool To Follow the
Respirational Activity and Carbonate Biomineralization of Important

Cave Bacteria [RK1]

Robert Keiner, Torsten Frosch, Stefan Hanf, Denise M. Akob, Kirsten Kiisel, Jiirgen Popp

Anal. Chem. 2013, 85, 18, 8708-8714

Reprinted with kind permission of the American Chemical Society.
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ABSTRACT: Raman gas spectrometry is introduced as a unique tool for the investigation
of the respiratory activity that is indicative for growth of bacteria involved in
biomineralization. Growth of these bacteria cannot be monitored using conventional
turbidity-based optical density measurements due to concomitant mineral formation in the
medium. The respiratory activity of carbonate-precipitating Arthrobacter sulfonivorans,
isolated from the recently discovered Herrenberg Cave, was investigated during its lifecycle
by means of innovative cavity-enhanced Raman gas analysis. This method allowed rapid

and nonconsumptive online quantification of CO, and O, in situ in the headspace of the

bacterial culture. Carbon dioxide production rates of A. sulfonivorans showed two maxima due to its pleomorphic growth lifecycle.
In contrast, only one maximum was observed in control organism Pseudomonas fluorescens with a one-stage lifecycle. Further
insight into the biomineralization process over time was provided by a combination of Raman macro- and microspectroscopy.
With the help of this spatially resolved chemical imaging of the different types of calcium carbonate minerals, it was elucidated
that the surface of the A. sulfonivorans bacterial cells served as nuclei for biomineralization of initially spherical vaterite
precipitates. These vaterite biominerals continued growing as chemically stable rock-forming calcite crystals with rough edges.
Thus, the utilization of innovative Raman multigas spectroscopy, combined with Raman mineral analysis, provided novel insights
into microbial-mediated biomineralization and, therefore, provides a powerful methodology in the field of environmental

sciences.

he recent discovery of the Herrenberg Cave in the
Thuringian Forest (Germany) opened a unique oppor-
tunity to study an undisturbed and unexplored microbial
population, which developed in the total absence of light.
Karstic areas, such as the Herrenberg Cave, are carbonate-
dominated and represent one of the most important
subterranean carbon reservoirs.' This window into the
subsurface provides the possibility of elucidating the role of
microbes in the earth’s Critical Zone” processes, such as the
lifecycle and biomineralization of carbonate-precipitating cave
bacteria.® The biomineralization® of calcium carbonates occurs
at the cave walls and can be mediated either by chemical
changes, caused by the metabolic activity of the micro-
organisms, or by providing nucleation sites for mineralization
at the microbial cell surface or metabolic produ(:ts.5
Arthrobacter species were detected not only in soils and the
deep subsurface but also in extreme environments, such as the
arctic ice or chemically contaminated sites.” The ubiquitous
presence of these bacteria in various environments is caused by
their ability to survive stress during long periods of time (e.g,
starvation, temperature shifts, and desiccation), as well as by
their metabolic diversity.” Members of the genus Arthrobacter
are strictly aerobic bacteria with a pleomorphic lifecycle. They
show Gram-negative rod morphology in younger cultures, and
the cells of older cultures appear as Gram-positive cocci (Figure
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SM1, Supporting Information). The A. sulfonivorans strain,
SCM3, that was isolated from solid clay material (SCM)*
grows as aggregates, and it produces extracellular polymeric
substances (EPS), which might serve as nucleation sites for
biominerals. Calcium carbonate precipitation was detected not
only in the laboratory by a variety of bacteria® but also in
numerous environments, such as soils, caves, lakes, and
seawater.” Three forms of calcium carbonate minerals are
known: calcite, vaterite, and aragonite. Calcite is the major
rock-forming mineral, while vaterite is a rare and metastable
mineral below 400 °C.'° Aragonite precipitates under elevated
temperatures and is found as a component of the hard parts of
many marine microorganisms, including shells and skeletons.""
Bacterial calcium carbonate formation is applied in contami-
nated soil and groundwater remediation,' the protection and
repair of concrete and cement structures,”> and the
conservation of building stone and statuary."* Thus, detailed
investigations of growth characteristics of carbonate-precipitat-
ing microorganisms and their products will be of high interest.
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However, the characterization of the metabolic activity of
these mineral precipitating microorganisms is challenging
because growth monitoring by conventional turbidity-based
optical density measurements can be masked due to the
concomitant mineral formation in the medium. Furthermore,
direct cell counting by fluorescence spectroscopy is often
disturbed by autofluorescence of the minerals formed. An
elegant way for characterizing the metabolic activity of
microbial cultures, including mineral precipitates, is the
quantification of the gas exchange during their growth'®'
(e.g., the consumption of oxygen and release of carbon dioxide
over time). Common methods for the quantification of gaseous
oxygen rely on chemical (Winkler's method), as well as
electrochemical, analysis {Clark probe)," and carbon dioxide is
often measured electrochemicall or by nondispersive
infrared {NDIR} absorption.m Devices based on IR absorption
spectroscopy evolved as sensitive gas sensors in recent
years,'®'? but they lack the capability for analysis of
homonuclear diatomic gases, such as O; N, and H;. Other
lab-based instruments, such as GCMS, combine separation
steps with the help of special columns in gas chromatography
(GC)™ and successive identification by means of mass
spectrometry (MS). These devices are extremely sensitive but
also bulky and expensive, and they rely on gas sampling and are
limited in terms of fast and nonconsumptive identification of
various gases simultaneously.

Our novel approach is Raman spectroscopy, which emerged
as an extremely powerful method in various natural science
disciplines.”’ This technique is based on characteristic
molecular vibrations™ and is widel%r established for the analysis
of liquid and solid samples.”® Innovative Raman gas
spectrometry” will, therefore, be introduced as a novel
technique for fast and nonconsumptive quantification of
microbial gas exchange™ in order to characterize the respira-
tional activity of A. sulfonivorans SCM3 during its lifecycle.

BE MATERIALS AND METHODS

Cultivation of Bacteria. The mineral-precipitating bacteria
were grown in hermetically sealed bottles in order to observe
the gas exchanges in a batch experiment. In doing so, the input
is initial and single-term. No elimination by out-washing occurs,
and the spatial organization of the population is homogeneous.

Strain SCM3, identified as A. sulfonivorans, was isolated from
the solid clay material (SCM) of the sediment in the
Herrenberg Cave.’® The isolate SCM3 (National Centre for
Biotechnology Information (NCBI) sequence accession
number FR669674) was cultivated in B4 medium containing
2.5 g of calcium acetate, 10 g of glucose, and 4 g of yeast extract
per liter (pH 7.5) at room temperature in the dark.® For
Raman analysis, 1 L serum bottles containing 200 mL of B4
medium were inoculated with 5 mL of 24 h cultures of the A.
sulfonivorans strain grown in B4 medium. After inoculation, the
bottles were sealed and incubated at room temperature in the
dark with stirring at 150 rpm. Noninoculated sterile medium
and dead-cell-inoculated medium were used as negative
controls.

P. fluorescens strain AH1 was isolated from an acidic fen
located in northern Bavaria, Germany, on Pseudomonas {PS)
medium, containing 20 g of peptone from meat, 2.99 g of
MgCl, X 6 H,0, and 20 mL of glycerol per liter (pH 7). For
Raman analysis, P. fluorescens was cultivated in 1 L serum
bottles containing 200 mL of PS medium and inoculated with 2
mL of 48 h culture grown in PS medium. Duplicate inoculation
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and uninoculated control bottles were sealed and incubated at
room temperature in the dark with stirring at 150 rpm.

In order to keep the intact headspace within the bottles
during the Raman gas experiment, parallel cultures were grown
for sampling for optical density {OD) measurements. From the
liquid medium, 1 mL was sampled daily for OD measurements
and for the preparation of mineral samples. The OD was
measured at wavelength 1 = 560 nm with a two-beam UV—vis
absorption spectrometer (Specord M400, Carl Zeiss, Jena,
Germany).

Raman Gas Spectrometry. Online gas measurements
were carried out in the headspace of a 1 L serum bottle. At the
beginning, the system was checked for pressure tightness, and
the total gas volume was measured simultaneously by injecting
a defined volume of gas (e.g,, air) into the system and recording
the pressure over time. The pressure leap then relates to the
total volume, and the decrease of pressure over time
corresponds to the leak rate. The whole experiment was
carried out in a temperature-controlled environment to avoid
the influence of temperature variations on the respirational
activity. Therefore, the temperature was held constant at 25 +
0.5 °C in a regulated oven {Heraeus HT 4004). The
composition of the gas phase was measured very rapidly (1
s) in order to observe even sudden gas changes.

The originally small inelastic scattering signals of the gas
molecules (with low concentration) were increased by 5 orders
of magnitude by means of innovative cavity-enhanced Raman
spectrometry {(CERS). Briefly, a laser diode (4 = 650 nm, 50
mW) was passively frequency-locked and feedback-coupled to a
high finesse power-build-up cavity to achieve strong signal
enhancement. The Stokes Raman intensity depends on the
laser intensity (I,) the angular frequencies of the laser (@y) and
the scattered light {mg), as well as the polarizability {a} of the
molecule and the molecule concentration {C).

IStokes e C*IO*(COL - w5)4*|07|2

(1)

The laser intensity and also the parameter temperature and
absolute pressure were measured with additional sensors
because the concentration (C) of an ideal gas is influenced
by temperature (T) and (partial}) pressure (p). Raman
scattering offers excellent linearity with analyte concentration
{eq 1} and allows for robust instrument calibration and gas
quantification. Therefore, a one-point calibration of the device
was proven to be reliable by measuring pure gaseous oxygen
and carbon dioxide as reference gases. The concentrations of
the individual gases in the experimentally acquired multi-
component gas mixture were derived by solving the according
linear equation system and least-squares fitting with the
calibration spectra. The magnitude of concentration fluctua-
tions that can be monitored is in the range of 100 ppm. Raman
spectra were taken with 1 s integration time.

Raman Spectroscopy and Chemical Imaging of
Mineral Precipitates. Raman spectra of the samples
containing mineral precipitates were acquired with a NIR-
Raman macro setup (4., = 1064 nm), as well as a micro-
Raman setup with visible excitation (1, = 532 nm). In
addition, Raman spectra of pure reference samples of calcite
and aragonite were measured for comparison, which were
kindly provided by the Mineralogische Sammlung Jena.

The macro setup was used to characterize an area of 0.5 mm?
in one single measurement, such that the obtained Raman
spectra represent the averaged sample composition. An
excitation wavelength in the NIR (A = 1064 nm) was used

dx.doi.org/10.1021/ac401699d | Anal Chem. 2013, 85, 8708-8714

34



Analytical Chemistry

in order to avoid excitation of fluorescence in the complex
sample. The spectra were acquired with a FT-Raman
spectrometer (Bruker, Ram II) equipped with a macrolens
(IR352) and a liquid-nitrogen-cooled Ge detector.

Micro-Raman spectroscopy with visible excitation (4, = 532
nm) was applied in order to target individual calcium carbonate
crystals and allow for the generation of spatially resolved
chemical Raman maps. The Raman spectra were acquired with
a confocal micro-Raman setup (LabRam HRS800, Horiba)
equipped with an Olympus BX41 microscope and a liquid-
nitrogen-cooled CCD detector. A 100x/0.9 Olympus micro-
scope objective was used to focus the laser light onto individual
crystals and to collect the backscattered Raman signals. In
doing so, spectra with high signal-to-noise-ratio were acquired.
In order to build up chemical images of the spatial distribution
of the minerals, the sample was scanned relative to the laser
focus with the help of a motorized x/y-stage, and Raman
spectra were recorded at every spot.

B RESULTS AND DISCUSSION

Raman Gas Spectroscopic Investigation of the Life-
cycle of Carbonate Precipitating A. sulfonivorans. As
explained in the introduction, it is of high interest to investigate
the details of the lifecycle and biomineralization process of
bacterial isolates like A. sulfonivorans SMC3 obtained from the
Herrenberg Cave. However, the growth of this microbe cannot
be analyzed by absorption measurements due to concomitant
mineral formation, which affects the measured optical density
(OD) values. Therefore, a novel approach is introduced—
namely, cavity-enhanced Raman gas analysis—in order to
provide very detailed information about the respirational
activity of A. sulfonivorans by characterizing the multigas
composition in the headspace of the bacterial culture, without
sampling or gas consumption.

In doing so, the absolute amounts of O, and CO, were
quantified continuously over the course of the lifecycle of A.
sulfonivorans SCM3. An experimentally derived Raman
spectrum is shown in Figure 1. The rotational—vibrational
Raman spectrum of O, centered at 1555 cm™' consists of a
strong Q-band (no change in rotation), as well as P and O
branches (altered rotational levels), which are not spectrally
resolved. A Fermi resonance™ occurs in the spectrum of CO,,
where the overtone of the deformation vibration at 2 X 667

w
w
w0
—

Raman Intensity (i, =650 nm)
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wavenumber / cm’”’

2000 1800 1000

Figure 1. Experimentally derived Raman spectrum of the gases O, and
CO,, which was quantified continuously during the lifecycle of A.
sulfonivorans SCM3. Simultaneous multigas quantification was possible
due to the spectral separation of the Raman bands of the individual
gases.

8710

1 =

cm” 1334 cm™' is located near the symmetric valence
vibration at 1337 cm™'. This increases the energetic distance
between the two modes and transfers intensity from the
stronger to the weaker mode, and it finally leads to the doublet
peak at 1285 and 1388 cm™. The gas peaks of O, and CO, are
spectrally well-separated and can be identified and quantified
simultaneously. The N, content was also quantified continu-
ously (not shown in Figure 1) and was exploited as a constant
internal standard.

The gas concentrations of O, and CO, were equal to
ambient conditions at the beginning of the incubation (Figure
2A). The amount of O, decreased at the end of the lag time at
32 h when the concentration of CO, was increasing. In order to
monitor the activity of A. sulfonivorans during the incubation,
the CO, production rate was calculated by differentiation of the
CO, concentration with respect to time (Figure 2B).
Interestingly, CO, production rates close to zero were detected
at the beginning of the incubation, but two maxima appeared
after 51.3 and 79.6 h. These two CO, maxima can be explained
by two stages of respirational activity in the pleomorphic
lifecycle of A. sulfonivorans. Thus, the novel application of
Raman gas analysis was very useful for analyzing the
respirational processes quickly and continuously, such that
intermediate changes in the activity of A. sulfonivorans were
revealed (Figure 2A,B). As the microbial system turned
hypoxic, the CO, production rate dropped, indicating a
diminishing microbial respirational activity (Figure 2B).

In order to compare the microbial activity of A. sulfonivorans
with a bacterium that has no pleomorphic lifecycle, the
respiration of P. fluorescens, which has only a single-stage
lifecycle, was analyzed in a similar experiment. The
concentrations of O, and CO, were again monitored in the
sample headspace over time (Figure 2C), and the CO,
production rate was calculated (Figure 2D). After a lag phase
of 5 h, the CO, production rate of P. fluorescens showed only
one maximum (Figure 2D) during the incubation experiment,
in contrast to the results of A. sulfonivorans (Figure 2B),
suggesting differences between the lifecycles of the two species.

Taking advantage of the simultaneous acquisition of the O,
and CO, concentrations, the respiratory quotient (RQ) was
quantified, which is defined as the ratio of mol of CO,
evolution consumed per mol of O, uptake. The RQ_value is
an important parameter for characterizing microbial metabo-
lism because it reflects the oxygen content of substrates such as
low-O-containing amino acids or high-O-containing root
exudates.”® Oxygen and carbon dioxide concentrations acquired
for the two different bacteria, A. sulfonivorans and P. fluorescens
(Figure 2A,C), and RQ values always less than one were in
good agreement with those of the amino acid oxidation.

