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Abstract

Research into isoprene production from marine sources traditionally relies on gas chromatography tech-
niques which are labor intensive, provide a slow sample turnover, and require significant method training. An
alternative method is the use of a Fast Isoprene Sensor (FIS), a chemiluminescence-based approach that provides
real time isoprene analysis, but is relatively simple to run and also portable. Until now, the FIS has been used
in terrestrial but not aquatic isoprene studies. Due to the added difficulties with marine compared with terres-
trial sampling, particularly potential interference from dimethyl sulfide (DMS), we have developed a new pro-
tocol that allows accurate and reliable data to be obtained from FIS analysis. The detection limit of our modi-
fied system to standard gas was 0.02 nM (0.5 ppbv), while minimum isoprene production detected by the FIS
was 0.59 nmol h! (for Thalassiosira weissflogii). We also compared our FIS-based approach with GC analysis of
isoprene emission from marine samples of micro- and macro-algae, and demonstrated a strong similarity (> =
0.910, slope = 1.003). The ability to use FIS analysis with marine samples will significantly broaden the scope
of isoprene research in marine environments, permitting remote field work, and allow previously unanswered

questions to be addressed.

Biogenic production of volatile organic compounds (VOCs)
by marine organisms has been an active area of research for
the last two decades (Baker et al. 2000; Fink 2007). These
VOCs, which include dimethyl sulfide (DMS) and short-chain
hydrocarbons (Fink 2007), are well recognized in playing
important roles including regulation of local climate (Stefels et
al. 2007) and may affect trophic interactions (Steinke et al.
2002). To date, most attention in marine environments has
focused on DMS and its precursor dimethylsulfoniopropi-
onate (DMSP) (Bates et al. 1987; Charlson et al. 1987; Stefels
et al. 2007; Turner et al. 1996) since DMS has a large atmos-
pheric flux (15-33 Tg S yr!) (Kettle and Andreae 2000), a vital
role in cloud condensation nuclei formation (Charlson et al.
1987; Vallina and Sim6 2007), and an ecological function in
infochemistry (Fink 2007; Steinke et al. 2006) and tolerance to
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environmental stress (Sunda et al. 2002). In contrast, DMS
production in terrestrial systems is relatively small (Simé6
2001); whereas the VOC isoprene (2-methyl-1,3-butadiene), as
one of the most reactive and abundant hydrocarbons emitted,
has received considerably more attention (Sharkey et al. 2008;
Sharkey and Yeh 2001). Isoprene rapidly oxidizes when
released to the atmosphere which, in turn, can affect the resi-
dence time of gases that contribute to the greenhouse effect
(Poisson et al. 2000), induce tropospheric ozone formation in
the presence of nitric oxides (Monson and Holland 2001), and
stimulate cloud condensation nuclei formation (Claeys et al.
2004; Sharkey and Yeh 2001).

Like DMS, isoprene is synthesized mainly by photoau-
totrophs as a direct secondary metabolite, potentially provid-
ing a number of ecophysiological benefits. For vascular plants
isoprene primarily provides thermotolerance (Sharkey et al.
2008; Velikova et al. 2006). Specifically, isoprene molecules are
partitioned into phospholipid bilayers, thus stabilizing mem-
branes under stressful temperatures (Siwko et al. 2007). Iso-
prene also provides protection against oxidative stress (Loreto
and Velikova 2001). Despite a wealth of research into isoprene
production in the terrestrial environment (Sharkey et al. 2008;
Sharkey and Yeh 2001), our knowledge of marine emissions of
this important compound is limited. Only a small number of
studies have been carried out, predominantly for phytoplankton
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(Acunia Alvarez et al. 2009; Baker et al. 2000; Mckay et al.
1996; Milne et al. 1995; Moore et al. 1994; Palmer and Shaw
2005; Shaw et al. 2003) but also temperate macroalgae
(Broadgate et al. 2004). Such little emphasis on marine envi-
ronments appears to be tied to suggestions that global atmos-
pheric isoprene emission is substantially lower from marine
systems (ca. 1 Tg C yr!) (Palmer and Shaw 2005) than from
terrestrial systems (ca. 500 Tg C yr!) (Guenther et al. 1995).
However, to date, these relatively low emission estimates from
marine systems are based on few, and mostly laboratory-
based, microalgal studies. Recent research has demonstrated
that isoprene emissions from marine systems may be 2-5 times
higher than previously estimated (Acufla Alvarez et al. 2009;
Liakakou et al. 2007; Moore and Wang 2006) and, during
microalgal blooms, could reach values 20% of those observed
over the Amazon basin (Meskhidze and Nenes 2006). Further-
more, isoprene is an important source of carbon and energy
for many marine heterotrophic bacteria (Acufia Alvarez et al.
2009). As yet, we know very little regarding the fluxes and
global significance of isoprene production within marine sys-
tems, or how they will alter as our climate changes.

