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Abstract

Consumption of microalgae, as prey, by predatory zooplankton is a major ecological process in aquatic environments. The
presence of predators in large-scale cultivation, such as in open ponds, results in a devastating loss of microalgal biomass, often
referred to as a “pond crash.” Reported biomass losses of 20-30% due to predator invasion in open cultivation systems is one of
the bottlenecks in achieving a desired economically viable system. Many commercial scale algal cultivation setups have reported
clearance of prey within 2—5 days after detection of predators. Knowledge of how to monitor and manage algal pests is limited.
Research to date is largely driven towards the development of predator mitigation strategies, whereas monitoring is mainly
limited to traditional (direct) methods such as microscopy- and oligonucleotide-based screening. Use of online and real-time
measures for in situ estimation of microalgal grazing is sparsely reported. We suggest that more knowledge about microalgal
grazing at the pond level is required for the development of indirect screening measures, based on unique features of microalgal
prey and predator interactions, to enable online monitoring. This article systematically reviews the current status of available

methods, both at laboratory and field level, for early detection of microalgal grazing.

Keywords Pond crash - Early detection - Algal pest monitoring - On-line methods - Microalgal predators

Introduction

Microalgae have emerged as one of the most desirable clean
feedstocks due to their ability to produced versatile commod-
ity products while adapting to climate change. Commercial
microalgae cultivation is estimated to be capable of fixing
513 t of carbon dioxide and producing up to 120 t of dry
biomass per hectare annually (Bilanovic et al. 2009).
However, the production costs of microalgal biomass are at
least fivefold higher than those of plant-based feedstock. The
desirable yield of microalgal biomass for economically feasi-
ble cultivation in open ponds (for biofuels) has been estimated
tobe 25 gm > day ' to be produced at the projected minimum
biomass selling price (MBSP) 330-385 USS$ per tonne (Davis
et al. 2016). Both productivity and MBSP are, however,

< Santosh Noronha
noronha@iitb.ac.in

' IITB-Monash Research Academy, Mumbai 400076, India

School of Biological Sciences, Monash University, Clayton 3800,
Australia

Department of Chemical Engineering, Indian Institute of Technology
Bombay, Mumbai 400076, India

mainly dependent on the type of cultivation setup. Closed
photobioreactors and open raceway ponds are widely used
for large-scale microalgal cultivation. Closed photobioreactor
cultivation favors higher productivity, albeit at higher cost
(Borowitzka 1999), due to increased capital and operational
expenditures (Ruiz et al. 2016). Open pond cultivation re-
quires relatively lower capital investment and is estimated to
be less productive as compared to closed systems. At present,
an ideal platform for microalgae cultivation is a debatable
topic (Ruiz et al. 2016). Choice of cultivation platform needs
a careful evaluation considering the type of algal strain, culti-
vation conditions, geographic location and, importantly, the
desired end product. Closed cultivation systems are mostly
preferred for production of food supplements, nutraceuticals,
and high-value chemicals. In contrast, open raceway pond
cultivation is preferred for biofuel production, and several
studies anticipate it to be one of the commercially viable ways
to produce microalgal biomass in the range of the MBSP
(Borowitzka and Moheimani 2013; Davis et al. 2016).

The cultivation conditions in open ponds are generally un-
controlled, subject to harsh environmental conditions, and
prone to contamination by unwanted microbes (Lammers
et al. 2017). The majority of reported contaminants to date
are the consumers of microalgae, i.e., predators,
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interchangeably referred to as grazers. The invasion and in-
gestion of microalgae, the prey, by predators leads to biomass
loss and as a result a sudden “culture crash” is inevitable.
Overall microalgal biomass losses due to predation of 20-30
% have been reported for open cultivation setups (Richardson
et al. 2014). Although closed systems are less prone to culture
crash, predator invasion is unavoidable as decontamination of
large volumes of raw and recycled water is proven to be dif-
ficult and further adds to the cost. Many pilot- and
commercial-scale cultivation systems, mainly open ponds,
are reported to be infested with fungi, viruses, zooplankton
such as amoebae, ciliates, copepods, rotifers, and dinoflagel-
lates, and bacterial predators.

