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Abstract
Environmental monitoring involves the quantification of microscopic cells and parti-
cles such as algae, plant cells, pollen, or fungal spores. Traditional methods using con-
ventional microscopy require expert knowledge, are time-intensive and not well-
suited for automated high throughput. Multispectral imaging flow cytometry (MIFC)
allows measurement of up to 5000 particles per second from a fluid suspension and
can simultaneously capture up to 12 images of every single particle for brightfield
and different spectral ranges, with up to 60x magnification. The high throughput of
MIFC has high potential for increasing the amount and accuracy of environmental
monitoring, such as for plant-pollinator interactions, fossil samples, air, water or food
quality that currently rely on manual microscopic methods. Automated recognition of
particles and cells is also possible, when MIFC is combined with deep-learning com-
putational techniques. Furthermore, various fluorescence dyes can be used to stain
specific parts of the cell to highlight physiological and chemical features including:
vitality of pollen or algae, allergen content of individual pollen, surface chemical com-
position (carbohydrate coating) of cells, DNA- or enzyme-activity staining. Here, we
outline the great potential for MIFC in environmental research for a variety of
research fields and focal

organisms. In addition, we provide best practice

recommendations.
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1 | INTRODUCTION

Addressing many of our pressing environmental problems, such as air
pollution by particulate matter, loss of pollinating insects, reduction of
freshwater quality, contamination of food by microplastic particles or
infection of crop plants by phytopathogenic fungi, require microscopic
monitoring of small particles like particulate matter, microplastics, cells
including cyanobacteria, algae, spores, pollen or organelles at sub-
cellular level (Figure 1), which by the nature of their small sizes can be
quite challenging. Microscopic environmental monitoring has rele-
vance for several ecosystem services that impact our daily life, but
also to better understand past life on earth. Basically, we need to
know what species of microorganisms and types of particles are/were
in the environment, in which abundance and which are of health, eco-
nomic and ecological concerns. Some of these applications include
environmental monitoring for air, food and water quality assessment,
paleobotany, meteorology, microplastic contamination, ecological
research or agriculture. In most of these monitoring tasks, microscopic
species identification and quantification is crucial for environmental
quality assessment. The traditional manual microscopic approach is
time-intensive, requires expert-training and is not well-suited to auto-
mation or large sample numbers and thus limits the throughput to rel-
atively few measurements. Although more and more alternative

monitoring methods, such as metabarcoding, are emerging, traditional

microscopic monitoring is still the gold standard in most of the appli-
cation fields (e.g., water quality monitoring or palynology). But fewer
measurements means fewer locations or time points for monitoring
and thus lower resolution of emerging potential environmental prob-
lems. Microscopic methods may be also prone to errors due to the
subjectivity of the taxonomist or suboptimal slide conditions
(e.g., high densities of cells obscuring each other), resulting in inaccu-
rately differentiation. The switch to alternative methods, such as
metabarcoding, is problematic, since decades-old time series of spe-
cies/particle numbers can then no longer be adequately compared
with current measurement data based on operational taxonomic units
(OTU) or DNA sequence reads. Thus, molecular biological monitoring
methods show only limited agreement with microscopic methods,
especially with regard to the quantitative detection of particles [1, 2].
Imaging flow cytometry in combination with deep-learning computa-
tional techniques might overcome these limitations.

Originally developed for medical applications, multispectral imag-
ing flow cytometry (MIFC) has the potential to make advancements in
several microscopic tasks [3]. Due to key advantages over other iden-
tification methods. First, it allows cells and particles to be detected
predominantly as individual objects due to hydrodynamic forcing and
subsequent physical separation. Secondly, imaging flow cytometry
combines flow cytometry with digital microscopy of every object and

therefore provides quantitative high-throughput image data [4-6],


mailto:susanne.dunker@ufz.de

DUNKER ET AL.

CYTOMETRY_ -

(A) Analytical application (B)

Light source
(Laser/ LED)

Multispectral Imaging Flow Cytometry  (C)

@ 15AC

Journal of Quantitative Cell Science JgLW RN

Data Analyses

i) Particle
Identification

0
<o U6

‘ ii) Particle properties

ii) Particle
Quantification

" 561nm excitation 561 nm excitation Morphology Physiology

Cho7  ChoB Che ch10  chu1  chi2

FIGURE 1

Overview about potential application fields of multispectral imaging flow cytometry and possible data output for environmental

monitoring. Different particles are presented here as being relevant for environmental monitoring, for example (A) Pollen for air quality, plant-
pollinator interactions (ecology, agriculture, food production) or paleoecology, (B) bryophyte spores for ecological research and as bio-indicators,
(C) algae and (D) cyanobacteria as important indicator of water quality, ecotoxicology or biotechnological applications, (E) fungi for air quality,
agriculture or aquatic food webs, (F) particulate matter for air quality, (G) microplastics as pollutants in air, water and food, (H) organelles as starch
granules for archeology and (1) ploidy for biological conservation and restoration ecology [Color figure can be viewed at wileyonlinelibrary.com]

comparable to existing time-series datasets. Thirdly, multispectral
imaging flow cytometry also allows the simultaneous detection of
multiple fluorescence emission patterns per particle, which can be
important for identification purposes. For example, pigment-related
autofluorescence of cells and particles provides a multispectral finger-
print that can allow better taxonomic discrimination between species
or particle types compared to existing bright-field-based imaging flow
cytometry systems or only flow cytometry [7]. Finally, in addition to
the multi-spectral properties, the microscopic images themselves can
be classified with deep learning neural networks for automated recog-
nition and with greater reliability than manual methods [7-9]. Several
of the applications presented here are also partially possible with
imaging flow cytometry, which provides only brightfield images, for
example with tomographic IFC [10], Imaging FlowCytobot [11], Cyto-
Sense [12] or FlowCAM [13]. However, fluorescence staining or deri-
vation of spectral taxonomic classes are not possible. Furthermore,
automated image recognition with only one channel is much more dif-
ficult, whereas multispectral information allows more comprehensive
particle characterization. So far a commonly used MIFC instrument is
the ImageStream X Mkll [14], but similar instruments like the
FlowSight or the STEAM flow cytometer exist [14, 15].

