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Abstract: Open microalgal ponds used in industrial biomass production are susceptible to a number
of biotic and abiotic environmental stressors (e.g., grazers, pathogens, pH, temperature, etc.) resulting
in pond crashes with high economic costs. Identification of signature chemicals to aid in rapid, non-
invasive, and accurate identification of the stressors would facilitate targeted and effective treatment
to save the algal crop from a catastrophic crash. Specifically, we were interested in identifying volatile
organic compounds (VOCs) that can be used to as an early diagnostic for algal crop damage. Cultures
of Microchloropsis gaditana were subjected to two forms of algal crop damage: (1) active grazing by
the marine rotifer, Brachionus plicatilis, or (2) repeated freeze–thaw cycles. VOCs emitted above the
headspace of these algal cultures were collected using fieldable solid phase microextraction (SPME)
fibers. An untargeted analysis and identification of VOCs was conducted using gas chromatography-
mass spectrometry (GC-MS). Diagnostic VOCs unique to each algal crop damage mechanism were
identified. Active rotifer grazing of M. gaditana was characterized by the appearance of carotenoid
degradation products, including β-cyclocitral and various alkenes. Freeze–thaw algae produced
a different set of VOCs, including palmitoleic acid. Both rotifer grazing and freeze–thawed algae
produced β-ionone as a VOC, possibly suggesting a common stress-induced cellular mechanism.
Importantly, these identified VOCs were all absent from healthy algal cultures of M. gaditana. Early
detection of biotic or abiotic environmental stressors will facilitate early diagnosis and application
of targeted treatments to prevent algal pond crashes. Thus, our work further supports the use of
VOCs for monitoring the health of algal ponds to ultimately enhance algal crop yields for production
of biofuel.

Keywords: Microchloropsis gaditana; Brachionus plicatilis; volatile organic compounds; SPME-GCMS

1. Introduction

Over the next two decades, the world’s human population is projected to increase by
1.3 billion [1]. Recently industrialized, developing nations with improved standards of
living will drive higher energy consumption. Based on these projections, the International
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Energy Agency (IEA) forecasts a 19% increase in world energy demand by the year 2040 [1].
To meet these future energy demands, microalgae are a promising prospect for biofuel
production [2]. Eukaryotic microalgae are a diverse group of organisms that can grow in a
variety of environmental conditions, such as sewage, wastewater, alkaline, brackish, and
saline water systems [3]. Production of microalgae does not require arable land and thrives
outdoors in desert areas with natural sunlight. Thus, it is believed that microalgae may
represent a viable path to create renewable transportation fuels and feedstocks to better
support growing global energy needs.

Although many species and strains of microalgae have been tested for use in biofuel
production, relatively few have been found to be both high lipid producers and amenable
to large-scale industrial production with natural sunlight [4]. One promising genus for
biofuel production is Microchloropsis (formerly Nannochloropsis) [5], whose members have
been found to have up to have ~40% of their biomass as lipids and exhibit high productivity
in outdoor mass production systems with natural sunlight [6]. Additionally, Microchloropsis
gaditana is genetically tractable, meaning genetic engineering and optimization are more
likely to be successful [3,7], and has been extensively characterized in terms of flocculation,
extraction of bioenergetic molecules [8]. Thus, M. gaditana is an important candidate for a
biofuel production species [9,10].

Algal production systems are subject to both abiotic and biotic threats resulting in
pond crashes with high economic costs. Abiotic threats include depletion of a nutrient,
oxygen deficiency, overheating, freezing, pH disturbance, or contamination [11]. Many
algal species are sensitive to freezing which results in a physical disruption of the cell
through the formation of ice crystals [12]. Biotic threats for biofuel production from
microalgae is the wide variety of pathogens, grazers, parasites, and competitor species
that are detrimental to algal growth and production [13]. As part of their study to define
reliability metrics for algal cultivation systems, Harmon et al. [14] have defined pond
failure or crash as “when pond operational systems, human error, biological contamination,
and/or abiotic stresses cause the algae in the pond to manifest reduced growth rates
or completely cease growing as observed by stagnation or a decrease in optical density
(OD), or in extreme cases, death of the algae culture resulting in a complete clearing of
the pond”. Conservatively, it is estimated that 30% of algal pond crashes are the result
of biological contaminants [15]. Developing methodology to monitor, circumvent, and
ultimately prevent predation of algae will increase biomass production, drive down costs
for algae farmers, and reduce the risk involved with algae cultivation, making it more
favorable for investment by entrepreneurs and biotechnology companies. Current methods
to monitor and mitigate unhealthy ponds exist, but intervention before culture collapse
occurs is hindered by laborious procedures, data with low signal-to-noise, and a lack of
early indicators. For example, light microscopy is a standard method for monitoring pond
samples for biological contaminants [16]; however, it is limited by the advanced training
needed to differentiate various microbial species, the time-consuming and labor-intensive
work of analyzing samples “by eye”, and a challenge with acquiring a representative
sample of the entire culture (e.g., analysis of a 10 mL pond sample from a 100,000 L algal
production pond likely will not capture all types of pond inhabitants). For these reasons,
imaging flow cytometry [17,18], and nucleic-acid hybridization techniques [19] are under
study to automate, simplify, and expediate the pond contaminant monitoring process.

As an alternative, non-invasive, and diagnostic pond-monitoring method, we and
others are interested in identifying signature chemicals to aid in rapid and accurate iden-
tification and/or detection of biological contamination in order to facilitate targeted and
effective treatment to save the algal crop from a catastrophic crash. It is well known
that deleterious species produce various volatile organic compounds (VOCs) as specific
biomarkers of their predatory action [20] and monitoring VOCs in health and disease
is similarly underway [21]. Since microalgae and their predators both produce volatile
organic compounds (VOCs) throughout their life cycle [22,23], there is potential that
VOCs serve as indicators of unhealthy ponds that may indicate the presence of microalgal
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predators. Recently, we have demonstrated feasibility of using VOCs as biomarkers of
pond health with Microchloropsis salina in the presence and absence of the marine rotifer,
Brachionus plicatilis [24,25]. These works used solid-phase microextraction (SPME) or Car-
bopack thermal desorption (TD) tubes to non-invasively collect headspace volatiles for
analysis by gas chromatography-mass spectrometry (GC-MS).

In the present study, we expand upon this work by determining if VOCs generated by
the algae undergoing grazing by rotifers are specific for the grazing event or represent a
generic chemical signal of algae crop damage. The goal of this study was to determine the
difference between the VOCs released from algae upon ingestion by a rotifer, with all the
attendant digestive processes, and those released by the physical disruption of the algae
alone. Grazing by rotifers was selected as the biotic crash mechanism because they are
important threat to production systems with which we have significant experience and
have developed standard grazer assays. Among the various abiotic crash mechanisms,
freeze thaw treatment was selected because of the ability to treat the entire algal culture to
ensure that the vast majority of cells were disrupted simultaneously. Second, it was not
necessary to alter the physiological state for the algal cells (i.e., through nutrient depletion)
to achieve physical disruption. That allowed us to match the physiological state of the
culture prior to freeze–thaw to that of the culture prior to rotifers addition.