Investigation of Calcium Carbonate Biomineralization
by Means of Raman Mineral Analysis. In order to
investigate more thoroughly the biomineralization of calcium
carbonates, which may be important for rock formation in
karstic caves, the gas analysis of the respirational activity of A.
sulfonivorans was supported by Raman mineral analysis. The
initial microcrystals, which were detected in the A. sulfonivorans
culture, were spherically shaped with a diameter of about 3 ym
(Figure 3B). However, light microscopic inspection (Figure
3B) did not allow us to distinguish between different forms of
calcium carbonate precipitates (calcite, vaterite, or aragonite).
Vaterite also could not be localized easily by electron
microscopy or other techniques that rely on vacuum conditions
because vaterite transforms to calcite under vacuum within a
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Figure 2. Raman spectroscopic monitoring of the headspace gas composition during the lifecycles of Arthrobacter sulfonivorans and Pseudomonas
fluorescens. (A,C) Gas compositions of O, and CO, in the sample headspace, characterizing the respirational activity of A. sulfonivorans (A) and P.
fluorescens (C) during the lifecycles. (B,D) Carbon dioxide production rates show two maxima for A. sulfonivorans (B), which has a pleomorphic
lifecycle, whereas only one maximum is seen for P. fluorescens (D), which has a single-stage lifecycle.
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Figure 3. Raman spectroscopic investigation of calcite biominerals. (A) Raman spectra of pure reference minerals (aragonite, vaterite, and calcite),
which are distinguished on the basis of their specific Raman bands. (B) White light image of A. sulfonivorans and precipitated vaterite microcrystals.
Arrows indicate spherulitic microcrystal aggregates. (C) Raman spectra in the spectral window of the symmetric stretching vibrations of carbonate
precipitates after 16 (C1) and 22 days (C2). These Raman spectra illustrate the transformation of initial vaterite bioprecipitates (Raman bands at
1091 and 1076 cm™') into chemically stable calcite microcrystals (Raman band at 1086 cm ™).

few seconds. Therefore, a combination of macro- and micro-
Raman spectroscopy was applied to detect intermediate vaterite
appearance and to quantify the amount and the type of calcium
carbonate precipitates, as well as their spatial distribution, by
means of Raman chemical imaging. Raman spectra of pure
reference samples of calcite and aragonite, as well as vaterite
biocrystals, were acquired and are shown in Figure 3A and
summarized in Table 1. All three calcium carbonates were
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distinguished with the help of their specific carbonate stretching
and bending vibrations.

Raman macrospectroscopy was exploited to average across
many crystals simultaneously, such that the successive
appearance of vaterite and calcite was quantified in the whole
sample at once (Figure 3C). The excitation wavelength 1, =
1064 nm was chosen for macro-Raman spectroscopy in order
to avoid the occurrence of fluorescence in the complex
heterogeneous sample containing bacteria, medium, and

dx.doi.org/10.1021/ac401699d | Anal. Chem. 2013, 85, 87088714

36



Analytical Chemistry

Table 1. Raman Peak Positions (Values Are Given in
Wavenumbers/cm™") and Band Assignments for Calcium
Carbonate Minerals Calcite, Vaterite, and Araguniten (See
Figure 3A)

calcite vaterite aragonite
Dipimsen COF 1432 1462
Bt COF 1086 1091, 1076 1086
Din.plase beading CO3 714 751, 739 707, 702
i, 283, 156 333-106 284—144

lattice

mineral precipitates. During the first days of inspection, only
low concentrations of minerals were present—Ileading to weak
Raman signals. However, as the number and size of crystals
grew with time, stronger signals of the precipitate minerals were
observed in the macro-Raman spectra. After a few days, a
Raman doublet at 1091 and 1076 cm™" appeared, indicating the
precipitation of vaterite by A. sulfonivorans (Figure 3C1, Table
1). The intensity of this doublct increased within the next days.
During the following days, a Raman band at 1086 cm™" also
increased successively (Figure 3C2, Table 1). These results
revealed that A. sulfonivorans SCM3 initially precipitated pure
vaterite biominerals, which transformed into stable calcite
crystals later.

In order to investigate the chemical transformation of
calcium carbonate minerals from initial vaterite biocrystals into
stable rock-forming calcite more thoroughly, the spatial
distribution of the minerals and their geometric shapes were
investigated with Raman microspectroscopy. An excitation
wavelength in the visible range at 4. = 532 nm was applied to
achieve a higher spatial resolution, which is required for

targeting individual calcium carbonate microcrystals. A suitable
cluster of minerals was chosen for light microscopy (Figure
4A). Raman spectra were acquired across an area of about 20 X
15 gm. The analysis of the array of Raman spectra, recorded
across this sample area, allowed for the generation of Raman
maps, which displayed the individual minerals. The chemical
Raman image, created by plotting the integrated intensity over
a wavenumber range from 700 to 800 cm™' (Figure 4B),
represented the spatial distribution of all three types of calcium
carbonate minerals (see Figure 3A). The depth of focus of the
applied microscope is in the micrometer range, such that
crystals that are not located in the focal plane produce only low
Raman signals and are not visible in the Raman images. A closer
look at Figure 3A showed that Raman microspectroscopy also
allowed us to distinguish between different types of calcium
carbonate in the low wavenumber range. Consequently, the
chemical images of calcite (integrated intensity of the
wavenumber range of 705—720 cm™') and vaterite (integrated
intensity of the wavenumber range of 730—755 em™') are
shown in Figure 4C,D, respectively. These images revealed that
biogenic vaterite crystals formed spherically shaped micro-
aggregates (Figure 4D). The Raman maps also indicated that
biogenic vaterite crystals serve as seed crystals for abiotic calcite
growth with rough edges (Figure 4C). This process is likely to
happen in karstic caves and could explain the preferential
growth of a variety of small crystallites, in contrast to Ostwald’s
rule (Figure 4).

B CONCLUSIONS AND OUTLOOK

The combination of innovative Raman multigas sensing, as well
as Raman macro- and microspectroscopy, was exploited to

Figure 4. (A) White light microscopic image of vaterite and calcite microcrystals in a sample area of 30 X 30 gm” (B) White light image overlaid
with chemical Raman image of carbonate precipitates (wavenumber range: 700—800 cm™"). (C,D) Chemical images of calcite distribution (C)
(wavenumber range: 705—720 cm ™', with calcite band at 715 em™") and of vaterite distribution (D) (wavenumber range: 730—755 cm™!, with
vaterite bands around 750 am ™). Vaterite and calcite crystals are not distinguishable in the white light image (A), but they can be imaged with
chemical selectivity (C,D) with the help of their distinctive Raman bands.
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elucidate details of the growth characteristics and the
concomitant carbonate precipitation activities of the cave
bacterium Arthrobacter sulfoniverans SCM3.

Cavity-enhanced Raman gas spectrometry was utilized as an
extremely versatile technique for fast and continuous online
quantification of CQ,, together with O, in the headspaces of A.
sulfonivorans and P. fluorescens cultures, without sampling, gas
consumption, or the drawbacks of turbidity-based optical
density measurements. Two developmental stages with differ-
ent respirational activities were discovered within the
pleomorphic lifecycle of A. sulfonivorans, in contrast to the
respiration of P. fluorescens, which possesses a single-stage
lifecycle. The respiratory quotient {RQ) was quantified for both
bacterial genera by taking advantage of the simultanecous
quantification of O, and CO, concentrations, and the RQ _value
was in good agreement with the theory of amino acid oxidation.
These important details may have been missed by conventional
OD measurements due to concomitant precipitation of
biominerals during the developmental cycle of the cave bacteria
A. sulfonivorans. In comparison to chromatographic methods,
which rely on the extraction of gas samples, Raman gas
measurements offer a higher degree of reliability because no gas
is consumed in the closed-cycle experiment.

The precipitation of calcium carbonate biominerals by A.
sulfonivorans was further investigated with the help of combined
Raman macro- and microspectroscopy. NIR Raman macro-
spectroscopy was hereby exploited for quantification of the
individual calcium carbonates across a representative sample
area. These average results demonstrated quantitatively that A.
sulfonivorans SCM3 precipitates initially pure vaterite bio-
minerals, which transform into chemically stable rock-forming
calcite crystals later. Raman microspectroscopy provided
further detailed insight into the geometrical shape and spatial
distribution of the precipitates. These chemical images
elucidated that biogenic vaterite crystals appear as spherically
shaped microaggregates and serve as nuclei for further
crystallization of calcite crystals with rough edges. These
results nicely demonstrate the potential of chemical-selective
Raman analysis for nondestructive onsite investigations of
biomineralization processes in natural habitats, such as karstic
areas or caves.

In summary, it was demonstrated that innovative Raman
multigas spectrometry is a capable technique for non-
consumptive, time-resolved investigation of microbial respira-
tional activities and can help to elucidate intermediate details,
which might be overlooked by conventional sampling
techniques. In the future, Raman gas sensing could assist in
activity measurements for other microorganisms involved in
biomineralization {e.g., iron-oxidizing bacteria), where conven-
tional growth measurements and fluorescence microscopic
approaches are hindered due to autofluorescence of iron oxides
within the media. In addition, a whole suite of further Raman
gas experiments can be imagined, where simultaneous multigas
quantification {e.g,, N,, N,0, CO,, O,, CH,, H,} might provide
novel insights into processes such as respiration, photosyn-
thesis, or methanogenesis.

B ASSOCIATED CONTENT

© Supporting Information
Additional information as noted in the text. This material is
available free of charge via the Internet at http://pubs.acs.org.
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and Jurgen Popp?®®

Cavity-enhanced Raman multigas spectrometry is introduced as a versatile technique for monitoring of
BCO, isotope labeling experiments, while simultaneously quantifying the fluxes of O, and other relevant
gases across a wide range of concentrations. The multigas analysis was performed in a closed cycle; no
gas was consumed, and the gas composition was not altered by the measurement. Isotope labeling of
plant metabolites via photosynthetic uptake of CO, enables the investigation of resource flows in
plants and is now an important tool in ecophysiological studies. In this experiment the B labeling of
monoclonal cuttings of Populus trichocarpa was undertaken. The high time resolution of the online
multigas analysis allowed precise control of the pulse labeling and was exploited to calculate the kinetics
of photosynthetic **CO, uptake and to extrapolate the exact value of the *CO, peak concentration in
the labeling chamber. Further, the leaf dark respiration of immature and mature leaves was analyzed. The
quantification of the photosynthetic O, production rate as a byproduct of the *CO, uptake correlated
with the amount of available light and the leaf area of the plants in the labeling chamber. The ability to
acquire CO, and O, respiration rates simultaneously also simplifies the determination of respiratory
quotients (rate of O, uptake compared to CO, release) and thus indicates the type of combusted
substrate. By combining quantification of respiration quotients with the tracing of *3C in plants, cavity
enhanced Raman spectroscopy adds a valuable new tool for studies of metabolism at the organismal to

www.rsc.org/analyst ecosystem scale.

Introduction

Isotope labeling with gaseous precursors is an important tool in
ecophysiological studies as it allows for a detailed investigation of
the flow of resources at the level of an individual organism up to
an entire ecosystem. For example, by labeling with "*C, the exis-
tence of different carbon allocation patterns between plant func-
tional groups' and the fast transfer of recently assimilated carbon
to soil microorganisms? have been demonstrated. **C labeling has
also been used at a molecular level to understand plant invest-
ments in secondary metabolites that serve as antiherbivore
defenses® as well as the biosynthetic pathways leading to defense-
related compounds.® Chemical ecology studies have monitored
photosynthetic uptake of **CO, in real time in order to measure
the incorporation of newly assimilated *C into primary versus
secondary metabolites under simulated herbivore pressure*® to
address the growth-defense hypothesis.® Measuring gas exchange
of both *CO, and "*CO, is important for investigations of the
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balance of the amount of incorporated "*C versus the amount of
respirationally released "*CO,. "*C labeling of plants via exposure
to pulses of *CO, is becoming a more commonly employed tool
in studies of plant physiology and chemical ecology.”

Nowadays, in most plant respiration experiments, CO,
production is measured as the sole parameter, either electro-
chemically or by non-dispersive infrared absorption spectroscopy.®
However, O, consumption is also important for the determination
of the respiratory quotient in order to draw conclusions about the
type of combusted substrate and for quantification of the amount
of label that got fixed by the plant. Most commonly used methods
are not sufficiently sensitive in the measurement of O, in plant
respiration over timescales of minutes. High sensitivity O,
measurements are currently performed by taking gas samples for
successive lab-based analyses using gas chromatography (GC) in
combination with mass spectrometry (GCMS) in order to deter-
mine O,/N, ratios. Unfortunately, these chromatographic tech-
niques are slow, consumptive, and expensive, because the samples
consist of complex mixtures of gases at various concentrations and
several expensive test gases are needed for instrument calibration.
To date, the miniaturization of test equipment for rapid online
monitoring of multigas-samples (consisting of O,, N, *CO, and
2C0,) has been limited.

Analyst, 2014, 139, 3879-3884 | 3879
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These limitations can be circumvented by Raman spectros-
copy, which provides characteristic information about molec-
ular vibrations® and thus chemical specificity. Raman
spectroscopy emerged in recent years as an extremely powerful
method in various natural science disciplines' to investigate
solid samples, liquids, and gases. Raman gas analysis is capable
of quantifying almost all gases (except noble gases) simulta-
neously with just one measurement." This work introduces the
methodology of cavity enhanced Raman multigas spectroscopy
for pulse labeling studies of plant physiology.

Experimental details

Monoclonal cuttings of Populus trichocarpa were obtained from
the “Thiringer Landesanstalt fiir Landwirtschaft”, Dornburg
(Germany). Populus trichocarpa is a fast-growing species native
to western North America. Cuttings were individually planted in
2 1 pots with potting soil (Klasmann KKS Bio Topfsubstrat 27)
mixed 1 : 1 with quartz sand and grown in the greenhouse with
additional light (Son-T Agro 430 W HPS bulbs, primary light
range 520-610 nm, Philips Lighting Company, New Jersey, USA)
from 6:00-17:00. The pots were uniformly watered with an
irrigation system that delivered water two to three times for 3
min between 12:00 and 13:00 each day, depending on the
temperature. The plants were moved to a climate chamber and
exposed to five days of gradual cooling followed by an artificial
winter of 8 h 10 °C days and 4 °C nights to induce senescence
and leaf fall. The plants were returned to the greenhouse and
exposed to the previous light and water conditions. As leaves
were flushing, plants were exposed to *CO, in a 2 m® labeling
chamber (see Fig. 2). The gas phase was homogenized with the
help of fans. Twenty-three to 25 plants were labeled on two
consecutive days (runs 1 and 2, see Table 1) for approximately 2
h from 12:00 to 14:00. **CO, was introduced into the chamber
via acidification of 2.67 g followed by 1.33 g 99% NaH"CO;
(Cambridge Isotope Laboratories, USA) with 16 ml or 8 ml
diluted hydrochloric acid. The leaf area of every plant was
measured at the time of labeling.

Results and discussion

Raman gas monitoring of multigas mixtures containing
isotopic labeled gases

The Raman gas sensor consists of a miniaturized laser diode
with Aexe. = 650 nm and a cw output power of 50 mW. This diode
is passively frequency locked and feedback-coupled to a high-

Paper

finesse cavity (PCB) enabling a power build-up to 100 W. Thus a
strong signal enhancement is achieved with only low power
consumption of the instrument. The PCB supports a Gaussian
beam and consists of an input coupler mirror and an end
mirror, both with extremely low scattering losses and trans-
mission. For optimal beam enhancement and stable operation,
the cavity components are aligned for spatial mode matching of
the input beam and the Gaussian beam supported by the PBC
while the facet of the laser diode helps in stabilizing mode
matching by spatial filtering.** This arrangement of the PCB is
extremely stable to mechanical vibrations and is connected to a
high-throughput spectrometer with a room temperature oper-
ated charge coupled device (CCD) with 512 pixels and a spectral
resolution of approx. 50 cm ™. Additional sensors monitor the
laser intensity, pressure and temperature for reliable gas
quantification. With the help of this strong signal enhancement
it was possible to monitor concentration fluctuations of about
50 to 100 ppm within measurement times of one second. The
device was calibrated for the relevant gases, Ny, O,, "*CO,, and
BC0,, by flushing the optical cavity with pure gases. Under-
ground correction was accomplished by subtracting the spec-
trum of the Raman inactive noble gas argon. *CO, was
calibrated with a GCMS-validated 1% mixture of *CO, with
99% argon (Raman inactive noble gas). The calibrated reference
spectra are a prerequisite for the online quantification of
sample gases during the isotope labeling experiment (Fig. 1). A
straightforward calibration approach is feasible because the
Raman intensity, Igokes, Scales strictly linearly with the gas
density in molecules per volume, nV ', laser power, I,, and
partial pressure, p over the whole dynamic range.
n

Istokes ~ v IOP (1)

Next, a least square fit of the measured spectrum and the
calibrated reference spectra provided the concentrations of the
individual gases. Therefore an over-determined linear equation
system was solved with the calibration gas, g, measured gas, a
(mixture of gases), intensity, I(#), concentration, ¢, CCD pixel, #,
and number, m, of extracted gases.