While the MIFC method has proven to be promising, so far it has
not been widely applied. Therefore, we aim to provide an overview in
this paper of potential applications of MIFC to environmental moni-
toring and different biological organism groups of interests as well as
best practice recommendations (Table 1). In this article we show
exemplary data derived from an ImageStream X Mk Il (Amnis part of
Luminex—A DiaSorin Company, Texas, Austin) MIFC instrument
equipped with three lasers (488, 561, and 785 nm), 20x, 40x and 60x
magnification, two CCD cameras and 12 detector channels. The

instrument is what we have available, but the presented applications

are definitively not restricted to the specific instrument type, any
MIFC instrument with the specific requirements could be used.

1.1 | Fields of application for environmental
multispectral imaging flow cytometry monitoring
1.1.1 | Air quality and bioaerosol assessment
Allergology

Pollen analysis as part of air quality assessment is traditionally per-
formed with manual microscopy and is of relevance for pollen fore-
casts [20]. Allergically most important plants are birch (Betula sp.),
alder (Alnus sp.), hazel (Corylus sp.), grasses (Poaceae) and—recently of
growing interest—the invasive ragweed (Ambrosia sp.) [21]. Each plant
pollen has a species-specific morphology and besides those most
important plant pollen, up to 100 different other pollen types may be
present in the air. A differentiation of this large number is only feasi-
ble to a limited extent with manual microscopic counting.

Some approaches exist that apply automated microscopic imaging
of pollen, however they only include brightfield images [22-24]. In
previous work it could be shown that pollen analysis could be also
performed with MIFC [9] and in addition to pollen identification alone,
MIFC (including brightfield images and fluorescence images) allows
the measurement of allergen content per pollen based on
fluorescence-labeled antibodies (Figure 2).

In several studies, it could be shown that for clinical relevance of
allergy symptoms, the pollen concentration is only a rough proxy, as
the allergen content per pollen can greatly differ [25-27]. Different
amounts of major allergens per pollen may be detected as a function

of plant growth, land use, climate/weather events, plant's microbiome
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Unstained birch pollen

(FITC channel)

or pollution [21]. Therefore, in addition to conventional pollen traps,
imaging flow cytometry can help to analyze pollen in more detail, that
is, with regard to their allergenicity.

The broad size spectrum of MIFC covering 20 nm [28] up to
270 pm also allows a detailed particle analysis of air samples, including
particulate matter fractions, fungal spores and algae. A more detailed
prediction of pollen diversity in combination with particulate matter,
based on multispectral information, could potentially allow for an

improved allergy medication therapy.

Ice nucleating particles

Linked to meteorological research, the source identification of ice-
nucleating particles (INPs), is of relevance to better understand climate
effects of cloud and ice particle formation. INPs are airborne particles,
which influence the phase (liquid or ice), the radiative properties and pre-
cipitation behavior of clouds [29]. An important sub-group of INPs are
primary particles of biogenic origin such as pollen, spores emitted or frag-
ments from plants, fungi, algae and lichen, as well as bacteria becoming
air-borne through the dispersion of, for example, plant fragments and soil
particles [29, 30]. MIFC allows to measure these types of particles from
for example air or rain water samples. Autofluorescent pigments of
phototrophic organisms, particles or fragments allow easy differentiation
from all other particle types in the samples. Biogenic particles are known
to trigger the heterogeneous freezing of cloud droplets at much higher
temperatures than, for example, INP consisting of mineral dust [29]. INP
type and concentration may therefore have an influence on local
weather and climate, and knowledge on them is crucial to improve and
constrain climate models [31].

Current INP determination is either done via online (applying,
e.g., a continuous flow diffusion chamber [32] or offline methods (fil-
ter sampling and subsequent analysis in a freezing array [33]. How-
ever, knowledge on the INP type (mineral vs. biogenic) can only be
gained via the offline method and there indirectly via heating or
chemical treatment with H,O, of the sample [34]. The biogenic mate-
rial is degraded by the treatment and the effect on the sample's freez-

ing spectra is recorded. These degrading methods allow only to

Bet v1-stained birch pollen

(FITC channel)

FIGURE 2 Allergen staining of birch
(Betula sp.) pollen. Betula sp. pollen (40x
magnification) collected in Leipzig,
Germany with their autofluorescence

(A) and labeled with a polyclonal BETV1A
antibody (FITC), IgG, rabbit (Biozol,
Eching, Germany) (B). Fluorescence was
measured with Ex. 488 nm/Em.

528/65 nm [Color figure can be viewed at
wileyonlinelibrary.com]

conclude that the INP population included heat-labile biogenic mate-
rial (i.e., proteins) or H,O,-labile material (i.e., organic material in gen-
eral), but not which biogenic species acted as INP. Combining MIFC
with the offline INP methods would allow for a specific identification

of ice active particles from selected biogenic sources.

1.1.2 | Water quality assessment

Phytoplankton is traditionally investigated by manual microscopical
investigations for several areas of water quality assessment (freshwater,
marine and ballast water) as it is a crucial part of the biological quality
component in all directives and conventions like the EU Water Framework
Directive (WFD—https://ec.europa.eu/environment/water/water-frame
work/info/intro_en.htm), the EU Bathing Water Directive (2006/7/EC)
(https://ec.europa.eu/environment/water/water-bathing/index_en.html),
the EU Marine Strategy Framework Directive (MFSD—https://ec.europa.
eu/environment/marine/eu-coast-and-marine-policy/marine-strategy-
framework-directive/index_en.htm) or the Ballast Water Management
(BWM—https://www.imo.org/en/OurWork/Environment/
Pages/BWMConventionandGuidelines.aspx) to guarantee a good quality

convention

of European water bodies. Therefore, intercalibration activities were
started in the past years to harmonize water quality assessment across
Europe.