In this study we have surveyed and compared the production of VOCs by M. gaditana
in the presence and absence of both abiotic and biotic damage. We have identified specific
VOC differences for M. gaditana in the presence of rotifer grazing versus heathy cultures.
Although several VOCs are the same as produced by M. salina in the presence of actively
grazing rotifers [24], we have identified at least one reportable difference. Additionally, we
induced the physical disruption of M. gaditana cells through repeated freeze–thaw events
which elicited a different array of VOCs, suggesting that different algal crop damaging
events might produce specific VOCs that could be used diagnostically and aid in specific
interdictive strategies to save a pond from crashing [4]. Resulting chemical fingerprints are
potential targets for future chemical monitoring systems (such as micro-GC device, see [26]
for review) in microalgal cultivation.

2. Results

Our experimental setup facilitated monitoring of headspace VOCs from M. gaditana
over the course of two different types of algal crop damage mechanisms: (1) grazing of
M. gaditana by the marine rotifer, B. plicatilis, and (2) freeze–thawing of M. gaditana. In the
rotifer grazing versus freeze thaw experiments we were measuring two different processes,
reduction in cell number due to grazing and physical disruption, but not reduction of cell
number, due to freeze–thaw. Separate methods were used to were used to monitor each
of these processes. Direct enumeration (i.e., cell counting) is the least ambiguous way of
measuring biomass loss through grazing as fecal pellets such as those produced by rotifers
do retain some chlorophyll fluorescence but not the physical dimensions of intact algal cells.
However, this direct determination of biomass concentration proved to be incompatible
with freeze–thaw treatments that resulted in the rupture of the cells and loss of cellular
constituents without resulting in a decrease in particle number as the cells retained their
overall physical structure to a sufficient degree for counting. Fluorescence measurements
demonstrated that the culture was clearly nonviable (did not increase in concentration) but
rather lost color presumably due to the degradation of the released chlorophyll.

2.1. Monitoring Algal Concentration during Rotifer-Grazing and Freeze–Thaw Experiments
2.1.1. Rotifer-Grazing Experiments

Algal cell concentrations for cultures of M. gaditana in the presence or absence of
grazing B. plicatilis were measured at several timepoints for M. gaditana alone (abbreviated
Algae or A), M. gaditana and B. plicatilis (abbreviated Algae + Rotifer or A + R), and ESAW
media blanks (abbreviated media blanks or MB), as a negative control (Figure 1A–C).
After B. plicatilis was added to three M. gaditana cultures (Figure 1A–C, Cultures C4–C6),
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time-dependent decreases in algal density were observed relative to the M. gaditana only
controls (Figure 1A–C, Cultures C1–C3). For all three A + R experiments, rotifer grazing
slowly depleted algal concentration over a period of several days (Figure 1A–C, Cultures
C4–C6). Resulting A + R cultures had roughly 20–50% fewer intact algal cells present
compared to corresponding time-matched A cultures. A + R cultures between the three
experiments displayed different rates of algal biomass loss, where we attribute variation in
rates of biomass loss to differences in the commercially supplied rotifer lots.
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Figure 1. (A–C) Algae concentrations as determined by direct enumeration for three healthy algae
cultures (C1–C3) and three rotifer grazing algae cultures (C4–C6) for the three A + R experiments.
Rotifer addition marked by “+R” with an arrow at the relevant point in time. (D–F) Fluorescence
measurements for three healthy algae cultures (C1–C3) and three freeze–thawed algae cultures
(C4–C6) for the three Freeze–Thaw Algae (FTA) experiments. The error bars represent standard
deviation calculated from technical replicates for each sample (n = 2). The starting concentrations of
the FTA experiments were equivalent at the time of algal inoculation (t = 0 h), and thus the standard
deviation for these measurements is zero. No timepoints for1 h and 6 h in FTA Experiment 1 were
taken, as denoted by “NT”. SPME samples were collected at timepoints in experiments marked by
an asterisk (*).
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2.1.2. Freeze–Thaw Experiments

Algal cell concentrations were likewise monitored daily, however chlorophyll-based
fluorescence measurements, instead of direct enumeration via cell counting, was used
for cultures of M. gaditana exposed to three successive freeze–thaw cycles (abbreviated
Freeze–Thaw Algae or FTA) (Figure 1D–F) and ESAW media blanks as a negative control.
This alternative algal-density determination method was employed because with FTA
Experiment 1, it was observed that direct enumeration was not a reliable way to deter-
mine the quantity of viable microalgal cells still present in the culture (data not shown).
Thus, for those cultures undergoing the freeze–thaw process (Figure 1D–F, Cultures 4–6),
time-dependent decreases in chlorophyll fluorescence signal relative to actively growing
M. gaditana cultures (Figure 1D–F, Cultures 1–3) were observed. Resulting FTA cultures
displayed a rapid decrease in fluorescence signal compared to corresponding time-matched
healthy algae cultures, on average displaying ~60% of the relative fluorescence signal after
6 h (Figure 1E,F) and less than 10% of the relative fluorescence signal after 24 h of growth
and beyond (Figure 1D–F). For this reason, the experiments were ended after 48 h, instead
of 96 or 120 h as for the A + R Experiments.

2.2. Monitoring VOC Emissions during Rotifer-Grazing and Freeze–Thaw Experiments

For all experiments, data outputs from SPME-GC-MS were subjected to similar chro-
matographic deconvolution user-defined parameters established previously for this type
of analysis [24]. The number of volatile compounds detected within each sample varied
from ~100–200. Potential biomarkers for rotifer grazing were selected as being ‘unique’ to a
wounding condition and distinct from the healthy controls through the application of filter-
ing criteria, which were based upon a VOC’s relative abundance and detection frequency
across experimental replicates. Within a single experiment (e.g., A + R Experiment 1), the
filtering criteria narrowed the list of thousands of VOCs detected down to less than 40.
From here, the individual experiments (e.g., A + R Experiment 1, 2, and 3) were compared
and putative biomarkers were identified, as previously defined, as being present in at least
2 of the 3 replicate experiments (summarized in Tables 1 and 2). VOCs not meeting the full
criteria as a putative biomarker are summarized in Supplemental Tables S1 and S2.

Table 1. Putative biomarkers emitted during grazing of Microchloropsis gaditana by Brachionus plicatilis and not present in
time-matched healthy M. gaditana controls.

Com-
pound

Base
Peak
m/z

Tentative
Compound

Class
NIST14 ID NIST%

Match
Experi-
mental

RI
Theoreti-

cal RI
A+R Expt 1 A+R Expt 2 A+R Expt 3

48 h 72 h 96 h 48 h 72 h 96 h 72 h 96 h 120 h

R1 137 Ketone β-
cyclocitral 83 1208 1220 X X X X X X X X

R2 148 unknown 1402 X X

R3 121 Ketone

4-(2,6,6-
trimethyl-1-
cyclohexen-

1-yl)-2-
butanone

75 1443 1433 X X X

R4 177 Ketone β-ionone 80 1494 1486 X X X X X X X X X

R5 57 Alkene 1-
pentadecene 71 1499 1492 X X X X

R6 83 Alkene 1-
heptadecene 78 1662 1687 X X X X X X X X
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Table 2. Putative biomarkers emitted only after freeze–thaw damage to Microchloropsis gaditana cultures and not present in
time-matched, healthy M. gaditana controls.