[(ﬂ?gll 1(17>gm1 1 [(5)31

Lo = @)
1@y AF)gul Lom 1),

Another major advantage of Raman multigas sensing
becomes obvious from eqn (2), namely that all gases which

Table1 Comparison of the Raman gas monitoring of two labeling runs with different leaf areas and available photosynthetically active radiation
(PAR) in the labeling chamber. The amount of developed oxygen, mean PAR, total leaf area and the exponential decay time t. are given. The
oxygen production rate is higher and the CO, uptake is faster with higher light intensity and larger leaf area in labeling run 2. t, represents the
decay time until the concentration decreased to 1/e of its initial value based on the exponential fit equation: ¢ = coe* K

O, production Light intensity Total leaf 3C0,-uptake B3CO,-uptake
Labeling run [mol d™"] PAR [W m~?] area [m?] 1% dose £, [min] 2" dose £, [min]
1 0.35 121 2.29 23.52 20.6
2 0.38 275 3.11 17.16 15.7
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(A) Example of a Raman gas spectrum (Aexc. = 650 nm) during a typical leaf dark respiration measurement of Populus trichocarpa. The

Raman spectrum of the unknown gas mixture (grey) and the Raman spectra of the individual gaseous components (green: N,, blue O,, black
CO,) are shown (N, and O, are ro—vibrational spectra, with unresolved O and S branches). The concentrations of the individual gases can be
deconvoluted from the experimentally acquired envelope. (B) The Raman gas spectra of **CO, and **CO, can be distinguished and simulta-
neously quantified due to their spectral shift and differences in the intensity distribution of the Fermi diad.

appear in course of a labeling experiment will be detected in the
Raman spectrum of the multigas-mixture. Thus, if the differ-
ence between the experimental multigas-spectrum and the
deconvoluted individual spectra differs from a zero-baseline,
more information about additional gases can be obtained by
data post-processing with an increased number, m, of extracted
gases. An example spectrum of an experimental gas mixture and
the spectra of the gaseous components (N,, O,, and CO,) are
depicted in Fig. 1A. The Raman gas spectra of the chemically
similar gaseous isotopes, *CO, and '*CO,, can be readily
distinguished due to their spectral shift and differences in the
intensity pattern of the Fermi diad (Fig. 1B). Thus, all relevant
gases (N3, O,, >CO,, and *CO,) can be quantified individually
and simultaneously with no cross-sensitivity. The gas concen-
trations (N,, O,, *CO,, **CO,) obtained were normalized for a
constant sum of all gases and a baseline subtraction was done
for *CO, and **CO,.

13C0, labeling experiment of Populus trichocarpa

The utility of the new multigas sensing methodology is
demonstrated in a labeling experiment that was designed to
investigate the allocation of newly assimilated carbon to
secondary metabolites. Saplings of Populus trichocarpa (see
Experimental details) were exposed to "*CO, in the chamber
during a two hour pulse labeling experiment (Fig. 2). The
Raman gas sensor was connected to the labeling chamber on
the opposite side of the "*CO, input to measure the labeled gas
after it traveled through the chamber (Fig. 2). The Raman sensor
always analyzed the homogenized gas concentration of the
labeling chamber. Successive addition of the label was applied
to increase the levels of *C that could be incorporated into
plant metabolites. Raman gas monitoring was applied to
observe the maximum **CO, concentration and to ensure that
the plants took up all the labeled *C. The continuous online
quantification of the *CO, level in the chamber allowed for
accurate monitoring of the uptake during the labeling period
and the precise timing of the second dose of **CO, (Fig. 3).
First, the labeling chamber was flushed with CO,-free air to
decrease the amount of >CO, from 586 ppm to <100 ppm
within 0.5 h. At 0.7 h, *CO, was chemically generated from “*C-

This journal is © The Royal Society of Chemistry 2014

closed cycle

Raman
gas analysis

l

‘COZ release

Fig.2 Schematic setup of the Raman gas analysis of a *CO; labeling
experiment. The Raman gas sensor was connected to the labeling
chamber such that the homogenized gas of the chamber was analyzed
in a closed cycle. The Raman analysis did not change the gas
composition. 13CO, was released chemically and introduced into the
chamber by a valve. The inset-photograph of the labeling chamber
shows the seedlings of Populus trichocarpa under growing lights in
order to stimulate photosynthetic uptake of 13CO,.

500
flushing with CO-free air

£ 400 end of flushing end of experiment
s 1st dose"CO,
~ 12,
= 3004 Xco,/ .~ "
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-}
£
c
@
o
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Fig. 3 Online Raman multigas analysis of the *CO, pulse labeling
experiment. The concentrations of 2CO, and *CO, in the chamber
are shown over the duration of the labeling procedure. The relevant
steps are assigned: flushing with CO,-free air, release of 3CO,,
photosynthetic uptake of *CO, (15 dose and 2" dose), and opening of
the chamber at the end. >CO,, 3CO,, and O, were simultaneously
quantified without cross-sensitivity.

bicarbonate and diluted hydrochloric acid. A few minutes later
the concentration of *CO, reached its maximum at 298 ppm
and then decreased to <100 ppm after 1.6 h due to

Analyst, 2014, 139, 3879-3884 | 3881
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photosynthetic uptake by the plants (Fig. 3). After the complete
uptake of the first dose, a second dose was administered. The
€0, concentration reached 182 ppm at 1.8 h and dropped to
<100 ppm during the next half hour. At 2.75 h the labeling
chamber was opened to ambient air. The concentration of O,
(calculated by a linear fit) rose by approximately 400 ppm during
the labeling period, whereas the concentration of N, did not
change significantly.

A major drawback of conventional gas sampling techniques
is the extended time needed for data analysis and consequently
the small number of data points. In contrast, the high time
resolution of Raman gas sensing was exploited for the rapid
acquisition of many data points tracking the “*CO,-concentra-
tion during the course of the labeling, which allowed for kinetic
investigations. First-order exponential fitting enabled the very
precise determination of time constants (Table 1) and peak
concentrations of "*CO, (Table 2).

Two separate labeling runs were performed on different
days, and more leaf area and photosynthetically active radiation
(PAR) were available inside the labeling chamber in the second
run. The comparison of both runs revealed that the amount of
0, produced during the **CO, labeling period was higher (0.38
mol per day compared to 0.35 mol per day) in run two. Similarly,
the uptake of *CO, over time was faster in the second run, with
a decay time of 15.7 min to reduce the amount of *CO, to 1/e of
its starting value in comparison to 20.6 min in the first labeling
run. All values are summarized in Table 1.

The high time resolution of Raman gas monitoring (Fig. 3)
enabled the detection of small deviations from the exponential
decay due to fluctuations in natural light intensity, and, by
comparison of both doses, it was even possible to confirm that
B3¢0, uptake by P. trichocarpa was faster at higher concentra-
tions of **CO, within the course of the first dose because the
photosynthesis rate of C; plants is not strictly linear at low
concentrations.*

An important task in environmental labeling experiments is
the correct estimation of the peak concentration of *CO, in the
labeling chamber. Peak concentrations are conventionally
calculated based on the mass of the *C-bicarbonate used to
create the >CO,. However, these approximations overestimate
the value in the homogenized chamber atmosphere, due to the
immediate photosynthetic **CO,-uptake by the plants in the

Table 2 Summary of the CO, peak concentrations (ppm) released.
The calculated values were derived from the weighted B3C-bicar-
bonate portion. The extrapolated values were derived from the
exponential fit of the measured 3CO, Raman gas curve. Both calcu-
lations are in agreement, however the extrapolated Raman gas data
deliver more precise information of the homogenized chamber gas
atmosphere due to the fast photosynthetic 1*CO,-uptake during the
time of the chemical *CO,-release

15¢ dose 1% dose 27 dose 274 dose
Labeling calculated  extrapolated  calculated  extrapolated
run [ppm] [ppm] [ppm] [ppm]
1 400 386 200 212
2 400 381 200 215

3882 | Analyst, 2014, 139, 3879-3884
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labeling chamber and the time for the chemical release of *CO,
which broadens the sharpness of the labeling pulse. It is more
precise to measure the "*CO,-concentration in the labeling
chamber online and with rapid data acquisition by means of
Raman gas sensing and calculate the peak concentration from
the decay equation with high precision by extrapolating back to
the time of the dose (Table 2). These peak concentrations of
20, were lower with the first addition of *CO, than those
calculated based on the mass of reacted bicarbonate, but the
extrapolated values were higher after the second addition of
C0, in each labeling run (Table 2). This demonstrates that
residual CO, from the first dose was still present at the
addition of the second dose, meaning actual >CO, values were
noticeably higher than expected by standard bicarbonate-
weight based calculations (Table 2).

In general, the amount of available data points from the
temporally highly resolved Raman spectroscopic gas measure-
ments enabled a very reliable fitting of time dependency
curvatures and was well suited for kinetic investigations.

Leaf dark respiration

The labeled plants were further investigated with leaf dark
respiration measurements in order to understand “*CO,
exchange over time. Approximately 24 h after the *C-labeling, P.
trichocarpa leaves of a known area were enclosed in a dark
chamber, and the concentrations of O,, *CO,, and **CO, were
continuously recorded. The fluxes of all gases were calculated
based on changes of the gas concentrations over time in the
enclosed headspace. The fluxes were related to a leaf area that
was based on one side of the leaf only to represent the area
where the stomata are located. The respired gases were circu-
lated through the instrument and returned to the chamber
without consumption or alteration by the measurement.
Ambient air was measured after one hour to validate the
stability of experimental setting. A linear fit of the gas concen-
trations over time yielded rates for the uptake of O, and CO,
production (Fig. 4). The current detection limit of the device for

0,20 20,40

1%

0,164 2036

0,12 20,32

concentration CO,
concentration O,/ %

0,08 20,28

0,04 T T T T
0,0 02 0,4 0,6 08

elapsed time / h

-
20,24
1,0

Fig. 4 Quantification of O, and CO, during the course of a leaf dark
respiration measurement of Populus trichocarpa. The amount of O,
decreased and the concentration of CO, increased linearly with
respect to time. The slopes of the linear fits yield the respiration rates
for both gases with just a single measurement. Ambient air was
measured as a reference at the end of the experiment, and the
concentrations of O, and CO, leap back to the correct starting values
of air.
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€0, was 48 ppm (¢ = 3) which results in a limit of detectable
exchange rate of 0.12 pmol m~> h™". The additional *CO, efflux
rate added by the highly diluted label from the plant was below
this level. The leaf dark respiration measurements resulted in
an O, consumption rate of 1.81 pmol m > h™" and a CO,
production rate of 1.80 pmol m~> h™" for immature leaves. In
comparison, mature leaves consumed only 0.70 pmol m~>h™"
of 0, and produced just 0.74 pmol m~> h™" of CO,. These
results indicate that the respiration rates of immature leaves are
more than twice as high as the respiration rates of mature
leaves. Distinctly higher dark respiration rates of immature
leaves are also reported in the literature.*® Simultaneous Raman
spectroscopic quantification of O, and CO, also allowed for the
calculation of the respiratory quotient (RQ) which yields infor-
mation about the compounds being metabolized and respired.
Deviations in the respiratory quotient arise from differing
carbon-oxygen ratios of substrates or the formation of
byproducts.” The RQ values were ~1 for all leaves, indicating
the combustion of starch.*®

Conclusions and outlook

This work demonstrates the unique capabilities of innovative
cavity enhanced Raman gas monitoring for the control and
analysis of CO,labeling experiments. Enhanced Raman gas
sensing is superior to conventional Raman gas spectroscopy,
due to the strong power build up to 100 W within the cavity
(while maintaining low instrument power consumption) and
outperforms other gas sensing techniques for the rapid and
simultaneous analysis of multiple gases in a labeling chamber
while eliminating sample collections and delayed analyses. The
technique is non-consumptive, such that the measurements
can be performed in a closed cycle with the labeling chamber
without altering the gas composition. The high time resolution
of the Raman measurement enables the acquisition of a huge
number of data points, which tremendously increases the
accuracy of kinetic investigations. Thus, it was possible to
determine precise uptake rates and peak concentrations of
3C0, in the pulse labeling of P. trichocarpa. Additionally, the
simultaneous measurements of CO, and O, allowed for calcu-
lation of photosynthetic rates for both gases at once which
correlated with the leaf area as well as the photosynthetically
active radiation inside the labeling chamber. The investigation
of leaf dark respiration of P. trichocarpa revealed that the
respiration rate of immature leaves was more than twice as high
compared to mature leaves. Simultaneous Raman gas quanti-
fication of O, and CO, enabled the calculation of the respiratory
quotient, which is an indicator of the chemistry of metabolites
that are fueling respiration, or can indicate the net effects of gas
transport via the plant transpiration stream. Monitoring of
C0,, CO,, and 0, also allows for quantification of the
amount of label that got fixed by the plant and the *C: "*C-
ratio.

Cavity enhanced Raman multigas sensing was shown to be a
very versatile new technique for monitoring the amount of label
incorporation in CO,-labeling experiments and it is also
capable of rapidly analyzing the respiration quotient, an

This journal is © The Royal Society of Chemistry 2014
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ecophysiologically important parameter. This new technique is
affordable and very robust due to the linearity of signal intensity
to analyte concentration. We therefore anticipate that cavity
enhanced Raman spectroscopy (CERS) will become an impor-
tant tool for labeling experiments in environmental research.
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ABSTRACT: Highly sensitive Raman gas spectroscopy is
introduced for simultaneous real time analysis of O, CO,,
CH,, and N, in order to elucidate the dynamics of greenhouse
gases evolving from climate-sensitive ecosystems. The
concentrations and fluxes of this suite of biogenic gases were
quantified in the head space of a water-saturated, raised peat
bog ecotron. The intact peat bog, exhibiting various
degradation stages of peat and sphagnum moss, was exposed
to various light regimes in order to determine important
ecosystem parameters such as the maximum photosynthesis

rate of the sphagnum as well as the extent of soil and plant respiration. Miniaturized Raman gas spectroscopy was proven to be an
extremely versatile analytical technique that allows for onsite multigas analysis in high temporal resolution. Therefore it is an
urgently needed tool for elucidation of complex biochemical processes especially in climate-sensitive ecosystems and
consequently for the estimation of climate-relevant gas budgets.

FTVhe characterization of biogenic gases in the atmosphere is

extremely important for elucidation of environmental
processes and the complex and interdependent interactions
with the biosphere.! Many of these processes are not well
understood but will have dramatic consequences for life on
earth in the future? As an example, the rapid rise of
temperature in response to human activities might result in
accelerated thawing of permafrost soil.> Therefore huge
northern permafrost areas may transform into defrosted,
reaerated peatlands and cause additional release of greenhouse
gases. Peatlands are defined as ecosystems exhibiting a partially
decomposed layer of peat forming a thickness of more than 30
cm>* Though peatland areas of the northern hemisphere
encompassing the boreal and subarctic climate zones only cover
3% of the global land surface,* they account for approximately
one-third of the worlds soil carbon (455 Pg C)** and therefore
exhibit a high carbon density.

Peatlands sequester carbon into organic matter (OM) by the
production of plant biomass, which is conserved by anoxic
conditions and low temperatures resulting in low decom-
position rates.’ Since the last glaciation, the rate of plant
production exceeds OM decomposition, leading to a net rate of
C accumulation of 76 Tg C a~.> Consequently, undisturbed
peatlands maintain an imbalance between net primary
production and decomposition leading to the accumulation of
soil organic carbon and play an important role as carbon sinks
in global biogeochemical cycles. However, in natural water-
saturated bogs CH, is also produced,® and peatlands act as net

W ACS Pub“ca‘tions © 2013 American Chemical Society
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sources of CH, with an annual release of 46 Tg CH,—C, being
equivalent to about 12% of the worlds total CH, emission.>*
The global warming potential of CH, is 25 times higher than
that of CO,” making this gas ecologically relevant in lower
concentrations as well. Today many bogs are drained for
agricultural use, leading to an aeration of the upper peat soil
and an enhanced soil respiration yielding CO,. Thus, because
of climate change, land-use change, and agricultural mismanage-
ment, peatlands turn into net sources for greenhouse gases such
as CO, and CH,. In such peatland ecosystems, the complex
dynamics of greenhouse gas fluxes are controlled by multiple,
contrarily interacting processes: On one hand, soil respiration
emits CO, acting as a C-source, whereas green plants assimilate
CO, by photosynthesis during daylight (C-sink), turning into
CO,-sources after nightfall (dark respiration). Therefore, the
monitoring of multigas exchange of the whole ecosystem is of
central interest with respect to the budgets of climate relevant
gases.la,b,:‘sa,éb

Unfortunately, there is a lack of miniaturized, field-portable,
and robust sensors capable for simultaneous quantification of
multicomponents in biogenic gas mixtures (e.g, CO, together
with N,, O,, and CH,) onsite and in real-time, without cross
sensitivity and saturation effects.® The instruments currently
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available, include techniques like galvanic cells and non-
dispersive infrared (NDIR) absorption sensors for CO,,
paramagnetic, electrochemical (Nernst-cell), semiconductive,
and photoluminescence sensors for O, as well as utilization of
the ionization potential of N,.” CH, is usually quantified by
taking samples for lab-based analysis by gas chromatography
coupled with flame-ionization detection.'” In order to increase
the number of detectable gases, several electrochemical sensors
can be combined,"" but the characteristics and limitations of
every single sensor have to be taken into account. All these
approaches, however, suffer from low specificity, aging, drift,
and saturation artifacts.'"'? Also direct optical absorption
methods (such as in Fourier transform-infrared spectroscopy
(FT-IR),"* cavity-ringdown spectroscopy (CRDS),'" and
photoacoustic spectroscopy’®) cannot be applied for sensing
homonuclear diatomic gases (such as H,, N,, and O,) that do
not exhibit a permanent dipole-moment. Because of the lack of
versatile, portable multigas sensors, time-consuming gas
sampling in the field is required followed by laboratory-based
analysis. Lab-based instruments like gas chromatographs are
bulky and expensive, although such instruments are highly
sensitive,'® Most involve separation steps with successive
identification using flame and photoionization detectors (FID,
PID)'7 or mass spectrometry (MS).