Measuring isoprene production—Isoprene production is con-
ventionally quantified using gas chromatography (GC) in con-
junction with a cryogenic pre-concentration method (Acufia
Alvarez et al. 2009; Broadgate et al. 1997; Shaw et al. 2003).
Typically, production is measured by incubating samples in
gas-tight vessels for a number of hours, allowing isoprene to
build up to a detectable level. Samples are then purged with an
inert gas (He or N,) for a time period suitable to remove the
majority of isoprene present in the sample volume. The
purged gas is either stored in a stainless steel canister, or in a
coil kept at —-160°C using liquid nitrogen, which allows iso-
prene to accumulate in liquid state within the coil before
being returned to its gaseous state with boiling water and
diverted into the GC via a valve system. GC analysis is typi-
cally used in conjunction with a flame ionization detector
(FID), a highly nonselective and sensitive detector that has
been shown to detect hydrocarbons at a concentration below
parts-per-billion-by-volume (ppbv), although accuracy and
precision are substantially reduced at such low levels (Cao and
Hewitt 1995).

Most studies generally recognize that this GC approach is
labor intensive and costly; as a result, the sample turnover is
slow. Extensive supplies of high quality compressed gases are
required to perform GC analysis, and significant method
training is essential. Storage during pre-concentration also has
specific drawbacks. In particular, the reactivity of isoprene
results in a loss over storage time (Greenberg and Zimmerman
1984), a factor which can greatly affect results when working
at the pico- and nanomolar concentrations expected for
marine samples (Broadgate et al. 2004; Shaw et al. 2003). A
final limitation of GC analysis is the requirement of a sophis-
ticated laboratory setting, leading to restrictions upon field
work, especially in remote locations.
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An alternative to GC analysis exploits chemiluminescence
of the isoprene-ozone reaction to estimate isoprene concen-
tration (Guenther and Hills 1998; Hills and Zimmerman 1990;
Monson et al. 1991). Products of these reactions are formalde-
hyde (HCHO) and glyoxal (HCOCHO), both in an electroni-
cally excited state, which then emit light of wavelengths (A) of
ca. 490 and 550 nm, respectively, upon relaxation (Guenther
and Hills 1998).

Isoprene (C,Hy) + Ozone (O,) - HCHO* + products
Isoprene (C;Hy) + Ozone (O,) = HCOCHO* + products
HCHO* — HCHO + hv (A = 490 nm)

HCOCHO* — HCOCHO + hv (A = 550 nm)

Photomultiplier detectors, operated in photon counting
mode, can detect and count individual photons. This capability,
combined with low background signals, allows extremely low
detection limits, which for the isoprene-O, system is < 0.02 nM
(0.5 ppbv), and response is linear over several orders of magni-
tude (Cao and Hewitt 1995; Toda and Dasgupta 2008). This
approach has since been packaged into a commercially avail-
able Fast Isoprene Sensor (FIS) (developed by Hills Scientific
http://hills-scientific.com), and has allowed research to exam-
ine, in more detail, the relationship between isoprene produc-
tion and different environments and ecosystems.

In comparison to GC analysis, the FIS is fairly compact and
therefore transportable for field application, and requires a lower
degree of maintenance and gas supply. The FIS also provides
continuous isoprene sampling at a resolution of 0.1 s, enabling
high-resolution real-time sampling that would be impossible to
achieve using the more conventional GC-based protocols. A
number of terrestrial studies of vascular plants have used the FIS
successfully (Guenther and Hills 1998; Hills and Zimmerman
1990; Monson et al. 1991; Westberg et al. 2001; Zimmer et al.
2000). Importantly, this technology potentially opens up new
possibilities in better understanding the extent and regulation of
isoprene emissions by marine organisms. However, certain com-
plications concerning the sampling of marine samples, particu-
larly the necessary liberation of dissolved compounds into the
gas phase, requires that the conventional terrestrial-based proto-
col needs to be modified, optimized, and standardized.

As part of an ongoing study into environmental regulation
of isoprene production by marine organisms, we aimed to
evaluate and optimize how the FIS could be applied to aquatic
samples. Specifically, we wished to (1) examine the FIS’ chemi-
luminescence detector for possible interference from other
marine gases, (2) establish a detailed and standardized proto-
col for quantifying isoprene in marine environments using
the FIS, (3) compare the performance (accuracy, resolution,
and sensitivity) of this marine-based FIS protocol compared
with the conventional GC method and, in doing so, (4) pro-
vide recommendations for the use of the FIS for future marine
isoprene research.