The EU Water Framework Directive aims at monitoring freshwater
ecosystems (rivers and lakes), while the EU Marine Strategy Framework
Directive was put in place to protect the marine ecosystem and biodi-
versity upon which our health, economic and social activities depend
on. The bathing water quality is monitored according to the EU Bath-
ing Water Directive and includes freshwater and marine systems. The
Ballast Water Management convention aims to prevent the spread of
harmful aquatic organisms from one region to another and halt dam-
age to the marine environment from ballast water discharge, by mini-
mizing the uptake and subsequent discharge of sediments and
organisms. From 2024, all ships are required to have an approved Bal-

last Water Management Treatment System, which requires control of


https://ec.europa.eu/environment/water/water-framework/info/intro_en.htm
https://ec.europa.eu/environment/water/water-framework/info/intro_en.htm
https://ec.europa.eu/environment/water/water-bathing/index_en.html
https://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/marine-strategy-framework-directive/index_en.htm
https://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/marine-strategy-framework-directive/index_en.htm
https://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/marine-strategy-framework-directive/index_en.htm
https://www.imo.org/en/OurWork/Environment/Pages/BWMConventionandGuidelines.aspx
https://www.imo.org/en/OurWork/Environment/Pages/BWMConventionandGuidelines.aspx
http://wileyonlinelibrary.com

DUNKER ET AL.

CYTOMETRY_ -

! 488 nm excitation !

®>AC

Journal of Quantitative Cell Science

’ [561 nm excitation|

Brightfield [ Fluorescence emission | Scattering

Fluorescence emission

Brightfield

FIGURE 3 Pollen from honey samples collected at Fiirstenrieder Schloss (Munich, Germany). Multispectral microscopic images (40x
magnification) of one particle in each row for different channels. Brightfield channels (Ch01/Ch09), fluorescence image channels of different
spectral ranges: Ch02—Ex. 488 nm/Em. 528/65 nm, ChO3—Ex. 488 nm/Em. 577/35 nm, ChO4—Ex. 488 nm/Em. 610/30 nm, ChO5—Ex.

488 nm/Em. 702/85 nm, ChO7—Ex. 561 nm/Em. 457/45 nm, Ch08—Ex. 561 nm/Em. 537/65 nm, Ch10—Ex. 561 nm/Em. 610/30 nm, Ch11—
Ex. 561 nm/Em. 702/85 nm, Ch12—Ex. 561 nm/Em. 762/35 nm and scatter channel (ChO6 Ex. 785 nm). Sample preparation was according to

DIN 10760 [Color figure can be viewed at wileyonlinelibrary.com]

the ballast water of every ship in a harbor. In addition, toxic phyto-
plankton monitoring is relevant for water treatment facilities, aquacul-
ture facilities or biotechnological process control (section 1.1.7).

Similarly to air quality assessment, the sample throughput for
water quality assessment is limited by manual microscopy and expert
knowledge is required to identify the different organisms of interest
accordingly. Due to this bottleneck, many alternative methods have
been developed in the past few years [4-6, 8, 11, 35, 36]. Many
instruments only use brightfield images to classify phytoplankton spe-
cies of interest, but it could be recently demonstrated that MIFC
could provide more robust species classifications by combining spec-
tral properties and classified images [7, 37] (Figure 6). Furthermore,
fluorescence in situ hybridization techniques (FISH) could be applied
to specifically identify certain problematic taxa [38].

Assessment of toxicological effects on microalgae

Microalgae are used in standardized test systems to assess adverse
effects of chemicals on growth and reproduction of cell populations. To
increase the throughput of cell counting, classical methods like coulter
counter or microscopy were recently replaced by flow cytometry [39].
However, flow cytometry offers many more options beyond the assess-
ment of cell numbers. Fluorochrome labeling allows the analysis of physi-
ological processes of cells. Fluorescent markers for membrane
permeability and potential, mitochondrial respiration and esterase activity
were used to identify different modes of action of toxins in microalgae
[40] and to evidence the induction of reactive oxygen species by natural
polyphenols [41]. By using synchronized algal cultures resulting in
populations with all cells in a comparable growth stage, deviations from
normal growth could be assessed by flow cytometry [42] and MIFC

would offer an even more robust identification of comprised cell clusters.

1.1.3 | Food quality assessment

The EU Honey Directive (2001/110/EC) aims at preserving the purity
of honey as an unprocessed natural agricultural product. Honey needs

to contain a certain amount of a specific pollen to be marketed as
variety-specific honey. In addition, a certain percentage of foreign pol-
len allows the determination of the quality and botanical and geo-
graphical origin of the honey, which is an important step of food
quality control performed by national authorities [43-45]. More sensi-
tive and high-throughput honey analysis may even enhance identifica-
tion and consequently reduce honey adulteration or mislabeling
(Figure 3). Currently, as with the other monitoring tasks, this is done
via manual microscopy, but pollen classification could be demon-
strated with MIFC as well [9]. Additionally, non-biological contamina-
tion of honey by fibers and microplastic [46], as well as biological
contamination via spores of bee disease causing agents [47] or by
spores of microbial plant protection products (some examples listed
here: [48] and their potential effects on bees and humans, can be
investigated and quantified using MIFC.

1.1.4 | Paleoecology

For paleo-botany, sediment analysis allows reconstructing past vege-
tation and climate by analysis of pollen or phytoplankton residuals.
Starch granules are of relevance in archeological research to explore
diet and cultural practices of early humans. In both of these disci-
plines, manual microscopy is still the gold standard.

Traditional pollen analyses, where about 300-1000 pollen grains
in a sample are analyzed using a light microscope is time-consuming
(several hours per sample) and requires expert knowledge and is
strongly biased by the pollen analyst background and experience. In
this regard, the development of MIFC as a new tool for automated
fossil pollen identification would be promising, because many more
grains could be identified (Figure 4). This is of particular interest as,
compared to the pollen source vegetation, the pollen composition in
the fossil sample is highly skewed toward wind-pollinated tree taxa. A
higher total pollen count would also retrieve the rare taxa often origi-
nating from insect-pollinated herbs and would thus allow for a more

accurate interpretation of the pollen record with respect to the past
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~6000-year-old pollen from a sediment core of Lake Rauchuagytgyn, North-East Siberia. Multispectral microscopic images (40x

magnification) of one particle in each row for different channels. Brightfield channels (Ch01/Ch09), fluorescence image channels of different
spectral ranges: ChO2—Ex. 488 nm/Em. 528/65 nm, ChO3—Ex. 488 nm/Em. 577/35 nm, ChO4—Ex. 488 nm/Em. 610/30 nm, ChO5—Ex.