Com-
pound

Base
Peak
m/z

Tentative
Compound

Class
NIST14

ID
NIST%
Match

Experi-
mental

RI
Theoretical

RI
FTA Expt 1 FTA Expt 2 FTA Expt 3

24 h 48 h 1 h 6 h 24 h 48 h 1 h 6 h 24 h 48 h

F1 193 834 X X

F2 119 1177 X X X X X X

F3 57 1265 X X X X X

F4 79 1288 X X X

F5 81 1294 X X X

F6 85 1381 X X X

F7 177 Ketone β-
ionone 93 1495 1486 X X X X X X X

F8 123 1498 X X X X X X X X

F9 55 Carboxylic
acid

Palmitoleic
acid 80 1954 1951 X X X

F10 149 2821 X X

2.2.1. Rotifer-Grazing Experiments

Grazing of M. gaditana by B. plicatilis produced six putative biomarkers, enumerated
R1-R6 (Table 1). Three biomarkers, Compounds R1, R3, and R4, were identified with an
83%, 75%, and 80% confidence scores to the chemicals β-cyclocitral, 4-(2,6,6-trimethyl-1-
cyclohexen-1-yl)-2-butanone, and β-ionone, respectively. Compounds R5 and R6 were
tentatively identified with a 71% and 78% confidence to the alkenes 1-pentadecene and
1-heptadecene, respectively.

Reference standards of β-ionone and β-cyclocitral were analyzed using the GC-
MS method described and confirmed as the identities of Compound R4 (Table 1) and
R1 (Table 1), respectively, using both retention index matching and comparison of MS
fragmentation patterns. The retention index for the analytical standard of β-ionone (1495)
was <1% different from that of the experimentally observed biomarker R4 (1494) and the
NIST literature RI (1486). The retention index for the analytical standard of β-cyclocitral
(1215) was also <1% different than that of the experimentally observed biomarker (1208)
and the NIST literature RI (1220).

2.2.2. Freeze–Thaw Experiments

A total of over 3200 VOCs were detected within the three FTA replicate experiments
and application of filtering criteria narrowed this down to less than 100 that were repro-
ducibly present across multiple experiments. Of those VOCs reproducibly detected, 10
putative biomarkers were identified for the FTA experiments and are labeled as Com-
pounds F1-F10 in Table 2. The Compounds F7 and F9 were tentatively identified with a
93% and 80% confidence to β-ionone and palmitoleic acid, respectively.

2.2.3. Comparison of Algae Crop Damage Mechanisms

β-ionone was monitored in both A + R and FTA experiments using extracted ion
chromatograms for its base peak, m/z 177 in Figure 2. The rotifer-grazing VOC profiles
(Figure 2A) display maximum β-ionone signals of ~7 × 105 at the first timepoint measured
after rotifer addition (48 h post-inoculation). The signal decreased to an average of 58% and
27% of the original signal after 24 and 48 h, respectively, with a final peak area averaging
~1 × 105. A time-matched monitoring of healthy algae cultures (Figure 2A) from the
rotifer grazing experiments showed no detectable signal of m/z 177, and presumably β-
ionone for all timepoints sampled. For FTA, represented in Figure 2B, an average signal
of ~3 × 106 was observed at the first timepoint ~1 h post-inoculation. The signal rapidly
decreased over the subsequent timepoints, averaging 54% and 3% of the original signal at
6- and 24-h post-inoculation, before becoming undetectable at the final timepoint of 48 h
post-inoculation. As with the A + R experiments, time-matched health algae controls (A
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only) for FTA experiments also showed no detectable signal of m/z 177, and presumably
β-ionone, for all timepoints monitored. Differences in algal crop damage methods were
evidenced by unique VOC profiles, summarized in Figure 3. In the A + R cultures, the
presence of β-cyclocitral, β-ionone, and 1-heptadecene were detected at three timepoints
only in samples that had rotifers present. The relative abundance of these compounds
either remained consistent (β-cyclocitral) or gradually decreased with continued rotifer
grazing (β-ionone and 1-heptadecene). All three putative biomarkers were still detected at
the final A + R timepoint. Conversely, β-ionone and palmitoleic acid were only detected
within the first 6 h after the freeze–thawed algal cells were added to the media.
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Figure 3. Peak areas of extracted ion chromatograms for β-cyclocitral, β-ionone, and 1-heptadecane in each A + R replicate
experiment (top nine graphs) and for β-ionone and palmitoleic acid in each FTA replicate experiment (bottom six graphs).
Error bars in A + R experiments represent standard deviation of technical replicates for each sample. Semi-quantitative
VOC analysis for the same putative biomarker was set relative to the highest intensity across all three replicate experiments.
For comparison across A + R and FTA experiments, relative abundance scale for β-ionone was set relative to the observed
highest peak area in FTA Experiment 3.
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3. Discussion

The headspace VOCs were monitored from M. gaditana being actively grazed by the
marine rotifer, B. plicatilis. During grazing, a single rotifer can consume ~200 algal cells
per min [27] and the ultimate depletion of the algal culture is dependent on the initial
concentration of the algal inoculum and the number of rotifers added. In addition to algae
undergoing active grazing, viable and actively growing algae were also present in these
cultures. Thus, algal growth rates and VOC emissions were detected during this time
for both healthy and grazed algae. The initial algal concentrations were chosen to allow
the grazing to take place over several days for the collection of multiple time-resolved
VOC samples.

Algal cell concentrations were monitored for cultures of M. gaditana exposed to three
successive freeze–thaw cycles. During this process, algal cells are physically disrupted
and rendered non-viable through the formation of ice crystals. This is evidenced by the
lack of growth and release of photosynthetic pigments from the cells. All algae cells were
simultaneously frozen and lysed within a comparatively shorter time frame compared to
rotifer grazing, preventing active growth after freeze–thaw procedure was complete. The
direct enumeration of the FTA cultures, by particle counting, showed no decrease in particle
number but FTA cultures displayed a rapid loss of chlorophyll color and fluorescence due
to a release and apparent degradation of chlorophyll from disrupted cells when compared
to time-matched healthy A controls. Additionally, since the FTA cultures never increased
in algal concentration over the course of the FTA experiments, it can be inferred that the
entire algal culture was, upon treatment, disrupted and rendered nonviable. Thus, we
utilized chlorophyll fluorescence to demonstrate the lack of algal culture growth [28].

The cellular disruption of M. gaditana cells was accomplished via repetitive freeze–
thaw cycles to abiotically result in algal cell death via rapid ice crystal formation. The
freezing process quickly affects the entire algal culture, simultaneously, compared to
gradual algal crop damage from rotifer grazing. During FTA Experiment 1, measurements
of FTA VOCs at 24 and 48 h indicated that VOCs generated by the freeze–thaw cycle
were mostly depleted by 24 h and not detected at 48 h post-inoculation. After the FTA
Experiment 1 (Figure 1D), the experimental design was altered to collect VOCs at additional
timepoints (e.g., 1 h and 6 h) post algal inoculation (Figure 1E,F). In doing so, we observed
a higher diversity of VOCs generated by the freeze–thawed algal samples in subsequent
Experiments 2 and 3.