Exton et al.

Materials and procedure

FIS optimization 1: setup—The Fast Isoprene Sensor (FIS)
introduces ozone to the sample gas in a reflective reaction cell,
while an opposing photomultiplier tube (PMT), sensitive to
the required wavelengths, measures the light emitted by the
reaction in single photon counting mode. Inputs to the FIS are
compressed oxygen (to create the ozone required for reaction
with isoprene) and an isoprene standard gas (for man-
ual/automatic calibration of the sensor). For sample analysis,
a diaphragm pump actively draws headspace gas into the reac-
tion cell at a user-defined and electronically controlled flow
rate, up to a maximum of 2000 mL min!. A commercially
available Hamamatsu HC134 photon detector houses a Hama-
matsu R6095P-03 PMT. Fig. 1 illustrates the complete setup of
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FIS, ozonizer, gas supplies, and sampling vessel. More detailed
specifications regarding the configuration of the FIS and ear-
lier models have been previously described (Guenther and
Hills 1998; Hills and Zimmerman 1990) while the latest instru-
ments are presented at http://hills-scientific.com.

FIS setup consists of two parts: an ozone generator and the
sensor unit itself, each with a weight of ca. 20 kg. All fittings
within these units are of stainless steel or Teflon, in order to
resist reactive chemicals and reduce memory effects (Guenther
and Hills 1998). External fittings, such as those connecting gas
supplies and the sample vessel, were also of Teflon, and con-
nected using stainless steel fittings (Swagelok). Despite the
built-in catalytic converter scrubbing ozone from the carrier
flow before exiting the FIS, an exhaust tube was used to safely
direct waste gas externally. The user interface is in the form of
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Fig. 1. Schematic diagram and photograph of the Fast Isoprene Sensor (FIS) and sample vessel setup as used in this study to measure isoprene emis-
sions from marine samples (schematic adapted from Guenther and Hills 1998) (see main text for details).
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LabView software, which plots the photon counts over time
and saves data to file. The averaging interval can be set man-
ually within the software. For this study, a sampling interval
of 0.1 s was used to provide high time resolution.

Sampling was performed using 250 mL quick-fit sealed
borosilicate glass vessels, modified to include a glass aeration
tube with circular opening reaching the base of the vessel. A
Teflon tube was attached to an outlet port, permitting head-
space to be drawn into the FIS from the sampling vessel. This
process creates negative pressure within the vessel to induce
bubbling from the aeration tube, which in turn liberates iso-
prene from the sample liquid. Preliminary work tested the
use of sintered glass at various pore sizes to minimize bubble
size and thus maximize the diffusion potential between the
water and gas phase, but the added pressure prevented the
pump from actively drawing headspace from sample vessels.
Ultimately, these modifications proved unnecessary as we
demonstrate a high correlation between GC and FIS tech-
niques with subsequent configurations (see “Method Com-
parison”). Ambient air is used for bubbling, with background
isoprene concentrations measured for each sample using a
seawater blank; the isoprene concentration in this blank is
subtracted from the sample concentration.

Initial tests determined that water volumes of ca. 150 mL
(i.e., 60% of the volume of the sealed glass vessel) were opti-
mal so as to allow sufficient headspace within the vessels for
gas sampling while simultaneously preventing bubbling-
induced water droplets from entering the sampling outlet and
thus reaching the reaction cell of the FIS. Sample vessels were
temperature controlled in water baths and maintained under
an actinic light source set to 150 pmol photons m=2 s to
match conditions used for growth (Table 1).