488 nm/Em. 702/85 nm, ChO7—Ex. 561 nm/Em. 457/45 nm, ChO8—Ex. 561 nm/Em. 537/65 nm, Ch10—Ex. 561 nm/Em. 610/30 nm, Ch11—
Ex. 561 nm/Em. 702/85 nm, Ch12—Ex. 561 nm/Em. 762/35 nm and scatter channel (ChO6 Ex. 785 nm) [Color figure can be viewed at

wileyonlinelibrary.com]

plant composition. Pollen records are available from thousands of
sites (https://www.neotomadb.org/) and most analysts keep their pol-
len samples (typically stored in glycerin) after analyses. Such the
development of cytometry as a new method could potentially make
use of tens of thousands of available samples.

Modern diatom assemblages show strong species-environment
relationships and are valuable biological indicators. Because diatom
shells (frustules) preserve in sediments, past assemblages of diatoms
are largely applied for paleoenvironmental reconstructions of, for
example, past hydrochemistry [49-51], past temperature and climate
[50, 52, 53] and ecological and trophic status [54-56] of freshwater
and marine habitats. Diatom frustules show distinctive morphological
features that allow classifications to low taxonomic levels with light
microscopy. However, subtle but ecologically important morphological
differences are often only identifiable by scanning electron micros-
copy [57]. Generally, microscopic identification of diatom assemblages
requires expert knowledge and is very time-consuming (about 300-
500 diatom frustules will be taxonomically determined and counted
per sample). Automated identification of modern diatom samples
(water samples and culture collections) using imaging flow cytometry
already provided promising results [7, 8], but needs to be tested on
more complex samples, like marine sediments. Modern reference
specimens, which will be used to train the identification algorithms,
are needed beforehand to establish robust identification in automated
MIFC. Diatom samples are typically prepared in water solutions and
are largely cleaned from organic material and sediment particles, how-
ever broken frustules, which are typical for sediment samples due to
taphonomic processes, will be hard to identify. Specialized algorithms
are needed to classify diagnostic pieces of frustules, which may result
in classifications to higher taxonomic levels (e.g., genus) only. Chryso-
phyte cysts are used similarly to diatom frustules in paleolimnological
studies to elucidate past environmental conditions in lakes. They pose
the additional challenges that diagnostic structures can be very deli-
cate and many fossil forms have no modern analogs. However, the

analysis of large cyst populations using flow cytometry has recently

demonstrated that even their size distribution can be a valuable proxy

for historic ecological conditions [58].

1.1.5 | Pollination ecology

Most wild plant and crop species rely on the interactions with animal
pollinators for reproduction [59]. We must understand how plant-
pollinator interactions and the services they provide respond to global
change factors such as climate and land use in order to manage eco-
systems and secure pollination services. The strength of interactions
between plants and pollinators is the product of both the quantity
(number of visits by pollinators to plants) and quality (number of pol-
len grains delivered per visit) of interactions. Pollinator visitation
(quantity of visits) is typically measured observationally, as the rate at
which pollinator species come into contact with the reproductive
parts of the flower and could potentially perform pollination. How-
ever, visitation rate is not always a good measure of the efficiency of
insects as pollinators. Measuring pollen transport (quality of visits) by
counting the number and identity of pollen grains on the bodies of
pollinators or on the stigma of flowers, thereby provides a far better
estimate of the pollination efficiency of various insect species in
removing and delivering pollen to flowering plants. Assessing pollen
transport can thus provide direct insights into the impact of anthropo-
genic change on pollination as an ecosystem service.

Despite the importance of measuring pollen transport, few stud-
ies in pollination ecology have observed and quantified pollen trans-
port networks [60-64]. This is because the identification and counting
of pollen grains is typically conducted by ecologists using microscopy,
which is time-consuming and requires expert knowledge in palynol-
ogy. ldentifying pollen using meta-barcoding has been shown to have
high pollen species identification accuracy, but poor estimation of the
absolute pollen numbers of different species [1]. Previous attempts
using flow cytometry that measured only scatter and fluorescence

properties could not distinguish many pollen species, and were
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particularly challenged when dealing with closely related species [65,
66). Thus, the field of pollination ecology has been limited by methods
for rapid and accurate pollen identification and quantification.

A recent study using MIFC with deep learning revealed fast
(~2000 images per second) and accurate (~96% accuracy) identifica-
tion of 35 insect-dispersed pollen species [9], including close relatives.
This opens up opportunities for assessing plant-pollinator interactions
across broad spatial and temporal environmental gradients, which are
necessary to understand responses to global change. Further, there
are numerous new opportunities for understanding phylogenetic pat-
terns in pollen traits, derived from the MIFC images and addressing
new questions about angiosperm macroevolution.

Studying plant-pollinator interactions by analysis of pollen from
individual insects will help to identify for example, “pollinator-
friendly” seed mixes for meadows or meadow strips that are increas-
ingly used in urban areas or agriculture fields to increase food and

nesting resources of insects and therewith biodiversity [67].

1.1.6 | Agriculture

In agricultural research, selection of relevant genotypes is an impor-
tant task for food safety. In this context, plant ploidy (2.3.1) and pollen
vitality (2.3.3) are of relevance to be determined. Similarly relevant is
the detection of phytopathogens (2.4).

Processes in soils are difficult to assess, but the ratio of photoau-
totrophic (algae, lichens, plant fragments or spores) to heterotrophic
biomass (fungal spores or bacteria), could be a relevant measure to
better understand global change effects on soil health, functioning
and biodiversity. Autotrophs as soil algae have been technically diffi-
cult to quantify and thus are less well studied than soil heterotrophic
organisms like bacteria or fungi. Based on a study by Hunt et al. [68],
the role of soil algae should not be neglected, as abundances can be
quite high, equivalent to soil fungi and only one or two orders of mag-
nitude lower than actinomycetes and bacteria. So far, microscopic soil
particles are not measured routinely with MIFC, but Lentendu et al.
[69] provided a useful protocol for isolation, quantification and vitality
assessment of autotrophic and heterotrophic soil organisms with flow

cytometry, which could be further explored with MIFC.