The fundamental difference between the two crop damage mechanisms is that freeze
thaw is strictly a physical process whereas grazing has a biological component in the rotifer
digestive tract. The digestive processes of the B. plicatilis are not well characterized. It
is known that at higher prey concentrations, as would be expected in high density algae
production ponds, ingested particles travel faster thought the rotifer digestive track and
may not be completely digested. Although relatively little is known of the rotifer digestive
process along with those of other microzooplanktonic grazers it is not unexpected that
the VOCs released from grazing would differ from those released from purely physical
disruption. However, our data reveals that some VOCs are released by both processes.

β-ionone, generated from the breakdown of carotenoids, was the only biomarker
identified as a product of both freeze–thaw disruption and rotifer-grazing (Compound R4).
β-ionone was seen previously in rotifer-grazed cultures of M. salina [24]. β-ionone gradually
decreased (<96 h) with rotifer grazing and rapidly decreased (<6 h) after initial freeze–
thawing. The prolonged detection of β-ionone in the rotifer-grazing is consistent with
algal cells being gradually individually consumed by rotifers with concomitant oxidative
degradation of carotene. This slower process results in the continuous release of VOCs
over a period of days. Conversely, a sudden, initial burst of β-ionone, followed by rapid
deterioration of signal afterwards, is consistent with the rapid release of cellular contents
from repeatedly freeze–thawed algal cells, which occurs over the span of minutes or
hours. The detection of β-ionone indicates that the formation of this carotenoid breakdown
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product may not be dependent on the rotifer digestion process but may be a product of
abiotic processes that are held in common.

Palmitoleic acid was detected in the headspace of freeze–thaw cultures only and was
likely released as a result of the physical disruption of the algal. Palmitoleic acid, is a
monounsaturated fatty acid (MUFA) and an ideal candidate for biofuel production [29]. As
a desirable product of algal cultivation, it has been shown that algae generate higher cellular
levels of palmitoleic acid under abiotic stress conditions, such as nutrient limitation [30,31].
M. gaditana is routinely studied as a food source for the aquaculture production of rotifers
such as B. plicatilis and it is known that the fatty acid content of the feed algae has a
significant impact on the biochemical composition of the rotifers [32]. It seems likely that
in the case of rotifer grazing the palmitoleic acid present in the microalgae is utilized by
the rotifer rather than escaping to the volatile fraction. Palmitoleic acid derived from algal
extract has been used to mitigate inflammation induced within a human macrophage
cell line [33].

Several VOCs were detected specifically during the process of rotifer grazing. Along
with β-ionone, grazed cultures of M. gaditana released the biomarkers β-cyclocitral and
4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2-butanone. These structurally related ketones or
aldehydes are known derivatives of carotenoid oxidation [34–37]. We have previously
observed carotenoid degradation products as indicators of rotifer grazing of the closely
related algal species, Microchloropsis salina [24]. We hypothesize that these compounds, that
were not detected under conditions of abiotic physical wounding, may represent further
degradation of the part of the carotenoid pool. M. salina and M. gaditana are phyloge-
netically related [5], thus observance of the same putative biomarkers is not surprising.
Previously, other microalgal strains have been shown to emit the some of the same VOCs
during algal wounding [38]. In addition to the obvious carotenoid breakdown products
both 1-pentadecene and 1-heptadecene were detected during rotifer grazing only. The
presence of the long-chain alkenes could be due to the oxidation of β-carotene or long-
chain fatty acids—both of which are highly abundant in oleaginous algal strains, such as
M. gaditana [39].

Our results clearly show differences in the VOCs produced by physical disruption
and those produced by grazing and contact with the rotifer digestive system. This work
indicates that it may be possible to develop biomarkers that are indicative of different algal
stress or damage.

4. Materials and Methods
4.1. Microalgae and Rotifer Cultures

Axenic Microchloropsis gaditana CCMP 526 was obtained from National Center for
Marine Algae and Microbiota (NCMA at Bigelow Laboratory, East Boothbay, ME, USA).
Axenicity of the culture was defined by NCMA standards and M. gaditana cultures were not
further tested in house. M. gaditana cultures were grown in modified ESAW medium [40]
made with 7.5 mM NaNO3 and 0.5 mM Na3PO4 and MilliQ water. Stock cultures of
M. gaditana were grown at 20 ◦C, a light intensity of 100 µmol m−2s−1 and a 16:8 h light:dark
cycle. Volatilomics experiments were conducted under the same conditions as in Reese et al.
2019 [24], except 80:20 N2/O2 was used as the VOC-free research grade air with a purity of
99.999% (Matheson Tri-Gas, West Sacramento, CA, USA). Briefly, cultures were continu-
ously sparged with 1% CO2 and 99% air for a total mass flow of 900 cc min−1 split equally
across the six culture vessels (150 cc min−1 sparging rate for each individual sample).
Xenic rotifer cultures of Brachionus plicatilis (Reed Mariculture, Campbell, CA, USA) were
concentrated, counted, and added to experiments in the same way as described in [24].

Cultivation of M. gaditana and B. plicatilis at 15-L scale was carried out according to the
methods described in [24] with few differences, detailed herein. All three experiments of
M. gaditana and B. plicatilis (referred to as “A + R Experiments 1–3”, or “A + R 1–3”) utilized
six 20-L carboys. Prior to algal inoculation, 15 L of ESAW media were 0.2 µm-filtered,
added to each of the six carboys, and then media blank headspace samples were collected
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for 1 h on SPME fibers (described further below). All six carboys were then inoculated
with M. gaditana to a final concentration of 5–6 × 106 cells mL−1 for A + R Experiments 1
and 3, and 12 × 106 M. gaditana cells mL−1 for A + R Experiment 2. For all experiments,
microalgae were grown under the same conditions as described in Reese et al. [24]. (Briefly:
2000 µmol m−2s−1 of 24 h light, 22–25 ◦C, 150 cc min−1 sparging of 1% CO2 through
bubbler). For all A + R Experiments, 6.6 × 105 live rotifers (final concentration of 44 rotifers
mL−1) were added to three of the six M. gaditana cultures (carboys 4, 5, and 6, abbreviated
C4, C5, C6). For A + R Experiments 1 and 2, the rotifers were added to the algae cultures
24 h after algae inoculation and for A + R Experiment 3, the rotifers were added to the algae
48 h after algae inoculation. Rotifers were concentrated, counted, and prepared for addition
to cultures as described previously [24]. Fewer rotifers were used for these experiments, in
comparison to Reese et al. [24], due to the slightly smaller size of the M. gaditana cells and
presumed higher grazing rate by B. plicatilis.