Work on terrestrial systems has demonstrated that, regard-
less of the sample vessel design, some water vapor will
inevitably enter the sample stream; however, this has been
shown to have minimal effects on sensor performance unless
working in high or variable humidity (Hills et al. 1998; Hills
and Zimmerman 1990). The sensitivity of our system during
marine sampling was similar to previously published results,
suggesting that humidity levels are not high enough to create
problems. Condensation along the sample path can be mini-
mized by avoiding significant temperature variation between
the sample vessel and FIS, while excessive build up within the
sensor itself can be avoided by regular cleaning of the reaction
cell, ideally between each period of experimentation (Hills et
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al. 1998). This can be performed easily with only a few hours
hands-on time by washing the stainless steel reaction cell and
the optical window in distilled water and mild detergent to
remove any build up of dirt (either carried in the water vapor
or the oxygen/ozone supply), and drying both in a 50°C dry-
ing oven. Compressed oxygen will also contain contaminants,
particularly if O, below ultra-high-purity (UHP) is used, with
impurities such as N,, H,0, and CO,. These impurities are not
a major hindrance, but may increase background zero values
due to chemiluminescence with ozone and lead to a build up
of dirt in the system. It is not always possible to use UHP oxy-
gen, especially when working in remote field locations, and so
high-purity or lower has to be used. Therefore, signal drift
before and after cleaning the optical components must be fre-
quently evaluated under these conditions. The ozone genera-
tor cells may also require more frequent cleaning if below-
UHP grade oxygen is used (ideally every 6 months) but again
this is a quick and simple procedure and is carried out in the
same way as for the reaction cell.

FIS optimization 2: protocols and settings—High Purity Com-
pressed Oxygen (BOC Gases) was supplied to the FIS at 275
kPa, where this flow was regulated at 800 mL min! by Tylan
flow controllers housed within the FIS, and passed through
the ozonizer unit before entering the reaction cell of the sen-
sor. This pressure of 275 kPa is required to drive the pneumatic
valving within the FIS unit while the flow rate of 800 mL
min-! is required to prevent overheating of the ozonizer unit
and ensure that there is sufficient ozone produced to drive the
kinetics of the isoprene-O, reaction (Guenther and Hills
1998). Once O, supply and ozonizer are switched on, a mini-
mum 1-h warm-up period allows the FIS to warm up and the
signal to fully stabilize (manufacturer’s recommendation).

The FIS is capable of microprocessor-based auto-calibration
at a frequency defined by the user. For this study, however, we
chose to manually calibrate the sensor at times that suited our
sampling schedule, using a 60 L disposable cylinder of 6 ppmv
(4.33 pM) isoprene in helium calibration gas (Scientific and
Technical Gas) supplied at a continuous pressure of 70 kPa,
and varied flow rate to achieve multiple concentrations in the
sample flow. Before each calibration, the standard gas supply
was bled for ca. 10 s to remove the isoprene, which had been
standing in the connections and tubing and thus could have
degraded over time. The FIS response to the isoprene standard
is linear (1> = 0.997, Fig. 2); therefore regular calibration
requires only a zero count to determine background noise fol-

Table 1. Summary information of species used to assess comparability of GC and FIS analysis of isoprene production. All other growth
and experimentation conditions were kept constant (light intensity = 150 umol photons m=2 s, PSU = 35 and maintained in f/2 media).

Species Strain Class Growth Temp (°C)
Thalassiosira weissflogii (Grun.) CCMP1336 Coscinodiscophyceae 15
Emiliania huxleyi (Lohm.) CCMP1516 Prymnesiophyceae 19
Fucus vesiculosus (L.) n/a Phaeophyceae 15
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Fig. 2. Calibration plot for the FIS using 6ppmv isoprene standard gas in
helium at a range of concentrations (r2 = 0.999, slope = 6387.8, y-inter-
cept = 936.6), achieved through modification of the standard gas flow
rate to the reaction cell. The y-intercept point provides a background zero
value, while the slope of the line provides FIS sensitivity (photons s nM
isoprene™).

lowed by a single reading of standard at a known flow rate (for
this study a flow rate of 10 mL min~! was used). This calibra-
tion response yields both the zero count of background noise
(the y-intercept value) and the calibration conversion factor
(the slope, photon counts nM™ isoprene).

The sample vessel is attached to the sample inlet port of the
FIS, and the FIS run in sample mode at a reaction cell flow rate
of 1900 mL min-!. Using the maximum sample flow rate of
2000 mL min should be avoided where possible since the
flow controllers are completely open and thus not in full con-
trol of the flow rate; in contrast, lower flow rates struggle to
maintain sufficient bubbling in the sample vessel.

Trial runs demonstrated an initial isoprene peak due to pre-
existing isoprene in the water body and headspace being sam-
pled (see Fig. 3). Unless the rate of this build up is known, data
must be discarded. Instead the sample is run until a continu-
ous steady state is achieved. Following subtraction of a seawa-
ter blank, the steady state yield over time represents isoprene
production per unit time. This is supported by the analysis of
solutions of isoprene in sterile ASW (artificial seawater) which,
when run through the FIS, followed a similar decrease as seen
in sample analysis (see Fig. 3), as the preexisting isoprene is
purged, but with no steady state yield. This demonstrates that
the steady state yield seen during sample analysis represents
isoprene produced by the sample once all preexisting isoprene
within the vessel has been removed.