Currently, many pilot-scale commercial trials, mainly in
open-raceway ponds, are underway as a collaborative effort
between public and private partners. All of the open pond
setups considered in this study (Table 1) have reported occa-
sions when they have experienced a sudden culture crash due
to infestation by predatory bacteria and zooplankton. For in-
stance, a pilot-scale commercial raceway pond setup, the
Algae Testbed Public-Private Partnership (ATP?), attempted
to cultivate different species of microalgae across six different
geographical sites. During 3 years of cultivation trials at ATP?
sites, 29 attempts out of 54 failed (~ 53%) due to predator
invasion leading to the pond crash (McGowen et al. 2017,
Knoshaug et al. 2018). Another pilot-scale commercial culti-
vation trial conducted for 6 years across different locations in
the southwest of Gulf Coast USA as part of the National
Alliance for Advance Biofuels and Bioproducts (NAABB)
reported repetitive pond crashes due to predator invasion, no-
tably by ciliates and rotifers (Lammers et al. 2017). The
Arizona Center for Technology and Innovation, (AzCATI)
reported a raceway pond crash in Chlorella cultivation and
characterized the different taxonomic ranges of invaders, the
majority of which were fungi, virus, flagellates, and ciliates
(Wang et al. 2018). Reliance Industries Limited (RIL) India
reported invasions by ciliates and dinoflagellates, that col-
lapsed Chlorella vulgaris cultures cultivated in open raceway
ponds within 2 and 4 days, respectively, after the first micro-
scopic signs of the infection (Karuppasamy et al. 2018).
Columbus Algal Biomass (CAB) farms, in New Mexico and
Las Cruces Test Sites jointly operated by Sapphire Energy Inc
and University of California reported infestation by
Cryptomycota, a fungus-like parasite, in a Scenedesmus
dimorphus culture. The Cryptomycota caused collapse of the
culture 2 days after the initial symptoms of infection (McBride
et al. 2014). Ganuza et al. (2016) reported collapse of four
pilot commercial-scale open ponds (130,000 L) developed
by Heliae Development, LLC with culture crash in less than
2 days after the first microscopic evidence of the presence of a
pest which was later characterized as Vampirovibrio
chlorellavorus, an obligate parasite (Park et al. 2019). These
examples underline the severity of the contamination which
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quickly outnumbers the microalgal prey cell concentration,
leaving a shorter timespan for decision making to implement
any pest-deterrent treatments. Early detection of predators,
before they get to levels at which they can impinge on pro-
ductivity, and suitable mitigation strategies are required for
cultivation of healthy algal crops. However, current research
trends are more aimed at devising economical mitigation strat-
egies rather than the development of early pest monitoring
techniques. Although overlooked, early detection of grazers
is of paramount importance for effective algal culture man-
agement to achieve the desired biomass productivity and
avoid biomass loss due to microalgal predation. The present
article systematically reviews currently reported grazer moni-
toring methods and associated challenges. It also focuses on
the potential for on-site or in situ deployment of screening
measures.

Susceptibility of open cultures to microalgal
grazing

Contamination in mass-scale cultures of microalgae is one of
the overlooked challenges which critically affects the sustain-
ability and economics of the commercial cultivation. Although
large scale cultivation of macroalgae (seaweeds) has been well
established for centuries, mass cultivation of microalgae as a
food and energy crop is a relatively new practice, about 50 years
old (Borowitzka 2013), compared to the traditional farming of
plant species wherein invasive weedy species and pathogens
have been studied in detail (Ferrell and Sarisky-Reed 2010).
Consequently, practical knowledge of contaminating microbes
that infest microalgal cultures is very limited. The microalgal
contaminants are primarily of two types, competitor pest spe-
cies and obligate heterotrophic predators. Invaders often com-
pete with the candidate microalgae for available nutrient re-
sources and exist as cross-contaminant “pest species” (Smith
et al. 2005). A few parasites co-exist inside microalgae and
negatively affect the growth of their microalgal host. Such as-
sociations can be detrimental as their association is reported to
alter the physiological behavior of microalgae. Parasite infec-
tion triggers cell clumping and further inhibits microalgal
growth (Schroeder et al. 2003; Gutman et al. 2009). Fungal
pathogens produce motile life stages and zoospores and can
become established as parasites in microalgal cultures
(Strittmatter et al. 2016; Ding et al. 2018). Chytrid species are
reported to cause crashes of mass cultures of Scenedesmus (Fott
1967; Carney et al. 2014) and Haematococcus sp. (Gutman
et al. 2009). However, the majority of the fungal parasites of
microalgae are uncharacterized, and little is known about their
mode of infection. In addition, cyst formation makes the infec-
tion persistent as it is resistant to the majority of disinfection
methods during the dormant phase (Fott 1967). In contrast, the
occurrence of viral infections leading to culture collapse at a
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commercial scale is relatively rare (Di Caprio 2020). However,
phytoplankton mortality due to viral attack in the wild is exten-
sively reported (Brussaard 2004).