4.2. Freeze–Thaw Algal Experiments

Freeze–Thawed Algae (FTA) experienced cellular disruption in the absence of rotifers
by repeatedly freeze–thawing concentrated M. gaditana before adding to media (these
experiments are referred to as “FTA Experiments 1–3”, or “FTA 1–3”). These experiments
had a similar setup (e.g., ESAW media, CO2/air sparging rates, initial algal concentration)
as the previously described algae + rotifer experiments except that the final culture volume
for each of the six replicates was 900 mL, held in glass 1-L Pyrex containers. After media
blank headspace samples were collected by SPME (as described previously for algae +
rotifer experiments), M. gaditana inoculum was concentrated by gentle centrifugation
(2500× g) down to ~100–120 mL and then evenly divided between six conical tubes for
each of the six Pyrex containers in the experimental setup. Three of these conical tubes
(each containing ~15–20 mL of concentrated M. gaditana) underwent three of the following
freeze–thaw cycles: frozen for 15 min in a slurry of 100% ethanol and dry ice and then
thawed for 10 min in water heated to 42 ◦C with intermittent vortexing. After three of
these freeze–thaw cycles were complete, all six aliquots of algae (three control cultures
and three freeze–thawed cultures) were added to each of the six 900 mL volumes of ESAW
media, resulting in all six cultures starting with final concentrations of 10 M cells mL−1 for
FTA Experiment 1, 9 M cells mL−1 for FTA Experiment 2, and 8.5 M cells mL−1 for FTA
Experiment 3.

4.3. Daily Timepoints to Monitor Viability of Algal Cultures for A + R and FTA Experiments

For A + R experiments, algal concentration was determined daily by direct enumer-
ation (Coulter Counter; Beckman Coulter, Indianapolis, IN, USA) of algal cells, as done
previously [24]. For FTA experiments, the freeze–thaw did not result in total destruction
of the cells but rather leakage of the cellular contents into the medium. Thus, particle
counting did not discriminate between live and dead cells, and particle number remained
constant through the experiment (data not shown). Chlorophyll fluorescence provided
a measure of chlorophyll destruction. We utilized the standard method for monitoring
chlorophyll fluorescence (430 nm excitation, 685 nm emission) using Tecan i-control infinite
200 Pro, version 1.11.1.0, plate reader. Both direct enumeration (i.e., particle counting) and
chlorophyll fluorescence were indicative of algal cell death.

4.4. SPME Headspace Sampling and GC-MS Data Acquisition

VOCs from the headspace of each culture and media control were collected using
portable field sampler solid-phase microextraction (SPME) fibers at the same time as algal
density measurements. The methodology of VOC sampling was the same for the algal
damage occurring via rotifer grazing (A + R Experiments 1–3) and or freeze–thaw cellular
disruption (FTA Experiments 1–3). The collection procedures were similar to those de-
scribed in Reese et al. [24], briefly summarized here with relevant modifications. Bi-phasic
coated SPME fibers with 65 µm polydimethylsiloxane/divinylbenzene (PDMS/DVB) coat-
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ings (Supelco, Bellefonte, PA, USA) were introduced to the headspace above culture vessels
for 60 min during relevant experimental timepoints. Three vessels were prepared as bio-
logical replicates. For the A + R Experiments, two SPME fibers were introduced to each
vessel and the reported VOC signal of each biological replicate (n = 3) per timepoint per
condition is the average of n = 2 technical replicates (two SPME fibers per vessel). For A
+ R experiments 1 and 2, SPME timepoints were collected at 48, 72, and 96 h post algae
inoculation, and at 72, 96, and 120 h for A + R experiment 3 (as indicated by * in Figure 1).
For the freeze–thaw cellular disruptions, one SPME fiber was introduced to sample each
vessel, resulting in n = 3 biological replicates with a single technical replicate (one SPME
fiber) per timepoint per condition. For FTA Experiment 1, only 24 and 48 h SPME sam-
pling timepoints were collected, but for FTA Experiments 2 and 3, SPME sampling was
performed at 1, 6, 24, and 48 h timepoints. Additionally, an unexposed fiber representing
a “travel blank” to detect extraneous volatiles deposited during the storage process was
included with the culture samples. All SPME fibers were subsequently stored at 2–4 ◦C and
analyzed by GC-MS within 2–3 weeks of VOC sample collection. VOC data acquisition
utilized an untargeted GC-MS approach performed using an Agilent 5975 T GC-MSD
(Agilent Technologies, Santa Clara, CA, USA), employing the same instrument and tem-
perature program used in Reese et al. [24]. Instrument performance was monitored using
a commercial reference mixture (S-22329-R1; AccuStandard, New Haven, CT, USA) to
evaluate variation in day-to-day performance and to calculate retention indices.

Analytical reference standards for trans-β-ionone (≥97.0% purity, catalogue #16976)
and β-cyclocitral (≥97.0% purity, catalogue #16976) were purchased (Sigma-Aldrich, St.
Louis, MO, USA) to verify if putative identifications of select biomarkers were accurate.
The standards were injected neat (1 µL) into the GC inlet. The analytical standards were
analyzed alongside an injection of the commercial reference mixture (AccuStandard) for
determination of retention indices values. Resultant mass spectral fragmentations from the
analytical standards were then compared to those of experimentally observed biomarkers.
The same GCMS method detailed in [24] was also used for these analytical standards
except that the analytical standards method required a 4 min solvent delay.

4.5. Volatilomics Analysis and Requirements for Defining a ‘Biomarker’ for This Work

Data processing of GC-MS output using Agilent software was conducted similarly
to our previous work [24], with select user-defined parameter differences explained here,
to isolate, detect, and identify condition-specific VOCs, or putative biomarkers. Briefly,
raw ChemStation files were made compatible for use with Agilent’s MassHunter Soft-
ware. Chemical peaks were isolated and detected via chromatographic deconvolution
and visualization using MassHunter Qualitative Analysis (version B.08) with the same
parameters as previously used. Mass Profiler Professional (MPP) 12.6.1 software was used
to align peaks across samples within a given condition. Putative identification of VOCs was
accomplished with spectral searching against the NIST14 mass spectral database, requiring
match factors ≥70%. Compounds not exceeding this threshold were annotated using the
following nomenclature: Unknown m/z##_RI####.

Three criteria were used to classify a detected VOC as a biomarker (Tables 1 and 2):
(1) detection of VOC in a majority of the timepoints within a biological condition within
each individual experiment. Accordingly, for the A + R experiments, VOCs were required
to be detected in both technical replicates for at least 2 of 3 biological replicates at each
sampled timepoint. For the FTA experiments, which included only a single technical
replicate, VOCs were required to be present in at least 2 of 3 biological replicates at each
sampled timepoint. (2) VOCs passing criteria (1) were then required to be detected in at
least 2 out of the 3 repeated experiments. (3) VOCs passing criteria (2) were required to
be either (a) absent in the corresponding media blank or travel blank or (b) present in the
sample at relative abundances greater than 10× that seen in the media blank or travel
blank. VOCs successfully passing the above criteria were subsequently labeled as putative
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biomarkers. The presence/absence and semi-quantitative comparisons of these putative
biomarkers were compared across different experiments (Figure 2).