1.1.7 | Process control in microbial biotechnology

The application of MIFC in microbial biotechnology focuses on three
aspects: (1) semi-online biological process control; (2) detection of
infections and risk management; (3) real-time information about the
physiological status of the productive cells. Huang [70] showed the
application of MIFC in the optimization process of biomass formation
of Pichia burtonii mainly based on the analysis of the surface scattering
of the cells. In microalgal biotechnology, the process control is a big
challenge because the cells are normally exposed to natural environ-
mental conditions with respect to light and temperature. Both condi-

tions strongly influence the growth performance and ask for
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regulation of different parameters for example, mixing energy, CO, or
nutrient delivery [71]. The main potential of MIFC in algal biotechnol-
ogy is the detection of contaminations (Figure 6), especially on quanti-
tative terms. The high efficiency in cell differentiation by image and
spectral analysis can be further improved by the combination with in
situ hybridization, which allows to identify even unwanted mutations
in the community [72]. The future development in MIFC will allow to
collect specific physiological information in large scale photo-
bioreactors. For instance, toxic interaction between bacteria in algae,
for example Pseudomonas protegens and the green alga
Chlamydomonas reinhardtii disturb the Ca-homeostasis in the green
cell [73] which can be monitored by MIFC as shown in T-cells [74].
This approach does not only allow to monitor infections but also to
analyze the reasons for decreased algal growth performance. If MIFC
is combined with Vibrational spectroscopy like Raman [75] or single
cells can be analyzed with single-cell-fourier-transform-infrared (FTIR)
spectroscopy methods to the status of the cell cycle [76], the ratio of
dead and living cells [77] and the cellular quantity of lipids [78]. The
lipids can be quantified also using the dye Nile Red using MIFC as
analyzing instrument. Since the FTIR spectrum can be used as a fin-
gerprint for the actual growth potential of an algal cell [79] FTIR com-
bined with MIFC has the potential of quasi simultaneous online

analysis of growth rates and product concentrations.

1.1.8 | Microplastic research

Microplastic particles in water, drinks and food, soil, air samples or
plants are a serious concern for ecosystem and human health [80-82].
Particles in the range of 1-100 um are of special interest, as their
size-related effects on food webs need to be better understood. Small
environmental microplastics cannot be identified by microscopy alone,
current gold standards are micro-Raman spectroscopy or micro-FTIR
spectroscopy [83, 84]. This requires specialized equipment, experi-
enced personnel, long sample preparation time and spectra analysis.
Generally, the majority of natural particles needs to be removed from
the samples before microplastic detection. In addition, the practical
lower size limit of single particle analysis is in the micrometer range.
Therefore, fluorescently labeled spherical microplastics are typically
used in uptake studies or toxicological experiments. As one such
application employing flow cytometry, microplastic phagocytosis by
immune cells has been recently studied [85]. Small microplastics made
from various polymers may be stained with Nile Red to be accessible
for flow cytometric detection down to a size limit of 200 nm [86].
Flow cytometry combined with visual Stochastic Neighbor Embedding
(ViSNE) algorithms allowed the detection of few microplastic particles
against the cellular background of a highly diverse stream biofilm com-
munity [87]. If experiments include microplastic particle fractions with
known morphology and size spectrum, MIFC may allow evaluation of
very high numbers of (even unstained) particles in a shorter time com-
pared to spectroscopic methods (Figure 5). This approach may allow
detection of changes in size spectrum or typical morphologies in a

particle population.
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2 | ORGANISMS OF INTEREST FOR
ENVIRONMENTAL MIFC

2.1 | Algae and cyanobacteria

Phytoplankton organisms can be differentiated according to their
different pigmentation and morphology [7, 37]. Diversity of phyto-
plankton organisms in terms of community structure and biomass is
crucial for our well-being in form of drinking water quality or recrea-
tional activities and is therefore monitored in the WFD, MFSD and
BWM. As primary producer, phytoplankton organisms plays also a
major role for any aquatic ecosystem. For that reason, phytoplankton
organisms are also an ideal tool for experimental studies, for example
of multidimensional niches [88] or species interactions [89]
(Figure 6). Aeroterrestrial algae and cyanobacteria can be important
for air quality issues as a fraction of bioaerosols or meta-community
studies and soil algae can contribute to soil fertilization and stabiliza-
tion [68]. In addition, biotechnological systems with microalgae can
be easily and regularly monitored with MIFC for purity and potential
contaminations.

2.2 | Bryophytes

Bryophytes (mosses, liverworts, hornworts) are widespread plants in
many ecosystems and regarded as sensitive to environmental stresses
[90] and thus they are frequently used in environmental monitoring
[91]. There are at least two main benefits of using MIFC in bryophyte-
based research and monitoring. First, MIFC is powerful to count num-
bers of spores and vegetative diaspores, as well as to assess variation
in pigmentation and size (Figure 7). Second, MIFC enables rapid quan-
titative analysis of the species composition of epiphytic microbiota on
bryophyte surfaces (green algae, cyanobacteria) that can be sensitive

to environmental conditions and anthropogenic nutrient deposition or
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Brightfield

Microplastic particles. Multispectral microscopic images (40x magnification) of one particle in each row for different channels.
Brightfield channels (Ch01/Ch09), fluorescence image channels of different spectral ranges: Ch02—Ex. 488 nm/Em. 528/65 nm, ChO3—Ex.
488 nm/Em. 577/35 nm, ChO4—Ex. 488 nm/Em. 610/30 nm, ChO5—Ex. 488 nm/Em. 702/85 nm, ChO7—Ex. 561 nm/Em. 457/45 nm, ChO8—
Ex. 561 nm/Em. 537/65 nm, Ch10—Ex. 561 nm/Em. 610/30 nm, Ch11—Ex. 561 nm/Em. 702/85 nm, Ch12—Ex. 561 nm/Em. 762/35 nm and
scatter images (Ch06 Ex. 785 nm) of polyamide particles used in a microplastic research project (MikroPlaTa$ https://bmbf-plastik.de/de/
verbundprojekt/mikroplatas). [Color figure can be viewed at wileyonlinelibrary.com]

climatic conditions. Flow cytometry has been used to measure DNA
content [92, 93] and ploidy level of bryophytes [94, 95].