As opposed to parasites, infestation with predator microbes
is particularly devastating as predator species can quickly out-
compete the microalgal prey (Day et al. 2012; Di Caprio
2020). Overall, 9 out of 10 contaminants are reported to be
microalgal predators and pose a great threat to outdoor mass
cultivation. Post et al. (1983) reported 14 different protozoa
representatives of different genera that infested commercial-
scale D. salina ponds. Grazing is observed to be prey species-
and size-specific and, moreover, dependent on climatic con-
ditions (Carney and Lane 2014; Day et al. 2017). Grazers of
an average size < 1 mm are reported to be capable of clearing
1% of total microalgal cells every hour (Montagna 1995). At
this rate, a non-dividing microalgal biomass can theoretically
be completely cleared in just 4 days. In addition to the active
prey ingestion grazer proliferation, increased abundance of
predators (Flynn et al. 2017) can further reduce the time re-
quired for complete prey cell clearance. A recent review by Di
Caprio (2020) ranks zooplankton invaders as a third highest
contaminating microbe after bacteria and competitive cross-
contaminating species. However, the sudden biomass loss
caused by predation renders zooplankton a more imminent
threat to commercial algal crops than other contaminating
species. The most widely reported zooplankton predators in
a commercial setting are ciliates, rotifers, copepods, amoeba,
and dinoflagellates. To date, however, only a few predatory
microalgal contaminants are well characterized. Moreover,
their life cycle, mode of infection, genetic information, feed-
ing behavior, and dynamics at commercial scale pond level
remain largely unknown.

Infestation by zooplankton is a direct consequence of their
trophic mode, heterotrophy, that is an outcome of evolution.
The majority of the predators listed in Table 1 are heterotrophs
and therefore must consume organic matter as sources of en-
ergy and carbon (Dagenais-Bellefeuille and Morse 2013).
Sources of such organic matter include autotrophs such as
microalgae. Once a suitable nutrient source in the form of
microalgal prey is identified, the predator growth rate can
exceed the prey doubling time (Hansen et al. 2000). An opti-
mum ratio of C:N:P of 106:16:1, the Redfield ratio, is ideal for
growth of microalgae; hence, the medium composition for
mass cultivation is designed to closely match the Redfield
ratio. However, the nutrient quality of microalgae cultivated
by adhering to the ratio makes it an ideal prey for the predator
(Sterner and Elser 2002; Flynn et al. 2017). As a result, pred-
ator species can quickly dominate the microalgal culture, lead-
ing to the crash.

The economic feasibility of microalgal mass cultivation
demands a perfect balance between a year-round consistent
biomass productivity at MBSP and overall cost input.
Upscaling the volume of cultivation has emerged as one of
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the ways to achieve the desired biomass productivity.
However, large input water handling makes mass cultures
prone to contamination. Rogers et al. (2014) reported a water
requirement of 1463 million L per day for a typical paddle
wheel-driven, 2-acre raceway pond. Decontamination of large
amounts of water on a daily basis is impractical and time
consuming. Moreover, the step adds to increased biomass
production cost. Although water filtration and hypochlorite
treatments are cost effective ways to avoid contamination,
the open and uncontrolled nature of the cultivation conditions
makes raceway ponds more susceptible to contaminant infes-
tation (Wang et al. 2013). Closed cultivation platforms,
photobioreactors, are also prone to contamination that is prob-
ably transmitted due to the use of large volumes of recycled
water or inefficient sterilization of air through membrane fil-
ters (Wang et al. 2013). Recycling of water after biomass
harvesting, and an ensuing carry-over load of contaminants,
is also a potential route of grazer transmission. Invaders are
also likely to be present in the seed culture used as inoculum
for open ponds, albeit at low concentration. At this stage,
predator numbers may be only < 0.005% of total microalgal
concentration and hence would remain undetected by routine
microscopic inspection (Day et al. 2012; Flynn et al. 2017).
The seed cultures are generally cultivated under optimum
and controlled conditions of parameters such as light, temper-
ature, and nutrients. Therefore, an overall high growth rate of
microalgae is favored. Microalgae in the outdoor setup, de-
pending on time of the day and depth in the culture, encounter
different phases of high and low light. Duration of intense
light, peak sunlight, lasts up to 4-5 h in a typical day; other-
wise, the culture is largely exposed to relatively low light
(Richmond 2004). The availability of light, inevitably variable
in high-volume cultures, is directly correlated to the amount of
carbon fixation and the nutritional quality of microalga as
prey. High light conditions combined with nutrient (P) limita-
tion decouples carbon fixation from microalgal nutrient up-
take. Reduced nutrient assimilation can thus lead to poor prey
nutritional quality and thereby reduces grazing. In contrast,
low light and low P/C conditions lead to increases in polyun-
saturated fatty acids (PUFAs) content within microalgae. High
PUFA levels are one of the important markers of the nutrition-
al quality of microalgal prey for zooplankton, and predators
preferentially consume prey cells with high PUFA content
(Guo et al. 2016). Low light conditions, common to outdoor
cultures, increase the nutritional value of the microalgal prey
relative to its carbon content, thereby favoring grazing of
microalgae (Urabe et al. 2002). Some predator species are
known to form cysts, dormant forms, which germinate to pro-
duce viable predator progeny under suitable conditions (Post
et al. 1983; Day et al. 2017). Shifts in outdoor environmental
conditions (e.g., temperature, light) post seed culture inocula-
tion favor the germination of cysts of some predator species.
This leads to the vegetative growth of predator cells and
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overall increased predator concentration (Bravo and Figueroa
2014). Thus, changes in environmental conditions as in the
case of outdoor cultures can prove to be favorable for predator
proliferation, and hence increased grazing activity, as com-
pared to laboratory conditions.