5. Conclusions

This work has identified diagnostic biomarkers for biotic and abiotic algal crop damage
events (Figure 4). The A + R experiments were designed to allow for the algal consumption
by rotifers and the concomitant release of VOCs over the course of days. Conversely, FTA
experiments were designed to damage the entire algal culture within a much smaller win-
dow of time (e.g., less than 1.5 h), resulting in the immediate release of VOCs characteristic
for this damage mechanism. None of the putative biomarkers detected after the algae expe-
rienced rotifer-grazing or freeze–thawing events were found in the headspace of healthy
algal cultures. Only one biomarker, β-ionone, was common to both A + R and FTA algal
crop damage experiments. This suggests that β-ionone, and thus carotenoid degradation
might result from algal wounding events, in general, and could be a reliable biomarker
of algal crop damage. Our work postulates that the distinct biomarkers generated by
different algal crop damage events have potential to not only distinguish healthy from
unhealthy ponds, but to further indicate the type of algal crop damage that is underway.
Early diagnostic biomarkers of algal crop damage will facilitate more effective and targeted
algal pond treatments, thus increasing algal crop yields for subsequent biofuel production.

Metabolites 2021, 11, x FOR PEER REVIEW 13 of 16 
 

 

blank. VOCs successfully passing the above criteria were subsequently labeled as putative 
biomarkers. The presence/absence and semi-quantitative comparisons of these putative 
biomarkers were compared across different experiments (Figure 2). 

5. Conclusions 
This work has identified diagnostic biomarkers for biotic and abiotic algal crop dam-

age events (Figure 4). The A + R experiments were designed to allow for the algal con-
sumption by rotifers and the concomitant release of VOCs over the course of days. Con-
versely, FTA experiments were designed to damage the entire algal culture within a much 
smaller window of time (e.g., less than 1.5 h), resulting in the immediate release of VOCs 
characteristic for this damage mechanism. None of the putative biomarkers detected after 
the algae experienced rotifer-grazing or freeze–thawing events were found in the head-
space of healthy algal cultures. Only one biomarker, β-ionone, was common to both A + 
R and FTA algal crop damage experiments. This suggests that β-ionone, and thus carote-
noid degradation might result from algal wounding events, in general, and could be a 
reliable biomarker of algal crop damage. Our work postulates that the distinct biomarkers 
generated by different algal crop damage events have potential to not only distinguish 
healthy from unhealthy ponds, but to further indicate the type of algal crop damage that 
is underway. Early diagnostic biomarkers of algal crop damage will facilitate more effec-
tive and targeted algal pond treatments, thus increasing algal crop yields for subsequent 
biofuel production. 

 
Figure 4. Resulting putative biomarkers from rotifer-grazing and freeze–thawed algal crop damage 
experiments to Microchloropsis gaditana cells. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: 
VOCs released during grazing of Microchloropsis gaditana by Brachionus plicatilis and not passing 
strict criteria for classification as putative biomarkers; Table S2: putative biomarkers emitted after 
freeze–thaw damage to Microchloropsis gaditana cultures and not passing the strict criteria for classi-
fication as putative biomarkers. 

Author Contributions: K.L.R. implemented VOC sampling, collected and analyzed the VOC data, 
and drafted the manuscript; C.L.F. designed the experiments, analyzed the data, and drafted the 
manuscript, C.L.F., P.D.L. and J.D.J. set up the experiments and collected algal density data; A.D.J., 
M.F. and T.W.L. contributed to the analysis and interpretation of the data. All authors reviewed and 
edited the manuscript. All authors have read and agreed to the published version of the manuscript. 

Funding: Algal culturing: sample collection and materials for experiments at Sandia were sup-
ported by Sandia Laboratories Lab Directed Research and Development (LDRD) project 199974 as 

Figure 4. Resulting putative biomarkers from rotifer-grazing and freeze–thawed algal crop damage
experiments to Microchloropsis gaditana cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo11100707/s1, Table S1: VOCs released during grazing of Microchloropsis gaditana by
Brachionus plicatilis and not passing strict criteria for classification as putative biomarkers; Table S2:
putative biomarkers emitted after freeze–thaw damage to Microchloropsis gaditana cultures and not
passing the strict criteria for classification as putative biomarkers.

Author Contributions: K.L.R. implemented VOC sampling, collected and analyzed the VOC data,
and drafted the manuscript; C.L.F. designed the experiments, analyzed the data, and drafted the
manuscript, C.L.F., P.D.L. and J.D.J. set up the experiments and collected algal density data; A.D.J.,
M.F. and T.W.L. contributed to the analysis and interpretation of the data. All authors reviewed and
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: Algal culturing: sample collection and materials for experiments at Sandia were supported
by Sandia Laboratories Lab Directed Research and Development (LDRD) project 199974 as well as
Lawrence Livermore National Laboratory LDRD project 19-FS-035. GC-MS analysis was supported
by the US Department of Energy’s Genomic Science Program under grant SCW1039. A.D.J. acknowl-

https://www.mdpi.com/article/10.3390/metabo11100707/s1
https://www.mdpi.com/article/10.3390/metabo11100707/s1


Metabolites 2021, 11, 707 14 of 16

edges support from Michigan AgBioResearch through the USDA National Institute of Food and
Agriculture, Hatch project number MICL02474.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Sandia National Laboratories retains an archive of the datasets and are
available from the corresponding author on reasonable request.

Acknowledgments: Thank you to Hailey Loehde-Woolard for being an amazing Sandia intern and
to B.E. Schrauth for facilitating several important scientific discussions. We thank the LLNL Forensic
Science Center (FSC) and, in particular, Audrey Williams and Deon Anex, for use of laboratory
equipment and space, and Roald Leif for assisting with instrumental setup and maintenance. This
work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344 and at Sandia National Laboratories, a
multi-mission laboratory managed and operated by National Technology and Engineering Solutions
of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department
of Energy’s National Nuclear Security Administration under contract DE-NA0003525. This paper
describes objective technical results and analysis. Any subjective views or opinions that might be
expressed in the paper do not necessarily represent the views of the U.S. Department of Energy or
the United States Government. This document was prepared as an account of work sponsored by
an agency of the United States government. Neither the United States government nor Lawrence
Livermore National Security, LLC, nor any of their employees makes any warranty, expressed or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States government or Lawrence
Livermore National Security, LLC. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States government or Lawrence Livermore National
Security, LLC, and shall not be used for advertising or product endorsement purposes.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. International Energy Agency (IEA). Global Energy Review 2020; summarized under “Energy Consumption by the Numbers”; IEA:

Paris, France, 2020. Available online: https://www.capp.ca/energy/world-energy-needs/ (accessed on 15 September 2021).
2. Ullah, K.; Ahmad, M.; Sofia; Sharma, V.K.; Lu, P.; Harvey, A.; Zafar, M.; Sultana, S. Assessing the Potential of Algal Biomass

Opportunities for Bioenergy Industry: A Review. Fuel 2015, 143, 414–423. [CrossRef]
3. Radakovits, R.; Jinkerson, R.E.; Fuerstenberg, S.I.; Tae, H.; Settlage, R.E.; Boore, J.L.; Posewitz, M.C. Draft Genome Sequence and