An innovative approach is Raman gas spectroscopy, a
technique that is based on molecular vibrations'® and capable
for the quantification of a whole variety of biogenic gases
simultaneously in a broad concentration range (from ppm to
pure compounds) with practically no cross-sensitivity. Raman
spectroscopy is nonconsumptive, label-free, and without
drawbacks of other gas sensing techniques, such as saturation,
bleeding, or strong cross-sensitivities.'* Raman gas sensing is
therefore perfectly suited for onsite quantification of CH,
together with N,, O,, and CO, and provides sum parameters
that describe soil respiration, photosynthesis, and methano-
genesis with just one single measurement.

B EXPERIMENTAL SECTION

Highly Sensitive Raman Gas Spectroscopy. Conven-
tional Raman spectroscopy is a weak process and needs
innovative enhancement techniques'g in order to achieve high
sensitivity. Raman gas sensors are nowadays based on specific
multipass cavities, high pressure cells, or the application of high-
power lasers.”® While the application of high-power lasers
consumes too much energy (mostly required for cooling), we
exploit an innovative cavity enhancement of the electro-
magnetic field*' In doing so, a miniaturized laser diode,
emitting SO mW at 650 nm is passively frequency-locked and
frequency-coupled to a high finesse optical cavity, enabling a
power build up to 100 W and overall signal enhancement of 6
orders of magnitude. The beam from the laser diode enters the
cavity through the input coupler mirror and is reflected back
from the end mirror. Both mirrors have extremely low
scattering losses and transmission. This high finesse cavity
acts as a power build-up cavity (PBC)*! supporting a Gaussian
beam. In order to achieve optimal beam enhancement, it is
necessary to align the cavity components for spatial mode
matching of the input beam and the Gaussian beam supported
by the PBC. The laser diode facet acts as a spatial filter which
helps in stabilizing mode matching.*" This configuration is very
stable to mechanical vibrations. Additionally to strong enhance-
ment of the exciting light, very efficient light collection optics is
of prime importance. The whole device is very robust, highly
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miniaturized (weight of approximately 500 g and size of 10 X
10 X 15 cm?®) and portable as well as with low power
consumption and therefore perfectly suited for onsite
application.

Raman scattering intensity offers excellent linearity with
analyte concentration and allows for robust instrument
calibration over a dynamic range of 4 orders of magnitude
from approximately 100 ppm to pure compounds (which was
tested with the presented instrument with help of various
certified gas mixtures). For quantification of gas components in
an unknown mixture, the laser intensity is monitored as well as
the absolute pressure and temperature of the gas. Background
signals of the setup are removed by subtracting a spectrum of
argon (Raman inactive noble gas). The concentrations of the
gas components in the acquired multigas mixture are least-
squares fitted with measured calibration spectra of the
individual gases, and the whole Raman spectra are taken into
account. The difference spectrum is a good reference for the
quality of the least-squares-fit and also elucidates remaining
components in the multigas mixture. Therefore, one can also
identify and account for gas components that were not
expected, by adding the calibration spectra of these gases to
the fitting algorithm. Obviously, this versatility, to account also
for unexpected gases without prior knowledge, is a remarkable
advantage, making Raman gas spectroscopy superior to other
gas sensing techniques which have to be designed for a specific
and known gas or gas mixture.

Peat Bog Column Experiment. The area where the peat
column was collected (see Figure 1A) is located approximately

log Raman Intensity

3000

2500
Wavenumber / cm™

2000 1500 1000

Fignre 1. (A) Photograph of the location 20 km southeast of Jena
(Germany) where the peat column was collected. The area is
embedded in a hilly landscape at an altitude between 320 and 360 m
a.s.l,, exhibiting mean annual precipitations between 600 and 665 mm
and mean annual temperatures of 7.0 to 7.7 °C. (B) Raman spectrum
of peat bog gases showing methane, nitrogen, oxygen, and carbon
dioxide. A logarithmic intensity scale was chosen for a better
illustration.

20 km southeast of Jena (N 50°45'57.58” and E 11°41'51.1")
and is embedded in a hilly landscape at an altitude between 320
to 360 m as.l, exhibiting mean annual precipitations between
600 and 665 mm and mean annual temperatures of 7.0 to 7.7
°C (TLWJF, 1997). An intact peat bog sample was cut out by a
transparent acrylic plastic cylinder and transferred to an ecotron
facility. The gas volume of the ecotron encompassed 1.6 L and
a surface area of 230 cm” The peat ecotron was incubated at
room temperature and controlled light conditions. The sample
headspace was monitored for 4 h and the gases were cycled
through the Raman gas device without consumption or altering
of the gas composition. The obtained concentrations were
normalized for a constant sum of gases. Gas rates were
determined using the slope of a linear fit of the gas
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concentrations over time. Both the soil gas rates and the leaf
respiration rate were calculated using the chamber surface area.
The pressure was 998 hPa, and the temperature complied with
room temperature (25 °C).

B RESULTS AND DISCUSSION

In order to study the different light-dependent biochemical
processes that occur simultaneously and interdependent from
each other in a complex ecosystem, the unique capabilities of
the novel Raman sensor for onsite multigas quantification were
exploited. The peat bog ecosystem, encompassing dead organic
matter in the form of different typical peat degradation stages
underneath a layer of alive sphagnum moss in a water-saturated
environment (see Figure 1A), was exposed to various light
regimes (phases I-V in Figure 2). The effects of different light
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Figure 2. Raman gas monitoring of a raised bog sample (peat and
sphagnum) for about 4 h. Oxygen and carbon dioxide concentrations
as well as the difference of concentration changes (AO, — ACO,)
over time are shown. The measurement was performed in the
headspace of the bog column. The peat bog was exposed to different
experimental light regimes that are marked as phases I-V. The
photosynthetic activity of the sphagnum and the respiratory activity
can be observed dependent on the photosynthetic active radiation
(PAR). The differences curve AO, — ACO, (green line) reveals the
combination of processes that are not equimolar in sum, while the
additional diffusion rate of CO, from the porous soil into the
headspace lowers over time due to the peculiarities of a closed
chamber experiment.***
leaf respiration, and maximum photosynthesis rate of the sphagnum
moss is presented in Table 1.

The quantitative analysis of soil respiration,

regimes on photosynthesis rates, the leaf- and soil respiration
can be separated from each other and quantified with the help
of Raman gas spectroscopy which enables the online
monitoring of O, CO,, CH,, and N, (Figure 1B). The time
course of the gas concentrations of O, and CO, emitted from
the peat bog column are shown in Figure 2. Also the differences
of the changes of O, and CO, (AO, — ACO,) are highlighted
as a green line in Figure 2 and reveal the combination of
processes that are not equimolar in sum, which are explained by
additional diffusion of CO, from the pore space of the peat
body to the headspace gas atmosphere.

In the first hour of the experiment (phase I in Figure 2) the
ecotron was placed in a sunny location and photosynthesis was
promoted due to strong solar radiation, thus reducing the CO,-
concentration in the column headspace by 2600 ppm
accompanied by simultaneous increase of the O,-level by
4100 ppm. When the sun light intensity was reduced in phase II
(by the presence of a cloud), the photosynthetic activity
responded rapidly and respiration now contributed stronger to
a decreasing headspace O, concentration by 150 ppm and a
simultaneous increase of CO, by 560 ppm. A second strong
photosynthesis activity started in phase III after cloud clearing
until the CO,-compensation point was reached. In this period
O, increased by 2050 ppm and CO, decreased by 1480 ppm
(phase TI). In the next 30 min, subsequent to the CO,
compensation point, CO, remained constant at ~150 ppm,
but O, rose by 190 ppm (phase IV). In the following 35 min,
the chamber was brought into a dark environment, leading to
diminished O, and raised CO, concentrations (phase V). The
concentrations of O, and CO, during the different phases I-V
are summarized in Table 1.

In order to compare and quantify the individual biochemical
processes over the course of the experiment, gas exchange rates
were calculated and evaluated (see Table 1). The oxygen rates
of the two photosynthesis periods (I and 1II) agreed well with
each other: 3.22 and 3.37 ymol m™> s/, respectively (Table 1).
This similarity of both oxygen rates represents the photosyn-
thesis saturation of the sphagnum (which is a C3 shade plant),
which is already reached at relatively low amounts of solar
radiation. However, the CO, slopes differed (—2.04 and —2.48
umol m™2 s71). Lower amounts of CO, were released from the
peat in phase III due to the peculiarities of a closed chamber
experiment.”” The differences in oxygen and carbon dioxide
slopes are explained by slow diffusion rates of CO, from the
porous peat body to the headspace. In the beginning, the gas
atmosphere is in equilibrium with the open porosity of the
upper peat layer. During the first photosynthesis period (phase

Table 1. Absolute Volume Concentrations and Gas Exchange Rates of O,, CO,, as well as the Difference AO, — ACO, of a
Raised Bog Sample (Peat and Sphagnum) during Experimental Phases Varying in Photosynthetic Active Radiation (See Phases

I-V in Figure 2)

phase 1

O, ppm begin 208 300
end 212 500

CO, ppm begin 3730
end 1120

AO, — ACO, ppm begin 0
end 1480

slope O, umol m™2 s™* 322

slope CO, gmol m ™2 s7* —2.04

slope AO, — ACO, ymol m™* s™* 1.18

I I v v

212 500 212 300 214300 214 500
212 300 214 300 214 500 211 800
1120 1670 160 180
1670 160 180 2 800
1480 1930 2450 2620
1930 2450 2620 2490

-0.13 337 0.16 -3.20

0.53 —248 0.04 3.03

0.41 0.89 020 -0.17
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1) 322 pmol m™ s7! oxygen are produced. The CO, gas
concentration in the headspace is reduced and further CO, is
diffusing out of the peat, which leads to virtually lower total
CO, consumption rates of 2.04 pmol m™ s\ As explained
above, these differences of oxygen and carbon dioxide changes
represent processes that are not equimolar in sum (see green
line in Figure 2).

In phases I-IV, CO, is diffusing out of the soil and is
converted into O, by photosynthesis of the sphagnum. First,
the concentration gradient of CO, in the peat pores and the
headspace is high but diminishes with time. This results in
decreasing diffusion rates over the course of the experiment,
which is shown by positive but decreasing slopes of the
difference curve in Table 1 (phase I in comparison with phase
II and phase II with phase IV, respectively). In the last phase
(V) CO, is produced by dark respiration. This results in an
inversion of the gradient (—0.17 ymol m™ s7') and CO,
diﬂ'usgs into the soil, leading to virtually lower respiration
rates.””

In phase IV, the CO, compensation point was reached due to
photosynthetic activity and only a very small amount (0.04
pmol m™ s7') of CO, enriched in the gas phase. The only
remaining source of CO, is soil respiration, while gas phase and
pore space got in equilibrium again, visible in the linearity of
the difference graph (green line in Figure 2). In this phase IV,
the photosynthesis was exclusively limited by the amount of
available CO, released from the peat, which is immediately
converted into oxygen (0.16 gmol m™ s7!). The slope of the
difference graph represents the extent of soil respiration, which
equals 0.20 gmol m™ 574,

In phase V, the total dark respiration or net ecosystem
exchange is represented by the oxygen fluxes in the absence of
light. It equals 3.2 ymol m™ s™' and is again slightly higher
than the CO,-flux and in good agreement with the literature. ™
Phases TV and V together allow for the separation of soil
respiration (phase IV) and total respiration of soil and plants
(phase V). The difference of both represents plant respiration
(3.04 pmol m™* s™') which is referenced to the ecotron area
and in good agreement with the literature,™ considering that
the sphagnum leaf area is larger.

As explained in the introduction, peatlands emit the
greenhouse gas CH, which was simultaneously quantified by
Raman gas spectroscopy in the headspace of the peat bog
column (Figure 1B). An amount of 420 ppm CH, was
developed throughout the experiment, leading to a flux of 0.11
pmol m? s7! which is in agreement with the literature. '’

The simultaneous quantification of O, and CO, by means of
Raman gas sensing clearly illustrates the difficulties that appear
when CO, alone is used as the sole parameter for ecosystem
characterization.

B CONCLUSION

Raman gas spectroscopy is an extremely versatile analytical
technique capable for simultaneous quantification of a whole
orchestra of biogenic gases. An innovative design of a power-
build-up cavity is exploited for very strong signal enhancement
and at the same time enables onsite gas analysis due to
instrument miniaturization, low power consumption and
robustness. This novel analytical device was applied for
quantification of O, and CO, together with CH, and N,, in
the head space of a water-saturated, raised peat bog ecotron,
simultaneously over time within just one single measurement.
This intact peat bog including sphagnum moss was exposed to
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various light regimes in order to study the different biochemical
processes that occur simultaneously and interdependent from
each other in a complex ecosystem. Raman spectroscopic
multigas sensing enabled the determination of important
ecosystem parameters such as the maximum photosynthesis
rate of the sphagnum as well as the extent of soil respiration
and plant respiration. The Raman spectroscopic monitoring of
dynamics of greenhouse gas fluxes is very important for
elucidation of complex biochemical processes in peatlands and
for balancing of climate relevant gases.
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ABSTRACT: Versatile multigas analysis bears high potential for
environmental sensing of climate relevant gases and noninvasive early
stage diagnosis of disease states in human breath. In this contribution, a
fiber-enhanced Raman spectroscopic (FERS) analysis of a suite of
climate relevant atmospheric gases is presented, which allowed for
reliable quantification of CH,, CO,, and N,O alongside N, and O, with
just one single measurement. A highly improved analytical sensitivity was
achieved, down to a sub-parts per million limit of detection with a high
dynamic range of 6 orders of magnitude and within a second
measurement time. The high potential of FERS for the detection of
disease markers was demonstrated with the analysis of 27 nL of exhaled
human breath. The natural isotopes *CO, and '*N'*N were quantified
at low levels, simultaneously with the major breath components N,, O,,

11\ l\\}

|
\n . )L

and 2CO,. The natural abundances of *CO, and "*N'*N were experimentally quantified in very good agreement to theoretical
values. A fiber adapter assembly and gas filling setup was designed for rapid and automated analysis of multigas compositions and
their fluctuations within seconds and without the need for optical readjustment of the sensor arrangement. On the basis of the
abilities of such miniaturized FERS system, we expect high potential for the diagnosis of clinically administered "*C-labeled CO,
in human breath and also foresee high impact for disease detection via biologically vital nitrogen compounds.