Richardson et al. (2014) reported a variability of 59% in
biomass productivity in open as compared to closed cultiva-
tion. The variation in biomass productivity was mainly attrib-
uted to a culture crash frequency of 18.3% in the former.
Sudden grazer outbreaks and the sheer scale of the outdoor
setup make pond infestation almost unavoidable and poten-
tially economically devastating. In practice, the rate of success
of predator mitigation strategies is directly linked with the
early detection of the contaminants. Early warning signs can
further help to design effective dosing and length of the treat-
ment and physical or chemical measures. Current practice for
grazer screening measures relies on direct detection of preda-
tor cells. For example, microscopic counts or continuous flow
cytometry involves detection of whole cells, whereas,
oligonucleotide-based methods require the genomic material
of contaminating microbes. As opposed to direct methods,
many indirect grazer-screening measures are currently under
development. Indirect grazer detection methods mainly rely
on recording changes associated with prey and predator inter-
actions. The following section provides in-depth information
about reported grazer-monitoring methods, and their associat-
ed advantages and challenges (Table 2).

Monitoring methods
Direct methods
Microscopy

Microscope-assisted predator identification and enumeration
are the most straightforward and cost-effective approaches.
Typically, microscopic enumeration is done using hemocy-
tometer or Sedgwick Rafter chambers which require 10-20
puL and 1000 pL samples respectively. Such small sample
volumes are, however, not a good representation of the actual
scale (1000-100,000 L) of the cultivation, and can lead to
erroneous estimation, mostly under-representation, of preda-
tor load. Microscopic screening is unable to effectively detect
algal predators, especially dinoflagellates and ciliates, at den-
sities lower than < 10> cells mL™! (Deore et al. 2020a).
Furthermore, dense phytoplankton cultures (> 10° cells
mL™") limit grazer enumeration. Remedial dilution methods
can probably lead to false negatives as under grazing condi-
tions algal cells occasionally form clumps (leading to non-
homogeneous suspensions) and highly diluted cultures can
either under- or over-represent the actual predator load in in-
stances where clumps are not properly disrupted prior to the

dilution. Moreover, predators of larger body size, such as ro-
tifers and copepods, cannot be detected using chambers such
as improved Neubauer hemocytometers and Sedgwick Rafter
cells which are commonly employed for microalgal counts.
Predators at low concentration and of large size can be mon-
itored using a sample fixed with Lugol’s iodine in which cells
are allowed to settle in sedimentation chambers. However, this
requires 10—12 h of incubation prior to the screening on an
inverted microscope (Day et al. 2017). Centrifugation can be
used for samples in which predators are very dilute, but runs
the risk of affecting cell integrity, especially for fixed cells.
Thus, centrifugation can impact the accuracy of the detection
(Steedman 1976).

In addition to the technical limitations, microscopic obser-
vations are highly dependent on observer’s skill, experience,
and bias for accurate estimation. A staining-based microscopy
approach for contaminant detection has been developed to
overcome observer bias. For example, Calcofluor White
dye, which stains chitin present in fungal cell walls, is used
for chytrid identification (Rasconi et al. 2009). However, the
stain is non-specific and can also stain cellulose-rich cell walls
of the microalga H. pluvialis, yielding false positive results
(Damiani et al. 2006). SYTOX Green (Gerphagnon et al.
2013), Congo Red (Gachon et al. 2010), and Methylene
Blue (Karuppasamy et al. 2018) have also been used to detect
contamination.