Genetic Transformation of the Oleaginous Alga Nannochloropsis Gaditana. Nat. Commun. 2012, 3, 686. [CrossRef] [PubMed]
4. Fisher, C.L.; Lane, T.W. Operational, Prophylactic, and Interdictive Technologies for Algal Crop Protection. In Grand Challenges in

Algae Biotechnology; Hallmann, A., Rampelotto, P.H., Eds.; Springer International Publishing: Cham, Denmark, 2019; pp. 35–70.
5. Fawley, M.W.; Jameson, I.; Fawley, K.P. The Phylogeny of the Genus Nannochloropsis (Monodopsidaceae, Eustigmatophyceae),

with Descriptions of N. Australis sp. nov. and Microchloropsis gen. nov. Phycologia 2015, 54, 545–552. [CrossRef]
6. Doan, T.T.Y.; Sivaloganathan, B.; Obbard, J.P. Screening of Marine Microalgae for Biodiesel Feedstock. Biomass Bioenergy 2011,

35, 2534–2544. [CrossRef]
7. Jinkerson, R.E.; Radakovits, R.; Posewitz, M.C. Genomic Insights from the Oleaginous Model Alga Nannochloropsis Gaditana.

Bioengineered 2013, 4, 37–43. [CrossRef]
8. Cancela, A.; Pérez, L.; Febrero, A.; Sánchez, A.; Salgueiro, J.L.; Ortiz, L. Exploitation of Nannochloropsis Gaditana Biomass for

Biodiesel and Pellet Production. Renew. Energy 2019, 133, 725–730. [CrossRef]
9. Taher, H.; Giwa, A.; Abusabiekeh, H.; Al-Zuhair, S. Biodiesel Production from Nannochloropsis Gaditana Using Supercritical CO2

for Lipid Extraction and Immobilized Lipase Transesterification: Economic and Environmental Impact Assessments. Fuel Process.
Technol. 2020, 198, 106249. [CrossRef]

10. López, E.N.; Medina, A.R.; Moreno, P.A.G.; Cerdán, L.E.; Valverde, L.M.; Grima, E.M. Biodiesel Production from Nannochloropsis
Gaditana Lipids through Transesterification Catalyzed by Rhizopus oryzae Lipase. Bioresour. Technol. 2016, 203, 236–244.
[CrossRef]

11. Lavens, P.; Sorgeloos, P. Manual on the Production and Use of Live Food for Aquaculture; FAO Fisheries Technical Paper. No. 361;
FAO: Rome, Italy, 1996; 295p.

https://www.capp.ca/energy/world-energy-needs/
http://doi.org/10.1016/j.fuel.2014.10.064
http://doi.org/10.1038/ncomms1688
http://www.ncbi.nlm.nih.gov/pubmed/22353717
http://doi.org/10.2216/15-60.1
http://doi.org/10.1016/j.biombioe.2011.02.021
http://doi.org/10.4161/bioe.21880
http://doi.org/10.1016/j.renene.2018.10.075
http://doi.org/10.1016/j.fuproc.2019.106249
http://doi.org/10.1016/j.biortech.2015.12.036


Metabolites 2021, 11, 707 15 of 16

12. Bartosh, Y.; Banks, C. Algal growth response and survival in a range of light and temperature conditions: Implications for
non-steady-state conditions in waste stabilisation ponds. Water Sci. Technol. 2007, 55, 211–218. [CrossRef]

13. Carney, L.T.; Lane, T.W. Parasites in Algae Mass Culture. Front. Microbiol. 2014, 5, 278. [CrossRef]
14. Harmon, V.L.; Wolfrum, E.; Knoshaug, E.P.; Davis, R.; Laurens, L.M.; Pienkos, P.T.; McGowen, J. Reliability metrics and their

management implications for open pond algae cultivation. Algal Res. 2021, 55, 102249. [CrossRef]
15. McBride, R.C.; Lopez, S.; Meenach, C.; Burnett, M.; Lee, P.A.; Nohilly, F.; Behnke, C. Contamination Management in Low Cost

Open Algae Ponds for Biofuels Production. Ind. Biotechnol. 2014, 10, 221–227. [CrossRef]
16. Borowitzka, M.A. Culturing Microalgae in Outdoor Ponds. In Algal Culturing Techniques; Anderson, R.A., Ed.; Elsiver Ac-ademic

Press: London, UK, 2005; pp. 205–218.
17. Wang, Y.; Castillo-Keller, M.; Eustance, E.; Sommerfeld, M. Early Detection and Quantification of Zooplankton Grazers in Algal

Cultures by Flowcam. Algal Res. 2017, 21, 98–102. [CrossRef]
18. Day, J.G.; Thomas, N.J.; Achilles-Day, U.E.M.; Leakey, R.J.G. Early Detection of Protozoan Grazers in Algal Biofuel Cultures.

Bioresour. Technol. 2012, 114, 715–719. [CrossRef] [PubMed]
19. Carney, L.T.; McBride, R.C.; Smith, V.H.; Lane, T.W. Molecular Diagnostic Solutions in Algal Cultivation Systems. In Micro-Algal

Production for Biomass and High Value Products; Slocombe, S.P., Benemann, J.R., Eds.; CRC Press: Boca Raton, FL, USA, 2016; p. 22.
20. Bos, L.D.; Sterk, P.J.; Schultz, M.J. Volatile Metabolites of Pathogens: A Systematic Review. PLoS Pathog. 2013, 9, e1003311.

[CrossRef] [PubMed]
21. Shirasu, M.; Touhara, K. The Scent of Disease: Volatile Organic Compounds of the Human Body Related to Disease and Disorder.

J. Biochem. 2011, 150, 257–266. [CrossRef]
22. Achyuthan, K.E.; Harper, J.C.; Manginell, R.P.; Moorman, M.W. Volatile Metabolites Emission by In Vivo Microalgae-an

Overlooked Opportunity? Metabolites 2017, 7, 39. [CrossRef]
23. Hosoglu, M.I.; Karagul-Yuceer, Y.; Guneser, O. Aroma Characterization of Heterotrophic Microalgae Crypthecodinium cohnii

Using Solid-Phase Microextraction and Gas Chromatography–Mass Spectrometry/Olfactometry During Different Growth Phases.
Algal. Res. 2020, 49, 101928. [CrossRef]

24. Reese, K.L.; Fisher, C.L.; Lane, P.D.; Jaryenneh, J.D.; Moorman, M.W.; Jones, A.D.; Frank, M.; Lane, T.W. Chemical Profiling of
Volatile Organic Compounds in the Headspace of Algal Cultures as Early Biomarkers of Algal Pond Crashes. Sci. Rep. 2019,
9, 13866. [CrossRef] [PubMed]

25. Fisher, C.L.; Lane, P.D.; Russell, M.; Maddalena, R.; Lane, T.W. Low Molecular Weight Volatile Organic Compounds Indicate
Grazing by the Marine Rotifer Brachionus plicatilis on the Microalgae Microchloropsis Salina. Metabolites 2020, 10, 361. [CrossRef]
[PubMed]

26. Regmi, B.P.; Agah, M. Micro Gas Chromatography: An Overview of Critical Components and Their Integration. Anal. Chem.
2018, 90, 13133–13150. [CrossRef] [PubMed]