Human breath analysis bears great potential for non-
invasive early stage monitoring of disease states. Breath
analysis is highly accepted by patients and enables rapid
diagnosis and continuous bedside observation of intensive care
patients. Human breath is a mixture of different major
compounds like N,, O,, CO,, and H,0O and traces of volatile
organic compounds (VOC). The simultaneous quantification
of a whole suite of gaseous components in combination with
chemometric analysis yields high diagnostic potential.> One of
the major challenges is the accurate quantification of many
gases in different concentration ranges simultaneously.
Important gaseous markers for the detection of lung cancer
are acetone (C;HO) and methane (CH,), along with H,, CO,
CO,, and NH,.> Other important diseases and their marker
gases include (mitochondrial) oxidative stress (CO),* colonic
fermentation (CH,, H,),> and Helicobacter pylori infection
(NH;,, 12COZ)6 with diagnosis by means of isotopic-labeled
Bco,’

In the field of environmental gas sensing, it is important to
trace climate relevant atmospheric gases (e.g,, CH,, CO,, N,0,
N,, and O,), which are also strongly influenced by microbial
activities in soil.® Temperate forest soils, for example, have been
identified as s1gn1hcant sinks for CH, and as sources for NU,
CO,, and N,0,” while wetlands are a major source of CH,'"
Methane is an important greenhouse gas, whose global

W ACS Publ|cat|ons © 2014 American Chemical Society
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warming potential is 25 times higher than that of CO,."" The
excessive production of N,O, another potent greenhouse gas,
contributes to catalytic stratospheric ozone destruction.'" The
annual increase of atmospheric N,O is also a consequence of
microbial denitrification by heterotrophic bacteria (e.g.,
Pseudomonas) as well as autotrophic denitrifiers.'”> The
monitoring of multigas exchanges is thus of significant
importance for an understanding of the dynamic interactions
between soil, microbes, and plants in climate-sensitive
ecosystems. 13

Due to the low concentrations and diversity of the complex
composition of atmospheric gases and the gas markers in breath
samples, the gas analysis demands highly selective and sensitive
methods. The most commonly used technique for selective
quantification of simple gases is mass spectrometry, which is
often coupled to gas chromatography for the separation of
larger molecules.'* Although mass spectrometry is an accurate
and sensitive technique, capable of fast and simultaneous
monitoring of some simple gases,"® this technique is bulky,
expensive, difficult to calibrate, and limited for miniaturization.
Methods based on infrared (IR) absorption spectroscopy, such
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as cavity ring-down spectroscopy (CRDS)"¢ and photoacoustic
spectroscopy,’” provide high sensitivity for the analysis of
molecules with strong dipole moment (e.g., the atmospheric
gases CO,, CH,, and N,0) but cannot be applied for the
detection of important homonuclear diatomic gases (e.g., H,,
0,, and N,).*®

Raman spectroscopy,’® a technique based on molecular
vibrations,”® is well-suited for selective multigas detection and
considered as a potential techni(%ue for human breath analysis®'
and environmental gas sensing.2 An advantage of using Raman
spectroscopy for gas sensing is the ability for simultaneous
identification of all gases (except noble gases) and volatiles, in a
wide range of concentrations, within a complex mixture of
gases.22 Raman gas analysis is very fast, nonconsumptive,
requires no labeling or sample preparation, and also enables the
detection of homonuclear diatomic gases (N,, O,, and H,).
The simultaneous quantification of isotopic-labeled gases>
(e.g., BCO,, N,) provides a capability for tracer experiments.
All gases can be quantified with help of their specific Raman
bands and also a priori unexpected gases can easily be identified
in the Raman spectra of complex multigas-compositions, in
contrast to simple gas sensors that must be calibrated for all
expected gases.'® Thus, Raman multigas sensing is a powerful
technique but is not yet established in medical breath diagnosis
due to the low sensitivity of the Raman scattering process.

A promising approach for the enhancement of the intrinsi-
cally weak Raman signals is the improvement of the interaction
of the laser light with the analyte molecules within hollow-core
optical waveguides.** Gas sensors based on simple capillaries or
hollow metal waveguides are already known>® but suffer from
high attenuation. Hollow-core photonic crystal fibers (HC-
PCF)*° can guide the light with low attenuation within a
spectral bandgap and have recently emerged as a promising tool
which could be exploited for sensitive gas analysis.”” The light
within a photonic crystal fiber is guided at a low-index defect
within a quasi-2D photonic crystal lattice, forming the fiber
cladding. The guided wavevectors are surrounded by
propagation modes with a higher and lower propagation
constant /4. For higher vacuum wavevectors k than /3, bandgaps
appear which trap the light within the inner hollow core. This
leads to broad spectral transmission windows for the laser light
and the Raman-scattered photons. The HC-PCF confines both,
the optical field and the gaseous analyte, within a micrometer-
sized central hollow core of an elaborate microstructure. Only
small sample volumes (~nanoliters per centimeter fiber length)
are needed, and long optical interaction lengths are achieved for
highly efficient interaction of light and gas molecules and thus
provide enhanced analytical sensitivity.

B METHODS AND MATERIAL

HC-PCF Based Setup for Raman Gas Sensing. The
scattering cross section of the Raman effect is very low (around
1075 ecm?/ sr).28 This drawback can be circumvented with an
advanced experimental setup. Several parameters can be
exploited to increase the amount of Raman scattered light
and therefore improve the limit of detection (LOD). The
Raman scattering intensity can be expressed by the simplified

equationzg’30
Jou.

do(y, 7))

L&y, 7)) = 1,
R (Prs D) ’70”( ETS)
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In this equation, I, represents the intensity of exciting laser,
I the intensity of the Raman scattered light, n the molecule
density of the measured gas (parts per cm™), and (do)/(dQ)
the absolute differential Raman scattering cross section (in
centimeters squared per steradian). The factor ;7 represents the
detection efficiency of the experimental setup [accounting, for
example, for the signal collection and optical fiber coupling
efficiency, the quality of the optical components (mirrors,
filters, gratings efficiencies, etc.), and the quantum efficiency of
the detector]. Q (in steradian) is the solid angle of the signal
collection optic. The effective length L, with L, = (1
—e~@ ) /(o + ap) describes the improved interaction
lengths in fiber sensing with backscattering geometry, where a;,
excitation laser light and the Raman signal at a specific
wavelength. A linear relationship appears between the Raman
scattered signal and the laser intensity as well as the particle
density of the gas (eq 1). The particle density (n) is
proportional to the pressure and temperature according to
the ideal gas law.

A Raman fiber-setup with detection in the visible range
combines several advantages: availability of compact, high
power lasers with excellent beam quality, detectors with high
quantum efficiency and low noise, and high-quality gratings,
mirrors, filters, and objectives.

The optical design of the HC-PCF-based Raman gas-sensing
setup is schematically shown in Figure 1A. A frequency-doubled

L E P DC A; outlet1 qutlet2 A,
< pe }/ | ' \{
Q A N PCF Vi
% inlet 1 inlet 2

Figure 1. Design of the optical setup for fiber-enhanced Raman
spectroscopy (FERS) consisting of laser, telescope (T), long-pass
dichroic beam splitter (DC), objective lens (OL), fiber adapter
assembly (Al and A2), hollow-core photonic crystal fiber (PCF),
powermeter (PM), pinhole (P), edge filter (E), aspheric lens (L),
spectrometer (SPEC), and CCD detector.

Nd:YAG laser (with 4, = 532.2 nm, I; = 3.2 W, and M? < 1.1)
from Laser Quantum is applied. The beam passes a telescope
(T) to increase the beam diameter and matches the NA of the
fiber. The laser light is reflected into a plan fluorite objective
lens (OL) 20x/0.5 (Olympus) via a dichroic beam splitter
(DC) with edge at 532 nm, providing a reflectivity of 98% for s-
polarized laser light. The focused beam is coupled into a 1 m
HC-PCF (HCS80-02) with a central transmission wavelength
of 580 nm via a three-axis nanopositioning stage (A). The core
diameter of the applied HC-PCF is about 7 ym and most of the
laser power is focused well within the center of the fiber core.
The fiber provides an optical bandgap with a minimal
attenuation at 580 nm and a spectral range from 532—633
nm, such that the excitation wavelength A = 532 nm lies at the
low wavelength edge of the bandgap and a spectral region of
more than 3000 cm™ can be guided with extremely low
attenuation (Figure S1 of the Supporting Information), which
also includes the vibrational stretching mode of CH, at 2917

dx.doi.org/10.1021/ac404162w | Anal. Chem. 2014, 86, 5278—5285
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Figure 2. (A) Schematic illustration of the fiber adapter assembly for the alignment-free optical coupling and gas filling of the HC-PCF. The

assembly consist of ferrules and tubing sleeves for the mounting of the HC
top). The laser is coupled through an optical window into the HC-PCF, and

-PCF (middle) and HPLC tubing for gas inlet and outlet (bottom and

the Raman signal is collected in backscattering geometry. (B) Sketch of

the setup for fast and precise filling of the HC-PCF with gas mixtures consisting of midpressure pump system (PS), fiber adapter assemblies (A, and
A,, see Figure 2A), check valves (CV), magnetic valves (M), powermeter (PM), hollow-core photonic crystal fiber (PCF), objective lens 20x /0.5

(OL), sensor for pressure and temperature (S), and sinter filter (F).

em™". The transmission spectrum of the fiber is insensitive to
bending, which is important for quantification, setup stability,
and miniaturization.

The backscattered red-shifted Raman signal passes the
dichroic mirror (DC) and edge filter (E) where the Rayleigh
signal is suppressed. This backscattered light is then focused by
a 7S mm achromatic lens (L) on the slit of the spectrometer
(Acton 2556 with LN,-cooled back-illuminated CCD detector).
The whole collection setup magnifies the 7 ym core-diameter at
the fiber exit to an approximately 60 ym diameter spot size with
NA of 0.05 on the slit plane of the spectrometer in order to
match the collection NA and achieve optimal etendue. The
inelastically scattered photons are detected via a liquid nitrogen
cooled CCD. Three gratings in the spectrometer allow
overview measurements (grating with 600 lines/millimeter,
which provides a resolution of 0.10 nm/pixel; equal to 3.5
cm™!/pixel at 557.03 nm) and high-resolved measurements
[gratings with 1800 (2400) lines/mm, with resolutions of 0.03
(0.024) nm/pixel; equal to 1.0 (0.78) cm™"/pixel at 557.03 nm
respectively] An additional spatial filter, consisting of a pinhole
(P), is inserted between the dichroic beam splitter (DC) and
edge filter (E) to suppress the Raman signal from the silica of

5280

the fiber cladding such that the Raman signal of the gas samples
is not attenuated and has optimal signal-to-noise ratio (SNR).

B RESULTS AND DISCUSSION

Reproducible Optical Coupling of the Sensor-Fiber
for Reliable, Quantitative FERS Gas Analysis. High
stability of the optical coupling is essential for reliable gas
quantification and was achieved by specially designed fiber
adapter assemblies (Figures 1 and 2). The adapters (Al and
A2) at each end of the fiber solve several crucial tasks at once:
laser coupling and collection of the Raman-scattered light
through an optical window, collection of the transmitted light
for permanent monitoring with a power meter (PM), and fast
and reproducible flushing of the fiber with gas analytes. Each
adapter consists of a fitting for the fiber, while entrance and exit
ports enable gas flow and flushing (Figure 2A). The adapter
was designed for low working distances between the micro-
scope objective and fiber end facet down to 3 mm to increase
the possible choice of high-NA microscope objectives. The
sealing and optical window enables a pressure tight volume for
fiber pressures up to 20 bar. The minimized dead volume
within each adapter assembly is less than 100 nL. The two-way
gas flow for each adapter enables fast flushing of the dead

dx.doi.org/10.1021/ac404162w | Anal. Chem. 2014, 86, 5278—5285
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Figure 3. (A) Demonstration of the excellent linearity and scalability of the fiber-enhanced Raman signals of gaseous nitrogen and oxygen with rising
laser powers (peak areas at 2331 and 1555 cm™ were fitted and integrated, respectively). (B) Linearly increasing peak areas of the nitrogen and

oxygen Raman signals are shown for linearly rising (absolute) gas pressure.

volume and fiber fillings within seconds for moderate gas
pressures. The fast gas filling of the fiber-sensor is essential for
fast FERS monitoring of changing gas concentrations and was
achieved with a syringe pump system (PS), which is capable of
increasing the pressure up to 20 bar in the fiber (Figure 2B).
The gas mixture passes first a sinter filter (F) with a pore size of
0.5 pum, is then filled in the syringe, and afterward the dead
volume of the setup gets flushed with gas (while all magnetic
valves M,—M, are opened and the gas flow follows the
direction of the black arrows in Figure 2B). Second, the
magnetic valves M, and M; are closed, and the analyte gas
passes exclusively through the hollow fiber (red arrows in
Figure 2B). All magnetic valves (M;—M,) are closed prior to
quantitative FERS measurements to ensure constant pressure

writhin tha
witnini tn€ noer.

£har Tha whaola maosanrement nracedure ig fully
108 wWinlie measurément procequre is riuy

automated by a LabView (National Instruments) routine,
which reads and controls magnetic valves, pump system, power
meter, and spectrometer. In doing so, it is possible to perform a
rapid measurement, including fast gas filling, Raman analysis,
new gas filling, etc. and thus to follow the concentration
changes of a complex multigas mixture within seconds and
without the need for optical readjustment of the backscattering
arrangement.

For online quantification of the concentrations of the
individual gases in a gas mixture, the Raman spectra of gases
were taken for known concentration, pressure, temperature,
exposure time, laser power, transmitted power, and fiber length
and were saved as calibration files in the Labview routine. This
calibration is very robust due to the linearity between gas
concentration and laser intensity and Raman intensity (eq 1).
Thus, higher sensitivities can be achieved for the analysis of
minor gas compounds by controlled adjustment of the laser
power and gas pressure. An excellent linearity between laser
intensity and pressure as well as Raman intensity of N, and O,
was shown with laser powers up to 2.8 W (Figure 3A) and
pressures up to 9 bar (Figure 3B), which provides a substantial
increase in sensitivity by 2 orders of magnitude compared to
conventional parameters.

Fiber-Enhanced Raman Analysis of Environmentally
Relevant Multigas Compositions. The simultaneous
quantification of the climate relevant gases CH,, CO,, N,0,
N,, and O, as well as their fluctuations is of high interest for
ecosystem characterization as explained in the introduction.
Thus, a mixture of these five important biogenic gases was
analyzed in order to demonstrate the analytical abilities of the
new FERS-setup. The high specificity and reliability of the

method is demonstrated in the Raman spectrum of a defined
mixture of CH,, CO,, N,O, N,, and O, (Figure 4) with
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Figure 4. Fiber-enhanced Raman spectrum of a biogenic multigas
composition, consisting of climate relevant gases CO,, CH,, and N,0
together with N,, O, (each ~1 vol %, in Raman inactive argon carrier
gas), which was acquired with one single measurement within a 40 ms
acquisition time. All gases are spectrally well-separated from each other
and can easily be quantified simultaneously. The inset shows a separate
measurement, the fiber-enhanced Raman spectrum of naturally
concentrated CH, at 2 ppm in air with SNR = 28 and thus sub-

ppm LOD.

precisely defined concentrations (Table 1). All five gases show
Raman peaks within the spectral bandgap of about 3100 cm™,
provided by the HC-PCF (Figure S1 of the Supporting
Information), and can easily be separated from each other. A
calibration of the setup was performed by measurements of the

individual pure gas components with known concentration, at

Table 1. Comparison of the Quantitative FERS Multi-Gas
Measurement and the Certified Values of the Multi-
Component Reference Gas from Linde AG (Prepared in
Compliance with DIN EN ISO 6141)

certified
gas concentrations measured Raman deviation
component (%) concentrations (%) absolute (%)
N, 112 L1S 0.03
0, 0915 101 0.095
CcO, 1.02 1.10 0.08
N,O 0.985 0.870 0.115
CH, 1.08 1.00 —0.08
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constant pressure, temperature, fiber length, and laser power
(as explained before).

The experimentally obtained concentrations of the five
biogenic gases were in very good agreement with the specified
concentrations of the certified reference gas composition. The
deviations of the Raman quantification of the gases N,, O,
CO,, and CH, from the certified values were below 0.1%. The
deviation of N,O was slightly higher (0.115%) due to the small
relative scattering cross section of the symmetric valence
vibration between the N atoms in N,O of around 0.51°' (the
N,0O Raman peak at 2224 cm™ was preferred for the
measurements because it did not superimpose with Raman
peaks from other components). All data are summarized in
Table 1.

The absolute sensitivity of the FERS analysis of all five
biogenic gases (at pressure 20 bar and laser power 2 W) is
shown in Table 2. The sensitivities for the individual gases scale

Table 2. Overview of Raman shifts, Relative Raman
Scattering Cross Sections Normalized to the Cross Section
of Nitrogen, and Achieved Limits of Detection for the
Multiple Biogenic Gases

Rafnan_‘sbiﬂ relative Raman scatterin§ cross ILOD\
component {cm™ ) section at 532 nm’ {ppm)
N, 2331 1.0 9
0, 1555 1.0 8
CO, 1388 1.1 4
N,O 2224 0.5 19

CH, 2917 8.6 0.2

with their absolute scattering cross section, which is particularly
high for the four times degenerated vibration of methane. In
order to demonstrate the high sensitivity of the new setup, CH,
was analyzed at atmospheric concentration of 2 ppm, with SNR
of 28 and, accordingly, an LOD of 0.22 ppm (inset in Figure 4
and Table 2).