Assessment

Signal interference by additional trace gases—Isoprene is not
the only compound to chemiluminesce upon reaction with
ozone, with various trace gases following similar reactions
(Guenther and Hills 1998; Toda and Dasgupta 2008); as such,
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Fig. 3. Sample plot of the FIS signal (photons s') recorded through Lab-
View software while sampling a Thalassiosira weissflogii CCMP1336 cul-
ture and a solution of isoprene in sterile ASW. The sample plot demon-
strates an initial peak followed by a steady state baseline production of
isoprene, while the isoprene solution plot supports baseline production.
Dashed vertical line illustrates the start of baseline production in the sam-
ple run. Data shown at a resolution of 20 s.

there is a potential for interference when using chemilumi-
nescence analysis solely to detect isoprene. Certain precau-
tions can be made, as different compounds produce a range of
photon wavelengths, and detectors are specifically adapted for
measurement of different compounds (Toda and Dasgupta
2008). During the initial development of the FIS, the sensor’s
response to a total of 15 compounds was tested, providing
response factors relative to isoprene for each (Hills and Zim-
merman 1990). Of the 15 compounds tested, only propene
gave a response factor of 1.0, meaning that the FIS will detect
both isoprene and propene equally since their signals are
indistinguishable from one another. Another alkene (ethene)
gave a response factor of 0.15. Previous assessments of the FIS
have concluded that these gases will not contaminate the iso-
prene signal for terrestrial systems since propene and ethene
do not exist in significant levels in these environments (Guen-
ther and Hills 1998; Hills and Zimmerman 1990); however,
this problem must be readdressed when attempting to work
with marine samples.

Studies into hydrocarbon emissions from marine sources
have demonstrated that both propene and ethene are present in
natural seawater at concentrations equal to or higher than iso-
prene (Riemer et al. 2000), but that they are produced by abiotic
photochemistry acting on dissolved organic carbon (Ratte et al.
1998; Riemer et al. 2000). Although some macroalgal production
has been shown (Broadgate et al. 2004; Plettner et al. 2005), phy-
toplankton studies have demonstrated a lack of biogenic pro-
duction (Mckay et al. 1996; Shaw et al. 2003). However, more
detailed experiments concluded that this photochemical pro-
duction of alkenes is driven by light in the range 290-420 nm
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(Ratte et al. 1998). As UV wavelengths are excluded from exper-
iments when using borosilicate glass sample vessels, the photo-
chemical production of alkenes can be easily eliminated.

Of particular concern regarding marine sampling is potential
interference caused by dimethyl sulphide [DMS, (CH,),S]. Hills
and Zimmerman (1990) report an interference factor of 0.54 for
DMS and, due to the lower wavelength emission of the DMS-O,
reaction, demonstrated that the introduction of an optical filter
(Corning GG-475) effectively reduced this to 0.12. Although ter-
restrial studies have been able to ignore this compound due to
the extremely low concentration in these environments (Hills et
al. 1998), DMS concentrations in marine systems are typically
several orders of magnitude greater than those of isoprene.
British coastal seawater, for example, has been shown to contain
summer concentrations of 20 pM isoprene (Broadgate et al.
2004) and 6.9 nM DMS (Turner et al. 1988). We therefore tested
the use of alternative optical filters to reduce the DMS signal. The
filter that gave the best results was a Lee-100 longpass filter (Lee
Filters), which blocks light of wavelengths < 450 nm, and could
be conveniently held against the optical window by the o-ring
fittings. With this filter in place, the DMS signal was reduced to
below the detection limit at concentrations lower than 0.42 mM,
and by > 99 % between 0.42 and 4.12 mM (see Fig. 4a). One of
the highest recorded DMS concentrations (ca. 19 uM) has been
recorded in the mucus of the scleractinian coral Acropora formosa
(Broadbent and Jones 2004); as such, our data would imply that
the Lee-100 longpass filter should remove DMS interference
from even the most productive environments. The drawback to
using a filter is that the isoprene signal (i.e., sensitivity) will also
be affected substantially (Fig. 4b). Specifically, the isoprene signal
was decreased by 60% on average when running an isoprene
standard calibration with the Lee-100 longpass filter in place.
That said, the FIS detection response to the isoprene standard
remained linear (r* = 0.991, compared with an 72 of 0.997 with-
out the filter) and was able to detect the calibration gas at con-
centrations as low as 0.02 nM (0.5 ppbv) with the filter in place.
This value is below concentrations measured in marine samples
for many studies, from a range of organisms and environments
(Acufia Alvarez et al. 2009; Broadgate et al. 2004; Moore et al.
1994; Riemer et al. 2000).