27. Hirayama, K.; Ogawa, S. Fundamental Studies on Physiology of Rotifer for Its Mass Culture-I Filter Feeding of Rotifer. Nippon.
Suisan. Gakkaishi. 1972, 38, 1207–1214. [CrossRef]

28. Gregor, J.; Maršálek, B. Freshwater Phytoplankton Quantification by Chlorophyll A: A Comparative Study of In Vitro, In Vivo
and In Situ Methods. Water Res. 2004, 38, 517–522. [CrossRef]

29. Cao, Y.; Liu, W.; Xu, X.; Zhang, H.; Wang, J.; Xian, M. Production of Free Monounsaturated Fatty Acids by Metabolically
Engineered Escherichia coli. Biotechnol. Biofuels 2014, 7, 59. [CrossRef] [PubMed]

30. Kudahettige, N.P.; Pickova, J.; Gentili, F.G. Stressing Algae for Biofuel Production: Biomass and Biochemical Composition of
Scenedesmus dimorphus and Selenastrum minutum Grown in Municipal Untreated Wastewater. Front. Energy Res. 2018, 6, 132.
[CrossRef]

31. El-Kassas, H.Y. Growth and Fatty Acid Profile of the Marine Microalga Picochlorum Sp. Grown under Nutrient Stress Conditions.
Egypt. J. Aquat. Res. 2013, 39, 233–239. [CrossRef]

32. Ferreira, M.; Cortina-Burgueno, A.; Freire, I.; Otero, A. Effect of nutritional status and concentration of Nannochloropsis gaditana
as enrichment diet for the marine rotifer Brachionus sp. Aquaculture 2018, 491, 351–357. [CrossRef]

33. Robertson, R.C.; Guihéneuf, F.; Bahar, B.; Schmid, M.; Stengel, D.B.; Fitzgerald, G.F.; Ross, R.P.; Stanton, C. The Anti-Inflammatory
Effect of Algae-Derived Lipid Extracts on Lipopolysaccharide (Lps)-Stimulated Human Thp-1 Macrophages. Mar. Drugs 2015,
13, 5402–5424. [CrossRef] [PubMed]

34. Benevides, C.M.D.J.; Veloso, M.C.D.C.; Pereira, P.A.D.P.; Andrade, J.B.D. A Chemical Study of B-Carotene Oxidation by Ozone in
an Organic Model System and the Identification of the Resulting Products. Food Chem. 2011, 126, 927–934. [CrossRef]

35. Christaki, E.; Bonos, E.; Giannenas, I.; Florou-Paneri, P. Functional Properties of Carotenoids Originating from Algae. J. Sci. Food
Agric. 2013, 93, 5–11. [CrossRef] [PubMed]

36. Havaux, M. Carotenoid Oxidation Products as Stress Signals in Plants. Plant J. 2014, 79, 597–606. [CrossRef] [PubMed]
37. Havaux, M. B-Cyclocitral and Derivatives: Emerging Molecular Signals Serving Multiple Biological Functions. Plant Physiol.

Biochem. 2020, 155, 35–41. [CrossRef] [PubMed]
38. Zuo, Z. Why Algae Release Volatile Organic Compounds-the Emission and Roles. Front. Microbiol. 2019, 10, 491. [CrossRef]

[PubMed]

http://doi.org/10.2166/wst.2007.365
http://doi.org/10.3389/fmicb.2014.00278
http://doi.org/10.1016/j.algal.2021.102249
http://doi.org/10.1089/ind.2013.0036
http://doi.org/10.1016/j.algal.2016.11.012
http://doi.org/10.1016/j.biortech.2012.03.015
http://www.ncbi.nlm.nih.gov/pubmed/22464416
http://doi.org/10.1371/journal.ppat.1003311
http://www.ncbi.nlm.nih.gov/pubmed/23675295
http://doi.org/10.1093/jb/mvr090
http://doi.org/10.3390/metabo7030039
http://doi.org/10.1016/j.algal.2020.101928
http://doi.org/10.1038/s41598-019-50125-z
http://www.ncbi.nlm.nih.gov/pubmed/31554867
http://doi.org/10.3390/metabo10090361
http://www.ncbi.nlm.nih.gov/pubmed/32899747
http://doi.org/10.1021/acs.analchem.8b01461
http://www.ncbi.nlm.nih.gov/pubmed/30359512
http://doi.org/10.2331/suisan.38.1207
http://doi.org/10.1016/j.watres.2003.10.033
http://doi.org/10.1186/1754-6834-7-59
http://www.ncbi.nlm.nih.gov/pubmed/24716602
http://doi.org/10.3389/fenrg.2018.00132
http://doi.org/10.1016/j.ejar.2013.12.007
http://doi.org/10.1016/j.aquaculture.2018.03.024
http://doi.org/10.3390/md13085402
http://www.ncbi.nlm.nih.gov/pubmed/26308008
http://doi.org/10.1016/j.foodchem.2010.11.082
http://doi.org/10.1002/jsfa.5902
http://www.ncbi.nlm.nih.gov/pubmed/23044813
http://doi.org/10.1111/tpj.12386
http://www.ncbi.nlm.nih.gov/pubmed/24267746
http://doi.org/10.1016/j.plaphy.2020.07.032
http://www.ncbi.nlm.nih.gov/pubmed/32738580
http://doi.org/10.3389/fmicb.2019.00491
http://www.ncbi.nlm.nih.gov/pubmed/30915062


Metabolites 2021, 11, 707 16 of 16

39. Novoveská, L.; Ross, M.E.; Stanley, M.S.; Pradelles, R.; Wasiolek, V.; Sassi, J.F. Microalgal Carotenoids: A Review of Production,
Current Markets, Regulations, and Future Direction. Mar. Drugs 2019, 17, 640. [CrossRef] [PubMed]

40. Berges, J.A.; Franklin, D.J.; Harrison, P.J. Evolution of an Artificial Seawater Medium: Improvements in Enriched Seawater,
Artificial Water over the Last Two Decades. J. Phycol. 2001, 37, 1138–1145. [CrossRef]

http://doi.org/10.3390/md17110640
http://www.ncbi.nlm.nih.gov/pubmed/31766228
http://doi.org/10.1046/j.1529-8817.2001.01052.x

	Introduction 
	Results 
	Monitoring Algal Concentration during Rotifer-Grazing and Freeze–Thaw Experiments 
	Rotifer-Grazing Experiments 
	Freeze–Thaw Experiments 

	Monitoring VOC Emissions during Rotifer-Grazing and Freeze–Thaw Experiments 
	Rotifer-Grazing Experiments 
	Freeze–Thaw Experiments 
	Comparison of Algae Crop Damage Mechanisms 


	Discussion 
	Materials and Methods 
	Microalgae and Rotifer Cultures 
	Freeze–Thaw Algal Experiments 
	Daily Timepoints to Monitor Viability of Algal Cultures for A + R and FTA Experiments 
	SPME Headspace Sampling and GC-MS Data Acquisition 
	Volatilomics Analysis and Requirements for Defining a ‘Biomarker’ for This Work 

	Conclusions 
	References