The achieved low LOD values prove that fiber-enhanced
Raman gas spectrometry is an extremely capable technique for
simultaneous quantification of the climate relevant gases CH,,
CO,, and N, O alongside with the major biogenic gases N, and
Q,

0,.

Fiber-Enhanced Raman Analysis of Human Breath. In
order to demonstrate the potential of fiber-enhanced Raman
spectroscopy for simultaneous detection of disease markers in
breath gas analysis, the Raman spectrum of 27 nL exhaled
human breath was analyzed within the hollow fiber (Figure 5).
The typical concentrations of endogenous breath molecules are
given in Table 3. The Raman peaks of the major breath
components N, 10,, and 2CO, can be found at 2331, 1555,
1388, and 1285 cm™’, respectively. Minor gases that appear in
the lower ppm range are highly interesting for clinical diagnosis
of metabolic diseases and thus it is very promising that the
natural isotopes *N"N (inset Figure 5) and *CO, could also
be quantified in the Raman spectrum of the breath sample.

The experimentally derived concentrations of the different
gas component of the human breath sample were in very good
agreement with literature values® (Table 3). It should be
emphasized that minor components at low concentrations (e.g.,
400 ppm of the natural stable isotopic *CO,) were quantified
simultaneously with major components (e.g, 77.8% for N,)
with just one single measurement. The result highlights the
high dynamic range of about 4 orders of magnitude in this
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Figure 5. Fiber-enhanced Raman spectrum of 27 nL of exhaled human
breath, which shows N,, O, and CO, as the permanent gases in
breath. The inset zooms the NN natural isotope peak out, which
superimposes with the O-branch of '*N,.

Table 3. FERS Quantification of *N,, '°0,, 12CO,, 3CO,,
and "*N'*N within Human Breath and Comparison with
Literature Values.>'*

theoretical measured relative scattering
component concentration in %  concentration in % cross section
N, 78 77.8 1.00
0, 16-17 16.0 1.02
2Co, 3—4 44 1.1 (1388)
Bco, 0.033—0.044 0.04 1.13 (1370)
YNUN 0.58 0.60 1.00

“The cross sections of the vibrational Raman transitions of different
molecular components in human breath are given.

fiber-enhanced Raman gas analysis. These results are very
promising because '*C-labeled markers are successfully applied
in breath analysis for the detection of different metabolic
disorders, whereas the *N-tracer technique is not yet
commonly applied in breath gas diagnosis. Besides the ability
for the quantification of the low concentrated stable isotopes
N'*N and ®CO,, the hollow fiber also provides a miniaturized
sample container for the analysis of very small breath sample
volumes of some tens of nanoliters.

Highly Resolved FERS of Isotopic-Labeled Gases. In
ies of FERS for

order to demonstrate the unique capab
selective and quantitative isotope gas analysis in a high dynamic
range, a high-resolution FERS analysis on natural CO, and N,
was performed, including all their natural isotopes (Figure 6).

The diagnosis of clinically administered "*C-labeled CO, in
human breath requires the selective identification of the label
on a huge background of naturally exhaled CO,, including its
natural isotopes. Obviously it is an essential prerequisite, for
medical gas diagnosis of administered B3Clabel in breath, to
perform a thorough analysis of the content of natural CO,
isotopes and to develop a reliable technique for their
quantification. Thus, a fiber-enhanced Raman spectrum of
CO, was acquired (Figure 6A), which shows the typical Fermi
dyad®® of the major natural isotope '2C'°0,. The sharp Q-
branches of the 7, and 27, bands of 2C'°0, result from the
coupling of the fundamental symmetric stretching mode 7; at
1286 cm™ and the first overtone of the bending mode 27, at
1388 cm™". The dyad is often simply assigned with _ and 7,
for the lower and higher wavenumber, respectively. The
measured hot bands for 2C'%0, occur at wavenumbers 1410
em™ (7,7Y) and 1265 ecm™ (7_(V), shifted relative to the
fundamental bands® (Figure 6A). The Fermi dyad of the
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Figure 6. (A) Fiber-enhanced high-resolution Raman spectrum of pure CO,. The spectrally resolved results show in detail the Fermi dyad of the
different natural isotopes 2C'°0, (¥, and ©_), *C'®0, (¥, and ¥_), and "*C'*0'®0 (¥, and 7'_), respectively, as well as the hot bands of '*C'¢0,
@,W and v W), BC%0, (7 M), and 2C'0"0 (7,(V). (B) Fiber-enhanced high-resolution Raman spectrum of pure N,. The ro-vibrational fine
structure of the O- and S-branches next to the strong Q-branch is resolved, and the Raman peak of the '*N'*N isotope is marked by an arrow.

isotope *C'®0, occurs at lower wavenumbers, at 1370 cm™

(7,) and 1266 cm™ (¥_) with the hot band at 1249 cm™
(7_™). Even the bands of the isotope >C'*0™0 are detected
at 1366 cm™ () and 1259 ecm™ (7_), respectively, as well as
the hot band at 1377 cm™" (7,(")) and the ro-vibrational fine

ML e 1 1o 1. 18~
11ne natural apundaance or U

structure of CO, (Figure 6A).
and C are 0.2% and 1.1% and result in a natural abundance of
1.09% for 3C'%0, and 0.39% for '>C'*0'0O within the sum of
all carbon dioxide isotopes.®® For quantitative analysis, the peak
area of 1?C'%0, was integrated from 1385.6 to 1395.1 cm™ and
sums up to 150475 counts with a total peak height of 61968
counts and a baseline noise of about 27 counts (standard
deviation of the baseline). The integration of the *C'%0, peak
from 1368.7—1375.9 cm™ results in 1645 counts and a total
peak height of 873 counts. From a comparison of both peaks,
an absolute concentration of (1.08 + 0.03)% was measured for
the isotope "*C'®0,, which is in very good agreement with the
theoretical value of 1.09%.

The capability of FERS for highly sensitive quantification of
N, alongside other biogenic gases and natural isotopes is
unique. Natural nitrogen is contained to 78.01% absolute in
ambient air (sum of all isotopes). The relative natural
concentrations of the individual isotopes are 99.261% for
N, 0.737% for 'N'*N, and 0.0001% for 'N,.** The high-
resolution FERS measurement of N, in ambient air at room
temperature is dominated by the Q-branch of N, at 2329
cm™ (Figure 6B). The spectrally resolved Q-branch shows the
typical asymmetric shape due to different ro-vibrational energy
levels with spacing, according to the model of the anharmonic
oscillator.®* The Q-branch is accompanied by O- and S-
branches of the rotational transitions, which roughly extend
from 2000 to 2600 cm™". The intensity alternations arise from
the statistical weight of the nuclear spin states for even and odd
J, with the relation 6:3 (with J = 1 for N,).?*® The Q-branch of
the isotope "*N'N at position 2291 cm™ was used to quantify
the isotope abundance of NN compared to 'N,. The
experimentally derived relative abundance of (0.0080 + 0.0005)
is in good agreement with the theoretically expected value of
0.0074.

The results highlight the high potential of fiber-enhanced
Raman spectroscopy with hollow-core photonic crystal fibers as
minimal volume cuvettes for quantitative analysis of isotopic
tracers.
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B SUMMARY AND CONCLUSION

An advanced fiber-enhanced Raman spectroscopic (FERS)
setup was presented with specially designed fiber adapter
assemblies for stable and quantitative analysis and fully
automated gas filling system for alignment-free and fast
monitoring of multigas fluctuations down to sub-ppm levels,
with a high dynamic range of 6 orders of magnitude, time
resolution of seconds, and miniscule sample volumes of
nanoliters. A simultaneous FERS quantification of the climate
relevant gases CH,, CO,, and N,O together with N, and O,
was demonstrated, and limits of detection as low as 0.2 ppm for
methane were achieved. The straightforward quantification of
low concentrated homonuclear diatomic gases (e.g., N,, O,,
and H,) and chemically almost identical isotopes (e.g,, *CO,,
2CO, as well as "*N,, and *N'*N) should be highlighted, since
these gases cannot easily be quantified simultaneously with
conventional techniques and the tracing of isotopic labels is of
outmost importance for the monitoring of metabolic pathways.

The potential of FERS for early stage disease diagnostics was
demonstrated with the analysis of 27 nL of exhaled human
breath, and it was shown that the major breath components

147
Ny,

AnT15nT

190,, and '*CO, as well as the minor components "“N'*N
and CO, can be quantified simultaneously over a high
dynamic range of 4 orders of magnitude with just one single
measurement. While the '*C breath test is already established in
breath analysis, we expect that more *C-tests will be developed
in the future based on reliable sensing with the new FERS
technique and also foresee a high potential for disease detection
via biologically vital nitrogen compounds. The determination of
nitrogen ratios with FERS is much faster and simpler compared
to complicated measurements with bulky and expensive
analytical techniques such as isotope ratio mass spectrometry
(IRMS).

Furthermore, there is great potential in the miniaturization of
FERS setups with the advantage of high sensitivity and
selectivity in combination with portability and affordable prices
for such devices. A portable and robust FERS sensor, which is
capable for real-time multicomponent quantification of
biogenic gases, will be a powerful tool for the characterization
of greenhouse gas fluxes and bedside clinical diagnosis of
metabolic diseases.
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Karstic caves represent one of the most important subterranean carbon storages on Earth and provide windows into the subsur-
face. The recent discovery of the Herrenberg Cave, Germany, gave us the opportunity to investigate the diversity and potential
role of bacteria in carbonate mineral formation. Calcite was the only mineral observed by Raman spectroscopy to precipitate as
stalactites from seepage water. Bacterial cells were found on the surface and interior of stalactites by confocal laser scanning mi-
croscopy. Proteobacteria dominated the microbial communities inhabiting stalactites, representing more than 70% of total 168
rRNA gene clones. Proteobacteria formed 22 to 34% of the detected communities in fluvial sediments, and a large fraction of
these bacteria were also metabolically active. A total of 9 isolates, belonging to the genera Arthirobacter, Flavobacterium, Pseu-
domonas, Rhodococcus, Serratia, and Stenotrophomonas, grew on alkaline carbonate-precipitating medium. Two cultures with
the most intense precipitate formation, Arthrobacter sulfonivorans and Rhodococcus globerulus, grew as aggregates, produced
extracellular polymeric substances (EPS), and formed mixtures of calcite, vaterite, and monohydrocalcite. R. globerulus formed
idiomorphous crystals with rhombohedral morphology, whereas A. sulfonivorans formed xenomorphous globular crystals, evi-

dence for taxon-specific crystal morphologies. The results of this study highlighted the importance of combining various tech-
niques in order to understand the geomicrobiology of karstic caves, but further studies are needed to determine whether the
mineralogical biosignatures found in nutrient-rich media can also be found in oligotrophic caves.

Recent interest in the role of microbial processes in biogeo-
chemical cycles and the largely unexplored subsurface diver-
sity has spurred research on the geomicrobiology of deep marine
and terrestrial environments. Calculations indicate that the total
amount of carbon in intraterrestrial organisms may equal that of
all terrestrial and marine plants (55). An important part of this
biomass is within subsurface microbial ecosystems deep inside the
earth (6). Although, in the last 20 years, numerous studies have
started to investigate microbial biodiversity in a wide range of
habitats, including pristine and contaminated groundwater, ma-
rine subsurface habitats, sedimentary and magmatic terrestrial en-
vironments, and various caves (31, 37, 52, 70, 72), the physiolog-
ical and biochemical features of these communities are still
awaiting exploration (55).

Caves provide a window into the subsurface and are a prime
habitat for investigating subsurface microbial life (1). The major-
ity of previous cave research focused on cave systems where chem-
ical energy fuels microbial communities, such as the ferromanga-
nese deposits of the Lechuguilla Cave in New Mexico (21, 53), the
sulfidic Frasassi cave system in Italy or the Movile Cave in Roma-
nia (18, 47), the nitrate/nitrite-dominated Nullarbor Cave in Aus-
tralia (40), or a number of caves receiving allochthonous organic
matter input (34). Karstic areas are of specific interest because
these carbonate-dominated habitats represent one of the most
important natural subterranean carbon reservoirs on Earth (22).
Caves provide easy access to karstic environments. However, if
caves are open to the public, it can be difficult to differentiate
between the pristine indigenous microbial communities and
those introduced into the cave by visiting humans or animals. To
date, only a limited number of studies have examined the diversity
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and activity of microorganisms colonizing karstic habitats (56, 60,
69). Other studies focused on microbial isolates obtained from
caves, which are capable of carbonate mineral formation (for ex-
ample, see references 13, 15, 24, 35, and 63).

Our multidisciplinary study took advantage of the recently dis-
covered Herrenberg Cave, which was discovered in the Thuring-
ian forest in Germany during the excavation ofa new rail tunnel.
This karstic cave was not affected by human activity before 2008
and appeared to have no contact with migrating higher animals,
e.g., bats. Thus, it provided a unique pristine habitat for elucidat-
ing the active microbial community in a karstic system. Our
goal was to achieve a first glimpse into the geomicrobiology of
this pristine cave by combining a broad variety of techniques,
including phylogenetic analyses, microscopic techniques, and
cultivation-based methods. We had the opportunity to sample
stalactite material and fluvial sediments some hours before the
cave was permanently closed, and construction work proceeded.
With this pristine material, we aimed to (i) elucidate the hidden
bacterial diversity and activity, (ii) evaluate the potential of bacte-
rial isolates for carbonate mineralization, and (iii) to study in de-
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FIG 1 Herrenberg Cave. (A) Map of the Herrenberg Cave located in southwest Thuringia, Germany, with profile line a-b. (B) Sample points in the western part
of the cave (samples from sites A to [ are solid samples, while Wa to Wi are water samples). A, stalactite; B, brown straw stalactite; C, white straw stalactite; D,
eccentric straw stalactite; E, cave wall material; F, entrance sediment material; G, H, and I, fluvial sediments. (C) Geological profile of the area. (Courtesy of the

Thuringian State Institute of Environment and Geology, Thuringia, Germany.)

tail different phases of mineral formation with scanning electron
microscopy and energy-dispersive X-ray spectroscopy (SEM-
EDX) and confocal laser scanning microscopy (CLSM).

MATERIALS AND METHODS

Study site and sampling. Herrenberg Cave (situated between 40
and 90 m below the ground) is located in Thuringia, Germany
(R-value 4430286, H-value 5588500, DHDN/Gauss-Kruger zone 4,
11°01'007,5"'E, 50°25"41,6''N) at the southern foreland of the Thuring-
ian Forest. It was formed during Tertiary and Quarternary times in Mid-
dle Triassic limestones and marls of the Lower Muschelkalk formation
(mu), i.e., in the main aquifer (Fig. 1). The cave is between 8 to 0.5 m wide
and up to 20 m high. Parts of the cave lie under the regional groundwater
level characterized by 1.2 to 2.7 mg liter—! dissolved organic carbon
(DOC), which flows mainly north to south. Weakly mineralized water (30
to 100 mgliter— ! total dissolved salts [TDS] of the Ca-Mg-SO, type) from
quartzite-rich shales enters the limestones of the main aquifer, resulting in
intensive solution of calcite and strong mineralization of groundwater [up
to 600 mg liter ! TDS of the Ca-(Mg)-HCO, type]. A small creek flows
from north to southwest into a cave lake near the human-made entrance.
The average nitrate concentrations were 19.5 mg liter—! in groundwater
and 13.7 mg liter ! in seepage water collected from stalactites. The am-
monium concentration was 0.01 to 0.02 mg liter™ ! or below the detection
limit. Water and air temperatures in the cave varied between 7 and 9°C.
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Samples from different sites of the cave were obtained from the cave in
January 2009 using aseptic techniques (Fig. 1) stalactite (site A samples)
and straw stalactites (site B samples, brown straw stalactite; site C samples,
white straw stalactite; site D samples, excentric straw stalactite), black-
colored clay wall material (site E samples), mud at the human-made en-
trance of the cave (site G samples), and fluvial sediments (site F, H, and I
samples). All samples were stored at 4°C until return to the laboratory.

Determination of nitrate, ammonium, total metal concentrations,
and C/N analysis. Water samples were filtered through glass microfiber
filters (Whatman) and were analyzed for NO,~ (12) and NH,~ (10) con-
centrations. Sediment samples for total Al, Mg, Ca, Fe, Mn, and Na ana-
lyses were dried at 100°C, powdered, completely extracted with aqua regia
(38), and then analyzed with an inductively coupled plasma mass spec-
trometer (ICP-MS) (PQ3S; Thermo Electron, United Kingdom). Sedi-
ment samples were ground to <100 pm with a ball mill and analyzed for
total carbon and nitrogen by dry combustion with a CN analyzer (Vario
Max; Elementar Analysensysieme GmbH, Germany). Inorganic carbon
was determined by measuring the totalamount of carbon after removal of
organic carbon (OC) by ignition of samples for 4 h at 550°C (36). OC
concentrations were then calculated from the difference between total and
inorganic carbon concentrations.