The remaining 12 compounds all showed response factors
of 0.19 or below and, combined with their low natural con-
centrations, can be dismissed as insignificant interference
(Guenther and Hills 1998; Hills and Zimmerman 1990).

Despite the lower sensitivity, the application of an optical
filter affords the advantages of using the FIS over the GC, i.e.,
the convenience for large scale (and possibly remote) sam-
pling of isoprene. Importantly, the FIS now provides a highly
selective isoprene signal.

Method comparison—Having optimized the instrument for
marine samples (above), we wished to compare the perform-
ance of the FIS against a conventional GC-based method for
measuring isoprene production by marine organisms; for this,
identical samples were run through both as follows. Samples
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Fig. 4. Response of the Fast Isoprene Sensor (FIS) signal (photons s™)
to gaseous standards of (a) dimethyl sulphide and (b) isoprene, both in
the presence and absence of a Lee-100 longpass filter. Data are the
mean (z standard error) for triplicate runs with the background zero
subtracted. Note that isoprene calibration data from Fig. 2 is repeated
here for comparative purposes.

of two laboratory cultured microalgae (Emiliania huxleyi
CCMP1516 and Thalassiosira weissflogii CCMP1336) and one
naturally sourced macroalgae (Fucus vesiculosus, collected on
15 June 2009 from the Colne Estuary, Essex, UK) (Table 1)
were analyzed with the FIS until a baseline production level
was reached. Each sample (150 mL) was then incubated in 250
mL sealed purge vessels at 15°C (19°C for E. huxleyi) and at a
light intensity of 150 pmol photons m= s! for 3 h). They were
then purged for 40 min using compressed high purity helium
(BOC Gases) at 80 mL min!, and liberated gases were trapped
in liquid nitrogen, as described above, before analysis using
GC-FID. Prior to sampling, cell counts using a Neubauer
haemacytometer (Fisher Scientific) were carried out for
microalgae, and wet weight taken for macroalgal samples.

A dilution experiment was performed to examine the level
of similarity between GC-FID and FIS techniques at a range of
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biomass levels, but also to identify the minimum detectable
isoprene production rates. Microalgae were diluted using ASW
enriched with f/2 (Guillard 1975), while different quantities of
macroalgal material were used each time. This experiment was
repeated in triplicate for all three study organisms. Both GC-
FID and FIS were calibrated daily throughout this experiment.
All FIS measurements were performed using the Lee-100 long-
pass filter in place.

All three species demonstrated similar rates of isoprene pro-
duction using the two techniques (Fig. 5). Bartlett’s type II
regressions yielded values (r?, slope) that ranged from 0.738,
0.941 for E. huxleyi, to 0.886, 1.027 for T. weissflogii and 0.981,
0.699 for F. vesiculosus. When combined into a single data set,
the regression analysis gave an r? of 0.910 and slope of 1.002 (see
Table 2). It is important to note here that concentrations that
were below the detection limit for FIS analysis were discounted
from the regression analysis. Detection limits of isoprene pro-
duction for the FIS were 1.4 x 10-'¢ mol cell-! h™! for E. hux (with
150 mL culture at 30,000 cells mL), 7.9 x 10" mol cell! h™! for
T. weissflogii (with 150 mL culture at 50,000 cells mL1), and 0.61
nmol h! for F. vesiculosus (0.816 g wet weight). For microalgal
samples, these equate to 0.532 mmol isoprene (g Chlorophyll
a)! h! for E. hux, and 0.078 mmol isoprene (g Chl a)! h! for T.
weissflogii. Although these production values are higher than
some previously published, the use of different culture strains
and growth conditions could account for this.

Importantly, these results demonstrate the potential use of
the FIS to analyze microalgae in high abundance, such as algal
blooms and laboratory cultures, along with multicellular pho-
toautotrophs. However, the minimum detection limits imply
that examining many natural non-bloom phytoplankton com-
munities, such as low productivity open ocean samples, will not
be possible without pre-concentrating isoprene. As such, our
data illustrate the continuing benefit of pre-concentrated GC-
FID sampling for low biomass levels, particularly natural water
samples where microalgal populations may be small; however,
for samples with high isoprene production, FIS analysis provides
data highly similar to that obtained from GC-FID. The high level
of similarity between the two techniques also demonstrates that
signals from interfering compounds have been successfully
reduced by the use of the Lee-100 longpass filter.