The outlined microscopic methods are offline, time con-
suming, and subject to manual error. High dependence on
manual microscopic counts limits the intervals of sampling
for screening efforts. Detection of the signals from fluorescent
dyes is often subject to errors due to interference from
microalgal pigments. In commercial setups, the frequency of
microscopic screening is reported to be once a day or three
times a week (McGowen et al. 2017; Knoshaug et al. 2018).
Such sampling regimes can fail to indicate early invasion and
once spotted, significant biomass loss may have already
occurred.

Continuous flow cytometer and in situ microscopy

In contrast to microscopic methods, continuous monitoring
can be enabled by flow-through channels coupled with a cam-
era recorder for particle (cells) analysis. Phytoplankton and
zooplankton cells are classified and enumerated, typically in-
volving a 50-100-mL sample volume, using cell shape, size,
and fluorescence as identification criteria (Poulton and Martin
2010). Furthermore, optimization of flow rate (0.1-1 mL
min ') can enable screening of larger volumes of samples.
Flow through designs can detect 110 grazers cells mL ™" (ro-
tifers, ciliates, and dinoflagellates) in dense phytoplankton
cultures (107 cells mL ") of Nannochloropsis oculata (Day
et al. 2012) and Chlorella sp. (Wang et al. 2017). Similarly,
in situ microscopy (ISM) can be implemented as a means of
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Table2 Comparative account on advantages and challenges associated with direct and indirect grazer monitoring methods
Monitoring methods Limit of Advantages Challenges References
detection
Microscopy and Variable® Straightforward Offline, prone to underrepresentation ~ (Day et al. 2012;
fluorescent stains of contaminant concentration, Deore et al. 2020b)
increased noise due to
autofluorescence
from microalgal pigments
Continuous flow 1-10 Rapid, on-site implementation Larger cells tend to block the flow (Day et al. 2012;
cytometer (cells mL ™) channel, limited ability in handling Wang et al. 2017)
high density cultures
Oligonucleotide probes 1-10 Enhanced sensitivity Elaborate sample preparation, inability ~(McBride et al. 2014)
(cells mL™") to detect new predator species,
constant probe design efforts
are required
Multispectral imagining 0.08° Potential on-site implementation ~ Limited prey and predator sp. (Murphy et al. 2013)
using RBG cameras discrimination ability, validation
in field studies is required
Spectroradiometric features  3.5%° Rapid and non-invasive detection, Chlorophyll degradation is likely to (Maes et al. 2018;
on-site implementation, no be affected under other stress Reichardt et al.
pre-calibration required conditions 2020)
Volatile organic compounds > 1 x 10° Potential on-site implementation ~ Validation in field studies is (Reese et al. 2019)
(cells mL™") using portable mass-- required, likely to be affected
spectrometer under abiotic stress conditions
Non-photochemical 5.7 % 10° Potential on-site implementation ~ Validation in field studies is required,  (Deore et al. 2020b)
quenching (cells mL™") using handheld devices or sen- likely to be affected under
sors abiotic stress conditions
Total ammonia-nitrogen 3x10° Rapid, potential on-site Validation in field studies is required, ~ (Deore et al. 2020a)
(cells mL™") implementation using likely to be affected under abiotic

handheld devices or sensors

stress conditions

#Depending on the type of counting chamber and cell volume of predators

® Ratio (0.08) of contaminant (0.0128) to green algae (0.016) is calculated based on biomass (g LY

¢ Based on volumetric ratio (in percent) of contaminant to green algae

online monitoring and enumeration of Chlorella and
Chlamydomonas growth (Havlik et al. 2013). ISM demon-
strates online and real-time monitoring potential of camera-
assisted flow-through designs to detect microalgal predators.
The overall operating cost of flow cytometry systems is esti-
mated to be US$ 1-5 per sample (Poulton and Martin 2010).

The camera-based cell type classification and enumeration
is based on pixel intensity (Deglint et al. 2018). Pixel process-
ing is inherently limited in its computational ability to process
overcrowded samples. Samples with higher cell concentra-
tions and clumped cells tend to have heavy pixel load which
contributes to poor identification of cell margins. Moreover,
samples above 10® cells mL ™" tend to block the flow-through
channel (Day et al. 2012). Furthermore, a requirement of
laser-assisted microscopic cameras and the risk of flow-
through channel blockage limit the implementation of flow
cytometry in outdoor setups.