XRD. Powder X-ray diffraction (XRD) patterns were obtained with a
Seifert-FPM XRD 7, equipped with a graphite monochromator, using Cu
Ke radiation at 40 kV and 30 mA. Step scanning was done from 10°to 52°
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26 with increments of 0.02° 26 and a counting time of 10 s per step.
Sediment samples 6 and 9 were mounted on glass slides, while precipitates
from culture experiments were prepared on Si slides. For clay mineral
analysis, the clay fractions of samples 6 and 9 were separated by sedimen-
tation and analyzed as (i) oriented specimens on ceramic tiles, (i) satu-
rated with glycol, and (iii) after heating to 550°C.

Infrared and Raman spectroscopy. Raman spectra were recorded
with a Fourier transform (FT)-Raman spectrometer (Bruker MultiRAM)
in microscopic and macroscopic mode with a spectral resolution of 2
em~!, The instrument was equipped with a Nd:YAG laser (excitation
wavelength [A_. ] of 1,064 nm) as the excitation source and a liquid
nitrogen-cooled germanium detector. FT-infrared (IR) spectra were mea-
sured using a Bruker IFS66 spectrometer equipped with a doped triglye-
erin sulfate (DTGS) detector and 4-cm~! spectral resolution.

Bacterial community analysis. (i) DNA and RNA extraction, cDNA
synthesis, and PCR amplification. Genomic DNA and RNA wereisolated
and purified from environmental samples using the RNA PowerSoil kit
combined with the RNA PowerSoil DNA elution accessory kit (Mo Bio
Laboratories, Carlsbad, CA) according to the manufacturer’s instructions
except for the stalactite sample. In this case, a piece of stalactite (~0.5-cm?
surface area) was mixed with the bead solution from the kit's bead tube
and vortexed to remove surface cells. The liquid was then returned to the
kit’s bead tube to proceed with the manufacturer’s protocol. RNase-free
DNase I (Fermentas) was used for DNase treatment of isolated RNA.
cDNA was synthesized using the RevertAid first-strand ¢DNA synthesis
kit (Fermentas) according to the manufacturer’s instructions. PCR am-
plification of 165 rRNA gene fragments from isolated genomic DNA or
c¢DNA was performed using the universal eubacterial forward fdl and
reverse rp2 primers (51) in a Peglab advanced Primus 96 thermocycler.
The PCR mixtures contained 1 U Tag DNA polymerase in the manufac-
turer’s buffer (Jena Bioscience, Jena, Germany), 1.5 mM MgCl,, 200 M
deoxynucleoside triphosphates (dNTPs), and 0.3 uM {(each) primer.
Samples were first denatured at 95°C for 5 min, followed by 30 cycles, with
1 cycle consisting of denaturation at 95°C for 30 s, annealing at 55°C for 45
s, and extension at 72°C for 1.5 min, followed by a final extension step at
72°C for 10 min. PCR products were purified using the NucleoSpin ex-
tract IT kit (Macherey-Nagel, Germany) according to the manufacturer’s
instructions.

(ii) Construction and analysis of clone libraries. Purified 165 rRNA
amplicons were cloned into the pCR4-TOPO vector using the TOPO TA
cloning kit for Sequencing with One Shot TOP10 chemically competent
Escherichia coli cells according to the manufacturer’s instructions (Invit-
rogen, Carlsbad, CA). Ligation reactions originating from the stalactite
DNA (site A samples) and sediment RNA (site F samples) were shipped to
the Genome Center at Washington University (St. Louis, MO) for trans-
formation and bidirectional sequencing with vector-specific primers (T3/
T7). The rest of the clone libraries were constructed and screened in the
laboratory. Plasmids were extracted by boiling a loopful of bacterial cells
in 50 pd water for 10 min and pelleting the debris by centrifugation (2 min
at 15,000 X g). The supernatant was transferred into fresh tubes. The
inserts were amplified with vector-specific M13f/M 13r primers (73). 165
rRNA gene fragments were sequenced by Macrogen (Seoul, South Korea)
and AGOWA (Berlin, Germany). Clones were grouped with amplified
ribosomal DNA restriction analysis (ARDRA) using the enzymes BsuRI
and Mspl (Fermentas) as described previously (50).

(iii) Phylogenetic analysis. Sequences were assembled, and vector se-
quences flanking the 165 rRNA geneinserts were removed using Geneious
Pro version 4.6.4 (Biomatters, Auckland, New Zealand). Operational tax-
onomic units (OTUs) were determined with 0.15 distance cutoff using the
Aligner and Complete Linkage Clustering Tool of the Ribosomal Data-
base Project (RDP) (http://pyro.ame.msu.edu). All sequences were
checked for possible chimeric artifacts with the Chimera Check Tool from
RDP (19). Percent coverage was calculated according to standard equa-
tions (5), and rarefaction analysis was performed using Analytic Rarefac-
tion 1.3 (39). The Shannon diversity index was calculated using the Esti-
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mateS software program (http://viceroy.eeb.uconn.edu). Sequence
similarity was determined using the Basic Local Alignment Search Tool
(BLAST) algorithm against the GenBank database available from the Na-
tional Center for Biotechnology Information (2).

(iv) Quantitative PCR for quantification of bacterial 165 rRNA
genes. The copy numbers of bacterial 165 rRNA genes were determined in
triplicate for each sediment sample (site F to I samples) and stalactite
sample (site A samples) by quantitative PCR (qPCR) using the 331F-797R
primers/bactprobe combination (46) and Maxima Probe qPCR Master-
Mix (Fermentas) on an Mx3000P instrument (Stratagene). Cycling con-
ditions were 95°C for 10 min and 40 cycles, with 1 cycle consisting of 95°C
for 15 s, 60°C for 30 s, and 72°C for 30 s (46). Standard curves were
prepared using serial dilutions of mixtures of plasmids containing 165
rRNA genes originating from clones FC36, FC63, FC13, FC29, OMA0S,
FC75, FCe, FC83, OME09, and FC11, representing the most frequently
observed phyla. Standard curves were linear from 4.7 % 10% to 4.7 X10?
165 rRNA gene copies with an efficiency of 104.7%.

Cultivation and identification of isolates. Serial dilutions from sedi-
ments were spread on B4 medium containing 2.5 g Ca acetate, 10 g glu-
cose, 4 g yeast extract, 15 gagar liter —* (pH 8.0) (9) and incubated at room
temperature or 30°C for 4 weeks in the dark to allow for growth of het-
erotrophic bacteria. Bacteria were isolated on B4 medium, and isolates
were periodically examined by light microscopy to determine the presence
of crystals. For microscopic analyses, isolates were transterred to liquid B4
medium and modified B4 (BAMLY) (2.5 g Ca acetate, 0.5 g glucose, and
0.5 gyeast extract liter ! [pH 8.0] ) medium and incubated at room tem-
perature and at 30°C for 4 weeks. Genomic DNA from pure cultures was
isolated by boiling a loopful of bacterial biomass for 10 min in 100 wl of
5% CHELEX 100 solution (Bio-Rad). After 2 min of centrifugation at
15,000 > g (5415C table centrifuge; Eppendort, Germany), the superna-
tant was used as a template for PCR amplification. 165 rRNA genes were
amplified, sequenced, and analyzed as described above.

CLSM. Upon return to the laboratory, stalactite samples were fixed in
4% formaldehyde in 1< phosphate-buffered saline (PBS) prior to confo-
cal laser scanning microscopy (CLSM). Liquid cultures in B4 medium of
the CaCO,-precipitating bacterial isolates, Arthrobacter sulfonivorans
(SCM3) and Rhodococcus globerudus (SCM4), were examined directly
without fixation. Samples were stained directly with SYTOX Green (nu-
cleic acid-specific dye), SYPRO Orange (protein staining dye), and Ca-
green (free Ca’*-ion-specific dye) (Molecular Probes Inc., Eugene, OR).
Staining was carried out on fully hydrated aggregates and directly on the
surface of the stalactite sample according to the manufacturer’s instruc-
tions.

Cell aggregates and the stalactite sample were analyzed by CLSM using
aTCS SPSX, controlled by the LAS 2.1.0 software program (Leica, Heidel-
berg, Germany), equipped with an upright microscope and a super con-
tinuum light source. Images were collected with a 63 < water immersion
lens with a numerical aperture (NA) of 1.2 and a 63 < water immersible
lens with an NA of 0.9. Scanning was carried out by simple viewing from
the top. The samples were examined selecting the excitation lines at 485
nm (reflection and SYPRO), 504 nm (reflection and SYTOX), and 506 nm
(reflection and Ca-green). Fluorescence emission signals were recorded
from 500 to 650 nm (proteins) for cell aggregates, 516 to 574 nm (nucleic
acids), and 516 to 560 nm (free Ca®* ions) for the stalactite sample. In
addition, the reflection signals were recorded at the point of excitation.
Optical sections of aggregates were recorded in a single scan, and stalac-
tites were recorded at 0.5-pm step size. Images were visualized by using
the microscope software (Leica) for maximum-intensity projections and
Imaris, version 7. 1.0 (Bitplane, Ziirich, Switzerland), for XYZ projections.
Image data of microbial isolates were subjected to deconvolution using
Huygens version 3.6.0 (SVI, The Netherlands) calculated with the CMLE
algorithm.

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX). A droplet of bacterial suspension from liquid cul-
tures was prepared for SEM by air drying on an electrically conductive,
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adhesive tag (Leit-Tab; Plano GmbH, Wetzlar, Germany). In order to
prevent loss of inorganic material, critical point drying was not per-
formed. The samples were then sputter coated with platinum (thickness of
approximately 8 nm) using a SCD00S sputter coater (BAL-TEC, Liech-
tenstein) to avoid surface charging. Finally, the specimens were investi-
gated with a field emission (FE) SEM LEO-1530 Gemini (Carl Zeiss NTS
GmbH, Oberkochen, Germany) at an electron energy of 8 keV using
the secondary electron detector. For material contrast, the built-in
semiconductor-based back-scattered electron detector was used. For cor-
relation with topography, a secondary electron image was measured si-
multaneously. The samples used for material contrast SEM were used for
EDX, as well. Measurements were carried out using a LEQ-1450 instru-
ment (Carl Zeiss NTS GmbH, Oberkochen Germany) equipped with an
EDX system Quantax 200 with an XFlash 5030 detector (Bruker AXS,
Berlin, Germany).

Nucleotide sequence accession numbers. The sequences of represen-
tative clones were deposited in the GenBank database under accession
numbers FR734304 to FR734402. The GenBank accession numbers for
strains SCM4 (Rhodococcus globerudus) and SCM3 (Arthrobacter sulfoniv-
orans) are FR66967 3 and FR669674, respectively.

RESULTS
Geochemical characteristics and mineralogy of the Herrenberg
Cave. In January 2009, we investigated the 800-m-long western
branch of the Herrenberg Cave (Fig. 1). Some parts of the walls,
roof, and cave floor were covered with magnificent speleothems,
e.g., stalagmites and stalactites (site A to D samples), including
rare 2-m-long soda straw stalactites. Cave wall material (site E
samples) and fluvial sedimentary deposits consisted of mostly
mud, clay, and gravel (site F to I samples) and had pH valuesof 7.2
to 8.0. They contained small amounts of organic carbon (0.5%),
nitrogen (0.06%), various amounts of total Al {(63.6to 114.9 mg
g 1), Ca(10.8t040.5mgg ), Mg (15.8t0 28.6 mg g '), and Fe
(31 to 62 mg g~'). Raman microspectroscopic analyses showed a
homogeneous distribution of calcite across the surface of the sta-
lactite and straw stalactite samples. All sediment samples con-
tained muscovite, while the content of quartzand carbonates(e.g.,
dolomite, calcite, and/or aragonite) was considerably higher in
site E, G, and [ samples, as shown by IR spectroscopy. Two sedi-
ments (site F and I samples) were further investigated using XRD,
which showed that they contained quartz, dolomite, micaceous
minerals, and clays. Clay minerals included illite, kaolinite, and
small amounts of vermiculite or chlorite {(diffractograms not
shown). Additional calcite was found in site F samples.
Distribution, diversity, and activity of cave bacteria. The
copy numbers of bacterial 165 rRNA genes determined for fluvial
sediments (site F to I samples) and one stalactite (site A samples)
yielded bacterial cell counts of approximately 1.5 X 107,2.5 % 104,
4.6 % 107, and 2.6 X 10* g~ ! (wet weight) sediment for samples 6,
7,8, and 9, respectively, and 8.5 X 10? cm ~2 stalactite surface (site
A samples). CLSM of a nucleic acid-stained stalactite sample pro-
vided information about the distribution and density of bacterial
cells on its surface. On the outer surface, no biofilm formation was
observed, with low cell densities observed on the stalactite surface
(Fig. 2a). Although a delocalization of cells from the outer surface
to the interior surface during sample transport prior to micro-
scopic analysis is unlikely but cannot be completely ruled out, it is
interesting to note that bacteria were also detected on the outer
surface as well as on the interior surface of the stalactite (Fig. 2b).
In addition, numerous bacteria were observed on the surface ofa
hypha-like structure originating from the stalactite sample (Fig.
2¢). Hypha-like structures were also observed in other stalactite
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samples, confirming the presence of fungal members of the mi-
crobial community inhabiting this cave.

Microbial community characterization was performed on only
the stalactite samples (site A samples) and the three sediment sam-
ples (site F, H, and I samples), as a limited amount of DNA was
obtained from the straw stalactites. A total of 371 165 rRNA gene
sequences were analyzed for the 4 samples. The 112 stalactite-
derived clones grouped into 37 OTUs, and the library had 37.8%
coverage. OTUs related to unclassified bacteria with unclarified
phylogenetic affiliations comprised 16% of total clone sequences.
The majority of clones (71%) were identified as members of the
Protecbacteria (Alphaproteobacteria, Betaproteobacteria, Gamma-
proteobacteria, and Deltaproteobacterin subclasses) with a domi-
nance of the Gammaproteobacteria subclass (including the genera
Pseudomonas and Acinetobacter). A minor number of clone se-
quences were related to Gram-positive bacteria (Firmricutes and
Actinobacteria), such as the Actinobacteria genus Arthrobacter. In
addition, members of the phyla Bacteroidetes, Acidobacteria,
Planctomycetes, Verrucomicrobia, and Fibrobacteres were shown to
be present in the bacterial communities (Fig. 3; sce Table S1 in the
supplemental material).

From the three fluvial sediments (site F, H, and I samples), 204
clones were analyzed, and the clones grouped into 35 (site F sam-
ples), 22 (site H samples), and 27 (site I samples) OTUs. Only 18
OTUs were detected in more than one of the three sediment sam-
ples. Coverage approximated 20.0, 63.6, and 77.8% for site F, H,
and [ samples, respectively. Bacterial community composition
with respect to the majority of taxonomic groups represented in
the sediment libraries overlapped at the phylum level (Fig. 3);
however, the relative proportions of the different phyla in the
three sediment libraries differed. A number of clone sequences (5
to 15%) were related to yet unclassified bacteria with unclarified
phylogenetic affiliation. Other sequences grouped within the bac-
terial phyla Proteobacteria (Alphaproteobacteria, Betaproteobacte-
ria, Gammaproteobacteria, and Deltaproteobacteria subclasses),
Firmicutes and Actinobacteria, as well as Bacteroidetes, Acidobacte-
ria, Nitrospira, Chloroflexi, Planctomycetes, Gemmatimonadetes,
and Verrucomicrobia (Fig. 3). The majority of clones (>90%)
shared high sequence similarity (95 to 99%) with as yet uncul-
tured organisms, detected in subsurface environments (deep-sea
sediments, caves, groundwater), soils, aquatic habitats (fresh- and
seawater), as well as plant-associated environments or cold-
adapted environments (arctic and tundra soil) (8, 17, 64, 66, 67,
68, 74) (see Table S1 in the supplemental material).

To identify the active fraction of cave bacterial communities,
RNA was extracted and used for clone library construction. RNA
extracts from stalactites were below the concentrations needed for
cDNA amplification. A total of 55 sequences were analyzed for the
RNA-derived clone library of sediment sample F (Fig. 3), and
these sequences grouped into 30 OTUs with a sampling coverage
of 40%. The Shannon index was 3.56. The 165 rRNA gene- and
165 rRNA sequence-based results showed great overlap on the
phylum level (Fig. 3), pointing to the activity of most bacterial
groups detected within the samples. DNA-based cloning showed
that the Gammaprotecbacteria and Deltaproteobacteria were the
dominant proteobacterial groups, whereas RNA-based cloning
showed that the Deltaproteobacteria subgroup was the most abun-
dant within the active bacterial community. Some taxa, e.g., the
phyla Acidobacteria and Nitrospira, exhibited lower abundance in
the active community than in the DNA-based clone libraries.