2.3 | Vascular plants

Ferns are the second largest group of vascular plants. They reproduce
with spores and are a useful model for plant research as they can act
as a miniaturized and thus economic higher plant model, for example,
for environmental toxicity monitoring [96]. Besides the quantification
of spore numbers, several biomarkers of toxicological bioassays can
be derived by MIFC, for example mitochondrial activity, chlorophyll
fluorescence, DNA content and oxidative damage [97]. An advantage
of higher plants in contrast to certain phytoplankton species is, that
they have a low fluorescence emission in the green spectral region
(“green gap”) allowing for the application of fluorescence dyes in this
region [98]. Furthermore, ploidy and genome size (2.3.1), plant organ-
elles (2.3.2), starch granules (2.3.3) or pollen (2.3.4) can be nicely visu-
alized and investigated in detail with MIFC.

2.3.1 | Ploidy and genome size
In the evolutionary history of higher plants, polyploidy, that is, whole
genome duplication, is an important macroevolutionary mechanism as
all modern plant genomes are the result of repeated polyploidization
events [99]. Polyploidy often results in immediate reproduction isola-
tion and speciation and thus is a major driver of biodiversity. In many
taxa, closely related di-, tetra-, hexa- or octoploid races coexist, differ-
ently taxonomically recognized at the levels of species, subspecies or
as intraspecific variation.

Different ploidy levels differ in genome size, physiological capac-
ity and cell dimensions. Therefore, chromosome races may differ in

life history traits, fitness at particular environmental conditions, and in
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FIGURE 6 Algae and cyanobacteria. Some exemplary algae as (A) Pediastrum biradiatum, (B) Cryptomonas ovata and a cyanobacterium

(C) Anabaena flos-aquae being relevant for the monitoring of the EU water framework directive. Multispectral microscopic images (40x
maghnification) of one particle in each row for different channels. Brightfield channels (Ch02/Ch08), fluorescence image channels of different
spectral ranges: ChO3—Ex. 488 nm/Em. 577/35 nm, ChO4—Ex. 488 nm/Em. 610/30 nm, ChO5—Ex. 488 nm/Em. 702/85 nm, ChO9—Ex.

561 nm/Em. 582/35 nm, Ch10—Ex. 561 nm/Em. 610/30 nm, Ch11—Ex. 561 nm/Em. 702/85 nm and scatter channel (Ch12 Ex. 785 nm). [Color

figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Bryophyte spores.
Multispectral microscopic images (40x
magnification) of one particle in each row
for different channels. Brightfield
channels (Ch01/Ch09), fluorescence
image channels of different spectral
ranges: ChO2—Ex. 488 nm/Em.

528/65 nm, ChO3—Ex. 488 nm/Em.
577/35 nm, ChO4—Ex. 488 nm/Em.
610/30 nm, ChO5—Ex. 488 nm/Em.
702/85 nm and scatter channel (Ché

Ex. 785 nm) of the species (A) Dicranum
sp. and (B) Rhytidiadelphus sp. collected at
Lotharpfad, Black Forest National Park,
Germany. [Color figure can be viewed at
wileyonlinelibrary.com]
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biotic interactions, potentially resulting in ploidy-specific niches or dis- In biological conservation and restoration ecology, intraspecific

tribution patterns. However, the distribution patterns of intraspecific chromosome races need to be accounted for in order not to obliterate

chromosome races are often unknown [100].

natural distribution patterns and their likely adaptedness. In European
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FIGURE 8 Plant cells. Multispectral microscopic images (40x magnification) of one particle in each row for different channels. Brightfield
channels (Ch01/Ch09), fluorescence image channels of different spectral ranges: Ch02—Ex. 488 nm/Em. 528/65 nm, ChO3—Ex. 488 nm/Em.
577/35 nm, ChO4—Ex. 488 nm/Em. 610/30 nm, ChO5—Ex. 488 nm/Em. 702/85 nm, ChO7—Ex. 561 nm/Em. 457/45 nm, ChO8—Ex. 561 nm/Em.
537/65 nm, Ch10—Ex. 561 nm/Em. 610/30 nm, Ch11—Ex. 561 nm/Em. 702/85 nm, Ch12—Ex. 561 nm/Em. 762/35 nm and scatter channel
(Ch06 Ex. 785 nm) of Centaurea sp. cells, treated with RNAse and stained with Sytox (Ch02). [Color figure can be viewed at wileyonlinelibrary.com]

grasslands, for example, diploid and tetraploid races of Knautia arvensis
(Dipsacaceae), which do not differ morphologically, are strongly geneti-
cally differentiated and show regional adaptation [101]. Consequently,
seed transfer zones for the production of regional seed material for
grassland restoration should account for these distribution patterns mak-
ing ploidy screening or genetic analyses necessary across putative seed
transfer zones. As a standardized method, plant ploidy is determined by
extracting nuclei from plant cell tissue and DNA-staining with respective
dyes [102] (Figure 8). Alternatively, pollen size should also be an indicator
of ploidy. MIFC allows for both, nuclei visualization and quantification, as

well as for pollen size determination.

2.3.2 | Organelles

Organelle extraction of tissue is more often applied routinely for
human or animal tissue, while plant material has some unique features
(rigid cell walls, interfering secondary metabolites, autofluorescence)
which makes its analyses by flow cytometry more challenging [19].
Despite these specific features, many protocols have been developed
to extract plant or algae organelles like chloroplast, thylakoids, nuclei,
autolysosomes or mitochondria from tissue samples [19, 103, 104].
They can further be used for deeper understanding of evolutionary,
biochemical and physiological processes [105], for example chloro-
plasts have different morphology and fluorescence pattern in C3- and
C4-plants [106] or proteoms [105].

2.3.3 | Starch granules

In archeology, starch grain analysis is employed to track how eco-
nomic plants—especially cultigens—were used [107, 108] and spread
(e.g., [109-112] in antiquity. This is because many economically
important plant taxa produce large amounts of starch [113], which,
through sheer amount, may persist. Additionally, some depositional

contexts not conducive to good organic preservation, such as

extremely acidic soils, preferentially preserve starch [114]. In the
Canadian Subarctic, for example, bone and non-carbonized organic
remains tend to be very sparse in archeological sites due to shallow
and acid soils, yet starch granules from food plants have been rou-
tinely recovered from soil and food residues in this region [111,
112, 115, 116].