Various image processing algorithms combined with deep
machine learning (ML) approaches are reported to improve
classification and identification of microalgal species. A sim-
ilar approach can be extended to enhanced automated identi-
fication of microalgal predators based on their unique
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morphological features such as cell shape, size, texture (regu-
lar vs. irregular or roundness vs. spiral), and density
(Natchimuthu et al. 2013). Computer-assisted image process-
ing combined with ML can further enable real-time microalgal
pond diagnostics using remote sensing mobile platforms such
as unmanned aerial vehicles (Samantaray et al. 2018).

Oligonucleotide markers

Advances in genomics have enabled the development of
oligonucleotide-based markers, that are targeted towards nucleic
acid signatures, as a means of early detection of contaminants.
Polymerase chain reaction (PCR) using internal transcribed
spacer (ITS), or 18S and 16S rRNA as markers, is the mostly
commonly employed genomic approach for contaminant detec-
tion (Carney et al. 2016). High-resolution melting (HRM) anal-
ysis leverages differences in denaturation and melting point of
nucleic acid complexes obtained from different contaminating
microalgal or fungal species (Dawidziuk et al. 2017). However,
further sequencing (Steichen 2016) or allele-specific fragmenta-
tion pattern analysis (Fulbright et al. 2014) is required for defin-
itive identification of invaders. PCR-based markers provide
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limited information about the estimation of predator load and
hence fail to serve as early warning signals. A semi-quantitative
tool, qPCR, that detects the presence of contaminants in real
time using a signature probe tagged with a fluorophore, is re-
ported by McBride et al. (2014). Designing of the qPCR probe
requires prior knowledge of a contaminant-specific unique nu-
cleotide sequence for targeted detection. Although multiplex
gPCR reaction is an option to detect a variety of species at once,
its limited ability for estimation of uncharacterized and new
invasive species, as might be expected in open ponds, is a major
drawback of the technology. The techniques described above
are also highly sophisticated and are limited to the laboratory
use. Researchers at Sandia National Laboratory have developed
a portable proof-of-concept device for the targeted identification
of invasive species. The laboratory implements a two-step ap-
proach for contamination detection. First, identification of un-
known pathogens is carried out using the second-generation
sequencing and bioinformatics pipeline, RapTOR. Second, a
FRET-based hybridization assay, SpinDx, is employed for cap-
ture and quantitation of predator load using signature molecular
probes. The limit of contaminant detection by SpinDx is report-
ed to be 1-10 cells for ciliates, chytrids, and rotifer species. The
operating cost is < 2 US$ for 20 samples and portable device
cost is < US$ 1000. The technological validation and implemen-
tation of this approach at the commercial raceway pond are
ongoing (Lane et al. 2016). The overall success of the oligonu-
cleotide marker-based detection is highly dependent on prior
knowledge of genomic information pertaining to the contami-
nants. A constant probe-designing effort is required to increase
the coverage of the detection. In addition, a highly skilled tech-
nician is required for reliable execution of the analysis. A recent
review by Di Caprio (2020) provides a detailed explanation of
the optimization, calibration requirements, and potential sources
of bias for the direct measurement techniques outlined above.

Indirect methods
Spectral markers

As opposed to direct methods, outlined above, a number of in-
direct contamination monitoring methods have emerged in the
last few years. One such method is hyperspectral reflectance-
based monitoring of light backscatter, combined with numerical
models. The main source of light backscatter in the case of
microalgae ponds is the suspended cells. The method is based
on differences in the reflectance pattern that arise due to variation
in the reflective index, backscatter, of the different microalgal cell
types (size and shape). Therefore, microalgal cells with different
cell surface properties give rise to unique spectral features
(Reichardt et al. 2014). Maes et al. (2018) reported variation in
the spectral reflectance of Chlorella vulgaris culture infested with
Poterioochromonas sp. and diatoms. Variation in the spectral
feature at 708 nm was suggested to be associated with

chlorophyll catabolism as a result of predation by
Poterioochromonas sp. Similarly, changes in the photosynthetic
pigments, specifically the chlorophyll to carotenoid ratio, of
S. dimorphus infested with A. protococcarum was reported on
the basis of hyperspectral confocal imaging by Collins et al.
(2014). Multispectral imaging is also reported to serve as a
non-invasive means of monitoring for cyanobacteria in
Chlorella sp. cultures. The red and green color value contributed
from cyanobacteria and Chlorella, respectively, acquired using
an RGB (Red Green Blue) camera, is a relative indication of the
respective species. The detection limit of pest invasion in terms
of the concentration ratio of cyanobacteria to green algae was
0.08 (Murphy et al. 2013). However, most of the heterotrophic
predators lack photosynthetic pigments, so immediate applica-
tions of technologies relying on pigment color discrimination is
limited. Alternatively, Fourier transform infrared (FTIR)-based
spectral markers can be leveraged to monitor the presence of
predator.