A final experiment was performed to assess the repro-
ducibility of the FIS technique developed during this study. To
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achieve this, triplicate cultures of T. weissflogii, kept at the
same cell densities, were analyzed using the FIS. This was
repeated for five different biomass levels, and the standard
error of the triplicate samples used to demonstrate the level of
reproducibility of this technique and to identify whether any
margin of error increases as the detection limit is reached. This
experiment demonstrated small standard errors throughout,
i.e.,, no significant increase in error as biomass increased
(Fig. 6). Therefore, these results support the previous aspects of
this study in demonstrating the suitability of FIS analysis for
sampling of marine isoprene.

Discussion

This study has demonstrated that the FIS is a reliable new
method for marine sampling of isoprene production. It pro-
vides data that are strongly correlated with GC analysis when
biomass levels are suitable and precautions have been made to
avoid interference of the signal. Strong reproducibility also
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Fig. 5. Comparison of the rate of isoprene production (nmol h-') mea-
sured sequentially by FIS and GC-FID analysis for species of micro- and
macro-algae. For each species, a range of sample sizes were examined to
identify the lowest detection limits. Individual sample data are plotted
against a 1:1 line plot (A), with low production values shown in inset (B)
to highlight the FIS detection limit. Note that a zero detection limit was
observed for the FIS only.

Table 2. Bartlett’s type Il regression values for isoprene production measured by GC (x axis) and FIS (y axis) (see Fig. 5). Regressions
were performed for each species but also for all data combined; all slopes and intercept fits were significant for P < 0.05; data shown is
the slope and intercept fit and the coefficient of variation (lower, upper). Data obtained below the detection limit of the FIS are omit-

ted from regression analysis.

Species r? Slope Intercept

Thalassiosira weissflogii 0.886 1.027 (1.002, 1.052) 1.037 (1.459, 3.474)
Emiliania huxleyi 0.738 0.941 (0.928, 0.954) 0.069 (-0.266, 0.404)
Fucus vesiculosus 0.981 0.699 (0.697, 0.701) 7.377 (7.359, 7.395)
Combined 0.910 1.003 (0.976, 1.028) 5.480 (3.006, 8.037)
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Fig. 6. Reproducibility of FIS analysis using 150 mL Thalassiosira weiss-
flogii CCMP1336 cultures diluted to a range of cellular concentrations.
Data shown is the mean (+ standard error) FIS signal (photons s™) with
the seawater blank subtracted for triplicate runs.

allows results to be used with a high degree of confidence. The
Lee-100 longpass filter used in this study to minimize inter-
ference from DMS, identified as the greatest concern due to its
high natural concentrations in comparison to isoprene
(Broadgate et al. 2004; Turner et al. 1988), decreased DMS-
derived signal to below the detection limit at concentrations
well above naturally relevant levels, even for the most con-
centrated samples, as seen in coral mucus (Broadbent and
Jones 2004). The use of both micro- and macroalgal samples
in this study demonstrate that a range of taxonomic groups
can be analyzed using the described technique with similar
levels of success in terms of comparability with the established
GC technique.

Although there are potential concerns regarding the ability
of the bubbling rate described in this study to completely
remove produced isoprene, and thus that the FIS may under-
estimate isoprene production, the strong correlation with GC
measurements suggest that any artifact related to this issue is
the same for existing techniques. Any effects of incomplete
removal of produced isoprene will also be the same for all
samples, making isoprene production values measured using
this method comparable with one another. The minimum bio-
mass levels required for FIS analysis is another potential limi-
tation for working with natural concentrations of material, for
example phytoplankton from the open ocean. However, pre-
concentration of biomass in such samples, such as through
tangential flow combined with diffusion, would still poten-
tially afford the FIS advantages over use of the GC in terms of
resolution. In particular, responses in isoprene production
with changing environmental conditions can be potentially
assessed in real time, with any up-regulation in production
identified within seconds; however this is an area of ongoing
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investigation. The fast turnover rate of samples for isoprene
production rate measurements under a controlled set of envi-
ronmental conditions (ca. 10 min sample! for FIS, compared
2-4 hours for GC-FID) also means that data points from repli-
cate samples can be obtained in a much higher frequency than
GC analysis with pre-concentrating incubations will allow.
Similarly, the high resolution (0.1 s) would enable in-line
monitoring of microalgal cultures or dense natural communi-
ties (e.g., microphytobenthic communities, blooms, and
microcosm experiments) but also any multicellular photoau-
totroph that exists in relatively high biomass (e.g., macroal-
gae, corals, seagrasses). Recent developments at Hills-Scientific
in short-coupled optics and enhanced reflective optics have
boosted FIS sensitivity by a factor of four, compared with the
instrument used here, increasing the likelihood of direct iso-
prene measurements from low emitting or low biomass
marine samples.