Despite the promise of archeological starch in the reconstruction
of past foodways, starch morphology is highly complicated, and reli-
able identification criteria are only available for a narrow range of taxa
[117-121]. Although attempts have been made to create dichoto-
mous keys for starch (e.g., [113]), identification is problematic due to
intraspecies variability [122]; shared morphotypes and size overlap
between disparate species [118]; and inconsistencies in descriptive
language used to record discrete characteristics [117]. Since mor-
photypes can number in the dozens, or more per species, traditional
dichotomous keys are rendered either overly specific, when leading to
only one morphotype per species [113] or frustratingly cumbersome,
when leading to all possible types [115].

Due to the inherent morphological complexity of starch, and the
large number of specimens that may potentially be recovered from
archeological contexts, the creation of an identification key for starch
granules is an ideal application for MIFC combined with machine
learning. This is because, to properly capture the intraspecies variation
and identification criteria of starch, up to 350 individual granules must
be measured per species [123]. Depending on the number of mea-
sured variables, this can be prohibitively labor intensive when analyz-
ing several (e.g.,, n = 15) species using low throughput microscopy
[124]. MIFC in combination with machine learning is capable of col-
lecting these measurements quickly, while also objectively recording

discrete characteristics of starch granules (Figure 9).

234 | Pollen

Plant pollen morphology is species specific and can help to analyze

honey, pollinator-plant interactions, as well as allergic wind-
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Plant starch granules. Multispectral microscopic images (40x magnification) of one particle in each row for different channels.

Brightfield channels (Ch01/Ch09), fluorescence image channels of different spectral ranges: Ch02—Ex. 488 nm/Em. 528/65 nm, ChO3—Ex.
488 nm/Em. 577/35 nm, ChO4—Ex. 488 nm/Em. 610/30 nm, ChO5—Ex. 488 nm/Em. 702/85 nm, ChO7—Ex. 561 nm/Em. 457/45 nm, ChO8—
Ex. 561 nm/Em. 537/65 nm, Ch10—Ex. 561 nm/Em. 610/30 nm, Ch11—Ex. 561 nm/Em. 702/85 nm, Ch12—Ex. 561 nm/Em. 762/35 nm and
scatter images (Ch06 Ex. 785 nm) of starch granules from Musa sp. (A) and Zea mays (B). [Color figure can be viewed at wileyonlinelibrary.com]

distributed pollen (see sections 1.1.3, 1.1.4, 1.1.6, and 1.1.1, respec-
tively). An overview of recent developments of using flow cytometry
in pollen analyses is provided by Kron et al., [125]. Automation of pol-
len analyses has been a research focus since the 1990s [126, 127]
mainly for its multiple facets in different research areas [128] for
example as application in fossil pollen analyses (1.1.4) but also for
plant-pollinator interactions (1.1.3/1.1.6) and aerial pollen monitoring
(1.1.1). With respect to fossil pollen analyses both the imaging tech-
niques as well as the image data analysis techniques have been
targeted. While data analysis techniques, in particular neural network,
supported the breakthrough in automated fossil pollen identification
from images [129], the process of image collection from the fossil
samples is still not yet automated. MIFC has not yet become a stan-
dard technique in fossil pollen analysis, while standard analytical flow
cytometry and (on-chip) sorting have been already applied to collect
fossil pollen grains from sediments for radiocarbon dating [66, 130].
Samples from pollen traps can further be used to monitor
flowering phenology of plants (especially wind pollinated species) as
the timepoint of pollen release is an important part of flowering phe-
nology. Other plant traits such as plant height, specific leaf area or leaf
nitrogen content and growth forms [131, 132] are related to pheno-
logical timing as well. Studying of phenology is of high relevance as
shifts in flowering phenology are a sensitive indicator of climate
change [133]. Flower phenology is further associated with other phe-
nological stages, such as leaf senescence, in many species [134, 135],
and the timing of pollen release can therefore be used to extract addi-
tional information on the life cycle of plants and as indicator of climate

change.

24 | Phytopathogenic fungi
Fungi can be analyzed by MIFC to assess their important roles in
aquatic and terrestrial diversity and food webs, as phytopathogens or

in the primary bioaerosol fraction. Infection of phytoplankton species

by parasitic saprophytic fungi (e.g., Chytridiomycota) is an important
part of aquatic trophic interactions [136, 137] and the detection of
Asterionella infections by Rhizophydiales fungi using a Wheat germ
agglutinin marker for fungal cell walls has revealed comparable results
for microscopy and MIFC [137]. This allows the pathway of the
destructive aquatic food web, to be studied in greater detail and with
higher throughput. Phytopathogenic fungi can cause huge crop losses
[138] and especially in sustainable organic farming biocontrol and
monitoring of plant pathogens will get more important as a lower level
of agrochemicals is applied [139]. Potential phytopathogenic and
allergically relevant airborne fungi were shown to be measured with
conventional flow cytometry based on propidium iodide [140] or
calcofluor staining [141]. MIFC will also allow more specific automatic
sizing and accurate assignment to different fungi morpho-types. In
addition, Saccharomyces cerevisiae is studied as a model organism for

cell cycle analysis and this can be well performed with MIFC [142].

3 | DATA AND IMAGE ANALYSISTO
ASSESS PARTICLE IDENTIFICATION

From the perspective of data processing and analysis MIFC also poses
some very specific opportunities and challenges. Measurement data is
typically captured as still images with 6-12 channels of 16-bit color
depth having a rather low resolution of 120-pixel width. These images
arrive with a rate of up to 5000 particles/s meaning that a typical
measurement captures between 72.000 and 720.000 images per
hour. Thereby, the objects of the same particle type will likely be cap-
tured from different perspectives. Since particles will be resolved in a
fluid suspension (e.g., Dulbecco's Phosphate Buffered Saline buffer), a
variation in the production of these chemicals may impact image
appearance and has to be considered when analyzing images. The
machine itself is recalibrated every measurement day to counterbal-
ance such effects, but we still found them relevant when designing an

analysis pipeline for training of deep neural networks.
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Once measurements have been performed, several potential anal-
ysis approaches exist: (1) detection, that is, finding an object of inter-
est in the image and regressing a bounding box around it potentially
with subsequent classification of the object; (2) classification, that is,
identifying the depicted particle(s) and (3) feature analysis, for exam-
ple deriving continuous values representing characteristics (traits) of
the particle such as size, shape, texture signal strength and location
features. We already captured large datasets of phytoplankton and
pollen and successfully trained models for their identification [8, 9]
and performed feature analysis [9]. The typical choice for this kind of
problem are convolutional neural networks (CNN) with a large variety
of individual algorithms/architectures depending on the data size,
available training data and computational resources. What makes the
design and training of these networks specific for MIFC data is (1) the
analysis of multi-spectral, that is, multi-channel, data that differs from
the three-color channel images typically analyzed with these architec-
tures, and (2) capturing characteristics that are very stable within a
measurement sequence but may substantially differ among different
measurement campaigns and require careful training set orchestration
and training regularization such as data augmentation.