FTIR in combination with chemometric methods has been
used for screening of microalgal populations (Giordano et al.
2009), probing bio-macromolecular composition of a range of
algal species (Kansiz et al. 1999), biomass (Sudhakar and
Premalatha 2015), and lipid productivity estimation (Dean et al.
2012). However, the species discrimination potential of FTIR
combined with chemometric approach has not been studied in
relation to screening of contaminating microbes, including pred-
ators, in algal culture. In active grazing microalgal cultures, the
nutrients ingested by predators are reallocated and repackaged
into complex bio-macromolecules through predator-specific met-
abolic pathways. For example, phytosterol obtained from
Dunaliella tertiolecta (Jeffrey 2011) acts as a precursor molecule
for synthesis of cholesterol molecules by many zooplankton spe-
cies (Mansour et al. 2002). Subtle changes in bio-
macromolecular composition of pond culture as a result of grazer
proliferation can be monitored using FTIR to track predator con-
centration. However, technical validation of the FTIR approach
to measuring biotic contamination is required. IR-based technol-
ogies such as Near-IR are implemented for online monitoring of
microalgal growth (optical density using 880 nm) and as a feed-
back control mechanism to maintain culture in turbidostat mode
(Sandnes et al. 2006). Estimation of potential predator outbreak
using IR probes coupled with an appropriate feedback control
mechanism can help to develop an automated pest monitoring
and management approaches.

Metabolic markers

Microalgae and zooplankton interactions involve communica-
tion using metabolic cues as means of prey attraction, grazer
deterrence, and allelopathic signals. Reese et al. (2019) lever-
aged the elevated presence of volatile organic carbon (VOC)
as an indirect marker of Brachionus pilicatilis predation in
Microchloropsis salina cultures. Products of carotenoid

@ Springer



3730

J Appl Phycol (2020) 32:3723-3733

oxidation contributed to elevated VOC and were identified as
[3-ionone and 3-cyclocitral.

The indirect monitoring methods discussed above have a
tremendous potential to be developed as an online monitoring
tool. However, the spectral and metabolic features reported to-
date are mainly due to the presence of the catabolic products
of microalgal pigments. Chlorophyll degradation is prevalent
under a variety of stress conditions and may not be an exclu-
sive outcome of microalgal grazing. Moreover, the degrada-
tion products that arise after significant prey cell digestion by a
predator are unlikely to be detected early on. As opposed to
the degradation products, a metabolic prey cell response such
as signals mounted against predator attack can serve as a better
and early warning signal. Chlorophyll is central to the energy
harvesting process, photosynthesis, of autotrophs. Therefore,
changes in chlorophyll pigments are likely to affect the pho-
tosynthesis process. Tracking of chlorophyll fluorescence can
provide insights into grazer-mediated alterations in photosyn-
thetic process.

Photosynthesis-based markers

It is important to note that the majority of microalgal predators
reported to infest commercial cultivation (Table 1) lack pho-
tosynthetic abilities, unlike their autotrophic prey. Therefore,
monitoring photosynthetic parameters can unravel prey-
specific photo-physiological signals under grazing pressure.
Alterations in photo-physiological measures have been report-
ed in the range of environmental conditions including grazing.
Fundel et al. (1998) and Ratti et al. (2013) for instance report-
ed a grazing-mediated modulation of photosynthetic pigments
and process, respectively. In our previous work, we have re-
ported a strong correlation between photosynthetic processes,
particularly non-photochemical quenching (NPQ), of
D. tertiolecta and ingestion rates of two predator species,
Oxyrrhis marina and Euplotes sp. (Deore et al. 2020b). In
laboratory conditions, NPQ levels were reported to drop by
~ 50 and 60% as compared to a control at least 1 and 2 days,
respectively, prior to the culture crash. The reduction in NPQ
levels was further linked to the accumulation of total
ammonia-nitrogen (TAN) excreted by the predator.
Ammonia is a known inhibitor of photosynthesis (Crofts
1967) and, at high concentration, can disrupt the pH gradient
across the thylakoid membranes of chloroplasts. As a result,
the buildup of protons on the lumenal side of the chloroplast is
limited, which affects the overall electron flow through pho-
tosystem II. Moreover, the interaction of hydrogen ions with
proteins is required for the formation of the quenching com-
plex that assists in activation of NPQ (Miiller et al. 2001).
TAN-mediated perturbation in quenching complex formation
is manifested as lowered NPQ levels, as observed by Deore
et al. (2020b).
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Other abiotic factors such as high light and heat can also alter
NPQ and TAN levels, especially in outdoor conditions. NPQ
levels are prone to high variation due to inherent fluctuation of
light intensities in light:dark cycles. However, excreted TAN
levels are likely to be underestimated during the day as higher
ammonia uptake by green algae is observed during the light
phase. Simultaneous measurement of TAN and NPQ is required
to overcome respective challenges and provide reliable estimates
of predator concentration (Deore et al. 2020b).