Applied and Environmental Microbiology

67

SLYLISYIAINN YIADNIYNHL A9 ZLOZ ‘7L dunp uo /Biowse’wae//djy woly papeojumoq



'n "'

Ot M

bl

z
i
3
>

\

mﬂ T""'u'n

Bacterial Communities in a Karstic Cave

FIG 2 Confocal laser scanning microscopy (CLSM) of a stalactite sample taken in the Herrenberg Cave. (a and b) XYZ projection showing the distribution of
bacteria on the outer surface (a) and inner surface (b) (cut surface by sampling) ofa stalactite surface after staining with SYTOX Green for nucleic acids. (¢) CLSM
image of a hypha-like structure originating from the Herrenberg Cave, colonized by bacterial cells after staining with SYTOX Green for nucleic acids. Nucleic

acids are shown in green, while the reflection signal is shown in white.

More than half of the metabolically active bacteria (53% of total
RNA-derived clones) were related to members of the Alpha-,
Beta-, Gamma-, and Deltaproteobacteria, which was similar to the
observed predominance of these groups in the stalactite DNA-
based library but contrasted with the proportions of these groups
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FIG 3 Frequencies of bacterial phylogenetic lineages detected in 168 rRNA
gene and 165 rRNA clone libraries from stalactite and sediment samples taken

in the Herrenberg Cave. Calculations were made based on the total number of

clones associated with phylotypes of sequenced representatives. Sample A,
stalactite; samples F, H, and I, fluvial sediments.
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in the sediment DNA-based libraries (Fig. 3). Representatives of
some phyla (e.g., Verrucomicrobia) were not detected as active
members of the fluvial sediments (Fig. 3).

Isolation of carbonate-precipitating bacteria, Plating from
serial dilutions of sediment samples was followed by random iso-
lation. A total of 32 bacterial strains were obtained on alkaline B4
carbonate-precipitating medium containing Ca acetate, glucose,
and yeast extract. Because liquid cultures are more suitable for
microscopic analyses, colonies were transferred to liquid B4 me-
dium and a modified B4 medium (B4MLY), which contained re-
duced amounts of glucose and yeast extract. Nine isolates were
able to grow in liquid medium and could be maintained under
laboratory conditions. Isolates were identified as Pseudomonas
putida (100% sequence similarity), Serratia plymuthica (99%),
Flavobacterium hercynium (98%), Flavobacterium johnsonige (2
isolates) (99%), Stenotrophomonas rhizophila (99%), Rhodococcus
fascians (99%), Rhodococcus globerulus (100%), and Arthrobacter
sulfonivorans (100%). The latter two isolates showed the most
intense formation of precipitates in liquid media within 4 weeks of
incubation at room temperature. Therefore, these two isolates
were chosen for further studies and were cultivated in B4 and
BAMLY media at 15°C, at room temperature, and at 30°C. BAMLY
medium was used to investigate biomineralization under less-
carbon-rich conditions. Biomineralization was also studied in the
nutrient-rich B4 medium, because this was used in numerous pre-
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FIG 4 (aand ¢) Confocal laser scanning microscopy of Arthrebacter sulfonivarans (a) and Rhodococcus globerulus (¢) cell aggregates after deconvolution. The cells
scanned once after they were stained with SYPRO Orange for proteins. Protein is shown in red, while the reflection signal is shown in white. Note the intracellular
reflection signals. (b and d) Scanning electron microscopy of A. sulfonivorans (b) and R. globerulus (d) cell aggregates and EPS (extracellular polymeric substance)
material {(white arrows). Due to fixation and dehydration, bacterial cells appear smaller than in laser microscopy images. The scale bar shown in the center of the

figure applies to all four panels.

vious studies investigating carbonate-precipitating cave isolates
(13, 35, 63).

Phases of biomineral formation by Arthrobacter sulfoniv-
orans strain SCM3 and Rhodococcus globerulus strain SCMA4.
Crystalline material was detected by light microscopy in media
inoculated with either A. sulfonivorans or R. globerulus after 20
days of incubation at room temperature or 30°C. Since only slow
growth occurred at 15°C within 4 weeks of incubation, we focused
on higher temperatures. No mineral formation was observed in
any of the uninoculated and autoclaved controls. The pH de-
creased from pH 8.0 to a pH of 7.29 to 7.84 in the first 24 to 72 h of
growth. At the end of the incubation, the pH increased up to 8.21.

Bacteria grew predominantly as aggregates, as seen by SEM of
precipitated material (Fig. 4b and d). This observation was con-
firmed for both isolates using the noninvasive CLSM technique
(Fig. 4a and ¢), which permits analysis of fully hydrated aggregates
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without fixation and dehydration. Aggregates observed by CLSM
showed cell surface protein staining and a cell internal reflection
signal (Fig. 4a and c). Extracellular polymeric substances (EPS)
were observed on SEM images of cell aggregates from both isolates
(Fig. 4b to d). Ca-green staining showed the accumulation of free
Ca*" ions around/within the aggregates (Fig. 5). As the precipi-
tated CaCO; could not be visualized and investigated by laser
scanning microscopy, SEM-EDX, XRD, and Raman spectroscopy
were used to identify the precipitated materials. EDX verified that
precipitates produced by both isolates were composed of Ca, C,
and O, and the atomic percent ratios indicated the presence of
CaCO, (Fig. 6a to d; EDX spectra not shown). XRD and Raman
analyses showed that both isolates produced calcite or a mixture of
calcite and vaterite. In some samples, a single broad peak (corre-
sponding to a d-spacing of 0.435 to 0.439 nm) pointed to the
additional formation of monohydrocalcite. Differences were
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FIG 5 Confocal laser scanning microscopy (CLSM) of Arthrobacter sulfoniv-
orans cell aggregates after staining with Ca-green for free Ca’* ions. Free cal
cium ions are shown in green, while the reflection signal is shown in white.

shown in two cases, both at 30°C. In BAMLY medium, the Arthro-
bacter isolate produced not only calcite, as seen for the Rhodococ-
cus strain, but also vaterite. In addition, in B4 medium, the Rho-
dococcus strain produced not only calcite and vaterite but
monohydrocalcite as well. Interestingly, the morphology of the
crystals differed depending on the bacterial species. The crystalline
material produced by A. sulfonivorans showed xenomorphous,
spherical particles, whereas the precipitates of R. globerulus con-
tained idiomorphous, often rhombohedral crystals. Spherical
crystals were not detected in cultures of R. globerulus (Fig. 7a to d).

DISCUSSION

Stalactite and sediment bacterial assemblages of the Herrenberg
Cave. Our geological and geochemical data showed that the Her-
renberg Cave is a typical karstic habitat (29) including light-
limited conditions for microbial life. Mineralogical investigations
indicated that calcite precipitates from seepage water as stalactites
and accumulates along with insoluble silicates in sediment depos-
its at the bottom of the cave. In contrast to other diversity studies
on karstic caves or karst pools (27, 41, 69), this cave was not ac-
cessible to migrating animals (higher animals) or humans in the
past. However, a glimpse into this pristine, karstic cave showed
that the microbial communities present were not strikingly
unique compared to other cave systems, suggesting that the mi-
crobial assemblages in karstic environments may be stable and
resistant to minor or occasional human activities.

Within the bacterial communities, a high percentage of clone
sequences detected were related to unclassified bacteria with no
clear phylogenetic affiliation. This is similar to previous studies in
karstic aquifers which could identify only one third of the 16S
rRNA gene sequences lower than the domain Bacteria, indicating
autochthonous bacterial communities (27). However, the detec-
tion of sequences in our clone libraries that were related to Bacte-
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ria derived from plant-associated environments, soils, and
freshwater/seawater habitats suggested that aboveground and
subsurface communities were related, likely due to connections
between the two habitats via karstic water. This was seen in an-
other study investigating shallow pools of a different karstic cave
system, which found that microbial communities were related to
organisms from groundwater or karst water habitats, freshwater,
marine, or soil environments (69). The hypha-like structures ob-
served in our samples indicated that fungi are members of the
Herrenberg Cave microbial community, similar to what was
found in the moonmilk deposits of Ballynamintra Cave in Ireland
(62). These organisms can be involved in the transformation of
various substrates and in biomineral formation (32, 33).

The stalactite bacterial community was dominated by the physi-
ologically diverse Proteobacteria (44). Such dominance was also ob-
served in other caves, e.g., the Lascaux Cave (4), the Tito Bustillo Cave
(64), or the Altamira Cave (57, 59). Sequences related to those of
Acidobacteria were detected in all clone libraries of the Herrenberg
Cave, similar to the presence of Acidobacteria in the other caves, such
as the Altamira Cave (Santillana del Mar, Spain) (65) and Wind Cave,
North Dakota (17). The fact that there are only four cultivated species
of this phylum limits our understanding of their potential metabolic
function in caves. Some evidence exists that Acidobacteria are capable
of methylotrophic growth (42), which may be an ecological advan-
tage in an oligotrophic habitat with low inputs of organic matter. A
number of cultivation-based investigations reported that diverse
groups of Gram-positive bacteria inhabit cave environments (13, 26,
35, 45). However, the two Gram-positive phyla (Firmicutes and Acti-
nobacteria) in our libraries were detected at a relatively low abun-
dance. These contrasting results may arise from the differences in
selectivity of the cultivation-based and nucleic acid-based ap-
proaches. It is known that a number of biases affect nucleic acid tem-
plate amplification during PCR (43). PCR-based methods also rely
on DNA extractions which can be biased due to differential lysis of
cell wall structures that leads to distortions in detecting different bac-
terial groups in a given environmental sample (30, 49).

The pure cultures obtained from sediments were affiliated with
representatives of various genera of the Gammaproteobacteria
group, as well as the phyla Bacteroidetes and Actinobacteria. Bac-
teria from the genera Pseudoimonas, Stenotrophomonas, Serratia,
Flavobacterium, Arthrobacter, and Rhodococcus have also been iso-
lated from other caves or karst environments, such as the Kartch-
ner Caverns in Arizona in the United States or from karstic water
samples (20, 41). Some of these genera were also detected in the
stalactite clone library (see Table S1 in the supplemental material).
The presence of Arthrobacter-related sequences in the stalactite
clone library emphasizes the potential role of these bacteria in
calcite mineralization, since members of the genus Arthrobacter
are known to be capable of carbonate formation (14, 35).

Biomineral formation by A. sulfonivoransand R. globerulus.
The activity of our bacterial strains resulted in carbonate crystal for-
mation. We observed only slow bacterial growth over 4 weeks of
incubation at 15°C, suggesting that the rate of metabolic activity was
affected. Nevertheless, long-term metabolic transformations may
carry significant potential for carbonate precipitation processes and
reflect slow transformations that occur in sifu. The changes in pH
observed during incubation are likely due to the consumption of
carbon sources: Arthrobacter and Rhodococcus species are known to
utilize acetate, which would result in an increase in the pH of the
medium. The latter is an important factor supporting carbonate pre-
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FIG 6 EDX mapping of bacterial calcite minerals of Arthrobacter sulfonivorans (SCM3) (a and b) and Rhedococcus globerulus (SCM4) (cand d). RT, room temperature;
B4, B4 liquid medium (28); BAMLY, modified B4 medium. The SEM images show false colors of red, green, and blue for the local occurrence of the elements carbon,
oxygen, and calcium, respectively. A gray level SEM image is underlying each. The shape of the blue-green carbonate minerals depend on the strain; it is round if
precipitated in the presence of Arthrebacter sulfonivorans but idiomorphous when formed by Rhodococcus globerulus, Note the differences in magnification and scale bars.

cipitation (16). Although members of the Arthrobacter and Rhodococ-
cus genera are known to produce calcite and vaterite (14, 35), the A.
sulfonivorans and R. globerulus species have not been reported previ-
ously to precipitate calcite. Furthermore, these bacteria might also be
able to form other carbonates, e.g., dolomite.

The formation of vaterite seemed to be favored at higher tem-
peratures, while monohydrocalcite formation was restricted to
cultivation in B4 medium. These minerals were not detected in
samples by XRD, suggesting that the low i sifu temperature and
small amount of available nutrients in the cave did not favor for-
mation of these minerals. Although the different crystal structures
of the newly formed minerals could not be explained completely
by the experimental conditions, the cultivation conditions (61),
e.g., available nutrients (58), may have influenced which type of
CaCO, mineral was formed. The stable forms of CaCO,, calcite,
and aragonite are known to be the most common microbial car-
bonates (23). In vitro bacterial precipitation of the metastable va-
terite form has also been reported (14, 63), suggesting that this
biogenic mineral structure is more common than previously pro-
posed. Bacteria have been implicated in creating secondary min-
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eral formations, such as speleothems, in studies of caves in which
a combination of cultivation and electron microscopic analyses
using B4 medium were used (3, 13). Future analyses using porta-
ble Raman spectroscopy equipment should allow i sitir mineral-
ogical and microbiological investigations of caves similar to ana-
lyses in studies of prehistoric cave paintings (54). In comparison
with other analytical techniques, Raman spectroscopy is a nonde-
structive method and requires extremely small amounts of sample
material. The latter was an important aspect of our study due to
the limited amount of samples available. Raman spectroscopy has
been shown to be a powerful tool for mineralogical investigations
of moonmilk deposits in karstic habitats (48).

Imaging of A. sulfonivorans and R. globerulus cultures using
strategic microscopic techniques allowed us to visualize the early
phases of carbonate mineralization. CLSM in particular showed
us that after aggregation, free Ca** ions were entrapped and pro-
vided a surface for nucleation sites for crystal formation. In the
later phases of mineral formation, species-dependent mineral
morphologies were visualized with SEM-EDX. The production of
EPS, cell aggregation, and Ca®" aggregation are known to be im-
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FIG 7 Comparison of topography-dependent secondary electron (SE) images to material-dependent back-scattered (BS) electron images of agglomerates
produced by Arthrobacter sulfonivorans (SCM3) (a and b) and Rhodococcus globerulus (SCM4) (c and d). The darker gray color of the BS signal indicates lower
atomic numbers, i.e., organic material. The lighter gray color indicates higher atomic numbers, i.e., inorganic material. Note the differences in magnificationand
scale bars. RT, room temperature; B4, B4 liquid medium; BAMLY, modified B4 medium.

portant factors in the precipitation process (59, 71). The produc-
tion of specific bacterial outer structures and their chemical na-
ture might also be crucial for the bacterial crystallization process,
influencing the mineralogy and morphology of calcium carbonate
crystals (11). Calcite formation by two different Bacillus species
yielded different mineral morphologies independent of the chem-
ical nature of capsular polysaccharides and EPS produced (25).
Another work (7) provided evidence of differences in the cell wall
properties of Arthrobacter and Rhodococcus species. The cell walls
of Arthrobacter spp. lacked mycolic acids in its type B peptidogly-
can, whereas Rhodococcus globerulus and R. erythropolis strains
produced mycolic acids (with 34 to 56 C atoms). The presence or
absence of mycolic acids influences the cell wall surface properties
resulting in a more hydrophilic (Arthrobacter) and relatively hy-
drophobic (Rhodococcus) cell surface. In addition, the amount of
peptidoglycan and the degree of amidation of free carboxyl groups
or other compounds (e.g., phosphate-containing teichoic acids as
cell wall accessory polymers of Arthrobacter species) may also in-
fluence the cell surface charge (7, 28). Such differences may have
caused the observed differences in calcium carbonate mineral
morphology of the two isolates (Fig. 7).

The recent discovery of the Herrenberg Cave, with its extraor-
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dinary long straw stalactites, and its lack of human disturbance
offered an opportunity to reveal the hidden microbial diversity of
a karstic environment. The detection of soil-associated microor-
ganisms in the Herrenberg Cave ecosystem provides evidence for
a connection to surface environments. This suggests that we have
to be cautious about what is considered a microbial contaminant
when characterizing the microbiology of highly accessed cave sys-
tems. This detected link between surface and subsurface microbial
communities has important implications to critical zone research
which aims to understand how such linked communities impact
terrestrial biogeochemical cycling (1). Further work should at-
tempt to detect carbonate biosignatures in stalactites by means of
noninvasive high spatial mineralogical investigations. Combined
with the results of pure culture studies and microscopic analyses,
the results will allow a better understanding of the geomicrobiol-
ogy of the Earth’s hidden belowground carbon storage.
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