Another advantage of FIS analysis is in field work, where its
relatively simple setup, low maintenance requirements, and
basic consumable needs make it a suitable tool for carrying out
research away from a standard laboratory setting. Therefore,
the findings of our study potentially open up a range of new
field applications for marine trace gas sampling. This includes
allowing habitats previously difficult or even impossible to
analyze in situ to be incorporated into research efforts that, in
particular, aim to understand the environmental regulation of
isoprene. Despite these potential opportunities, we have con-
ducted preliminary experiments that potentially highlight a
number of limitations to field work with the FIS that should
be mentioned. Primarily, our initial work in remote field loca-
tions (unpubl. data) demonstrated that obtaining the required
consumables (compressed oxygen and isoprene standard gas)
is difficult and, in many countries, UHP or even high purity
oxygen is simply unavailable, with medical grade the only
option. As always, any changes from our initial evaluation and
subsequent recommendations (below) to suit specific needs or
working conditions will inevitably require additional tests to
be performed.

In summary, we have demonstrated that the FIS is poten-
tially highly applicable to marine studies of isoprene produc-
tion through relatively minor modifications of preexisting
protocols. We wish to note that this study was carried out to
evaluate FIS-based analysis of marine algal samples, and to
provide an insight into its potential role where existing tech-
niques are currently largely unsuitable, certainly for routine
investigations. It is in no way a criticism of the use of GC-
based analysis used previously to quantify marine isoprene
production; as such, existing GC-based isoprene data should
still be considered robust. The use of GC in combination with
preconcentration techniques will undoubtedly remain the
‘norm’ within this field, but the FIS can now be considered a
reliable alternative and, more importantly, be able to broaden
the scope of research in the field of marine isoprene. The high
resolution, accuracy, and portability of the FIS may ultimately
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be of huge benefit to the substantial community already ana-
lyzing the biogeochemical dynamics of traces gases in the
marine environment that must currently rely on GC-based
approaches.

Recommendations

During the various stages of this study, we have evaluated a
number of protocols to ensure that the analysis of marine
samples by the FIS using the current configuration is opti-
mally maintained and that data quality is maximized.
Although many of these points have already been raised pre-
viously, they are summarized as follows:

(1) Cleaning of the reaction chamber and ozonizer cells
should be carried out more regularly than recommended by
the manufacturer due to the problems associated with marine
samples, particularly water vapor and liberated aerosols. This
is especially important if below-UHP oxygen is being used as
impurities may lead to increased fouling, as may compounds
liberated from the sample itself. The authors recommend that
the reaction chamber be cleaned after each experimental
period, or after a month of continuous/regular use, whichever
comes first, and the ozonizer cells cleaned every 6 months.

(2) To avoid water droplets entering the FIS, a significant
headspace to sample volume ratio should be maintained. The
authors suggest 40% headspace, and an outlet valve from the
sample vessel at least 10 cm from the sample surface. Con-
densation of water vapor in the Teflon tubing connecting the
sample vessel to the FIS should also be avoided, and this can
be achieved by ensuring that there is little to no temperature
variation between the sample vessel and connecting tubing.
With these simple precautions taken, the analysis of marine
samples can be carried out as described without the negative
effects of extensive water vapor ingestion.

(3) Due to the detection limit of FIS analysis, which is
degraded by the use of a Lee-100 longpass filter to remove sig-
nal interference, low biomass levels or open ocean (non-
bloom) water samples may not produce isoprene at a rate that
is detectable by the FIS. Any modification or servicing of the
FIS will require that (in addition to absolute calibration) the
resolution and detection limit be re-evaluated for the study in
question. Readers should note here that a new model FIS
increases sensitivity by a factor of four and could negate the
loss of signal by the use of an optical filter.

(4) Field work using the FIS should be carefully planned to
ensure all components of the total setup are available on site.
This recommendation should not dissuade researchers from
using the benefits of FIS analysis at marine field sites, but sim-
ply ensure that careful planning is undertaken. Any modifica-
tions to the standard protocols, such as purity of oxygen,
should be strictly re-evaluated in terms of signal reproducibil-
ity and deterioration over time.

(5) Although this study demonstrates the benefits of using
FIS analysis for marine isoprene research, it also raises the
possibility that, with the correct optical filter, other trace
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gases could also be measured accurately, in particular DMS;
therefore, further research is recommended to explore this
possibility fully.
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