Di Caprio (2020) provides a detailed account of methodo-
logical aspects, based on cell concentration and biomass, for
contamination detection in microalgal cultures regardless of
species or type of cultivation setup. Furthermore, quantitative
contamination detection techniques, such as ATP analysis,
NanoSIMS, and single-cell elemental composition, are also
discussed by Di Caprio (2020). Currently, these analytical
techniques are limited to laboratory setups, and their applica-
bility to field (outdoor ponds) is unproven. Our current review
instead focusses on systematically presenting the potential of
indirect methods which can be immediately extended to the
field to enable on-site grazer monitoring. Overall, indirect
markers can be easily recorded using currently available
hand-held devices such as portable spectrophotometers.
Operational cost per sample of such portable devices can be
proven a relatively economical as compared to chemistry-
based detection such as screening using oligonucleotide
markers. Indirect methods outlined above can primarily im-
plemented as first in-line tools for grazer monitoring in com-
bination with direct methods which are to be treated as more
reliable and confirmatory tests. Indirect markers are also po-
tentially prone to interference from environmental factors.
Therefore, sensitivity and robustness of such methods (see
Table 2) require careful further evaluation.

Conclusions

Development of effective grazer monitoring measures is a
twofold challenge. First, in-depth knowledge about predators
of microalgal cultures is very limited. A lack of basic infor-
mation regarding the proliferative, reproductive, and infection
mechanisms employed by predators limits the scope of de-
signing novel detection tools and intervention measures. In-
depth understanding of changes associated with a unique
microalgal prey predator process can enable development of
novel indirect grazer-detection methods. The processes in-
volved in predation that are largely the same across a range
of microalgae and zooplankton are of particular importance as
they can be developed as a universal marker of grazing. More
work is required to identify and characterize universal pro-
cesses of microalgal prey predator interactions at commercial
pond level.
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Furthermore, a technological advancement, ideally an auto-
mated real-time monitoring system with a high interval rate of
sample screening, is required for early detection of predators. A
continuous effort, in parallel to improved understanding of basic
processes, is required in order to integrate suitable sensors to mass
culture approaches. A relatively quick, straightforward, and easy
to interpret measure of infestation is desirable so as to minimize
detection time while maximizing culture exposure to pest deter-
rent agents. Online sensor integration would facilitate multiple
online measurements, unlike currently practiced offline methods,
in a short time-span, thereby increasing the likelihood of predator
detection. In addition, several hand-devices such as portable
FTIR and GC-MS are currently available that are used for mon-
itoring algal growth. These devices could be further upgraded to
capture predator-specific information. The detection of spectral
markers can be easily up-scaled for large scale cultivation, using
currently available imaging tools such as RGB cameras and re-
mote sensing techniques for microalgal health monitoring pur-
poses, including grazing. However, the relevance of high-
throughput spectral data with the underlying biological informa-
tion would require in depth knowledge of microalgal prey-
predator interactions. In addition, profiling and in-detail charac-
terization of extracellular cues, such as the stress responses of the
prey against predator, involved in microalgal predation, can help
to devise a quick point-of-care diagnostic test. Overall, an inte-
grated grazer detection approach is required wherein currently
employed methods are implemented in combination with
markers suggested in this work. The relative success of agents,
physical or chemical, used for grazer elimination would largely
depend on the early wamning potential of available monitoring
tools. A collaborative research effort for quality control and qual-
ity assurance method development of microalgal pond diagnos-
tics is urgently required for timely implementation of grazer mit-
igation strategies.
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