To support and accelerate future research it would be desirable
to have a reusable training pipeline with alternative model architec-
tures and an analysis guideline aggregating best practices in the
field. At the same time, it would be incredibly helpful to have a
benchmark consisting of multiple rich datasets referring to common
applications of MIFC. Such a benchmark could stimulate more
research into specific machine learning methods and to compare

developed solutions.

4 | CHALLENGES AND LIMITATIONS

So far, the upper size range of the MIFC instrument presented is lim-
ited to 100 pm diameter of a spherical particle. It could be shown that
the maximum diameter of elongated or filamentous cells possible to
measure could be much higher than 100 pm, for example up to
270 um for filamentous cells. But besides some large pollen (e.g., of
Malvaceae, Onagraceae or Pinaceae) with a size up to 190 um and
very large phytoplankton cells that cannot be measured due to the
size limitation, a very large fraction of the groups of organisms
described in this manuscript can be surveyed with MIFC. With a lower
size range of 20 nm even really small bacteria with a minimum size of
0.1 pm [143] can be investigated.

In contrast to other monitoring applications of air or water qual-
ity, MIFC as presented here does not allow for online-monitoring, as
the instrument is a lab instrument not suitable for field operation.
However, several core facilities are equipped with MIFC instruments
like the ImageStream X Mk Il or the FlowSight (Amnis part of
Luminex—A DiaSorin Company, Texas, Austin) and offer service time
to run samples. In contrast to many online monitoring tasks, MIFC
measurements of benchtop instruments allow for a deeper level of
analysis with respect to species recognition and physiology because

of better image quality and higher magnification. In addition, the

sample preparation procedure allows for addition of various fluores-
cent dyes to identify or quantify certain cell/particle properties.

Despite the impressive range of applications, it is recommended
that MIFC is compared with the gold standard microscopy for a repre-
sentative sample subset during the establishment of any new proce-
dure, to gain confidence in the applications and to guarantee that
particle properties are suitable for MIFC measurements.

With respect to deep learning approaches based on MIFC images,
a problem to overcome in this regard is the typically effort-intensive
labeling of training sets, that is, assigning an identification, bounding
box or a characteristic value per image, necessary to generate feed-
back in the training process and to facilitate the learning of a model.
Such labels are often manually created making them very expensive,
but alternative strategies are in development. Despite the challenges
which still need to be addressed with MIFC, the method is the best
available and it still poses plenty of opportunities to allow for new
analyses and to improve existing analyses, for example, the coverage
of a large spectral range could be more intensively used and the high
capture speed may even allow for feedback from the analysis process
to the actual measurement.

5 | CONCLUSIONS

As demonstrated, MIFC has high potential to be useful for a wide
range of environmental monitoring tasks that are currently performed
with manual microscopy (e.g., pollen and phytoplankton monitoring)
or other analytical approaches (e.g., spectroscopic methods for micro-
plastic detection). MIFC can be meaningful when combined with other
species identification methods as metabarcoding and next generation
sequencing [2] or is ideally coupled with a sorting option [144]. As the
comparability to standard manual microscopic approaches is higher
than with chemical or molecular tools, this technique can be more

powerful in advancing different environmental monitoring tasks.

6 | BEST PRACTICE RECOMMENDATIONS
General best practice recommendations for environmental multispec-

tral imaging flow cytometric measurements (Table 1):

e For the quantification of any cells or particles, the measured sam-
ple volume is determined, but in addition to that it is recommended
to use count check beads (e.g., CountBright™ Absolute Counting
Beads, ThermoFisher Scientific) as an internal standard.

e The incubation time in fluid suspension of any non-aquatic organ-
ism or particle may affect the physiology and phenotype of the
particles and should be as short as possible.

e Since MIFC produces a lot of data, it is of particular importance to
have appropriate data management strategies in place and to deal
with it according to FAIR principles (Findability, Accessibility, Inter-
operability, Reuse). In addition, standardized archiving of cytometry

as well as image data is to be performed.
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TABLE 1 Specific best practice recommendations for
environmental related multispectral imaging flow cytometric
measurements

Objects of
interests Specific recommendations
Pollen e Due to their hydrophobic surface, a suitable

pollen isolation buffer [9, 16] should be used to
get pollen in a fluid suspension.

o Pollen properties are influenced by conditions of
storage; therefore, we recommend to either
measuring them as soon as possible after
collection or to freeze them at —20°C and only
defrost them immediately before performing
sample preparations for MIFC. At least a
minimum of pollen of up to 5000 pollen is
required for analysis.

Phytoplankton e It is important to be aware that morphology and
pigment composition and thus cell morphology
and fluorescence signals are affected by nutrient
conditions and light intensities species are
exposed to [8]. Therefore, a comparison of
different measurements requires information
about the light and nutrient conditions the
organism has been exposed to.

o Similarly, as for pollen, it is recommended to
measure the samples as fresh as possible to
avoid artifacts due to fixation.

e In the case that due to practical reasons fixation
is required, we recommend fixation procedures
with a glutaraldehyde fixation, freezing in liquid
nitrogen and storage at —80°C for delayed
analyses [17, 18].

Organelles e The morphology of organelles is dependent to
which medium they are exposed, as they are
sensitive to any osmotic changes. It will be
important to cool the samples, keep incubation
times low, and control for that factor by using
the same medium for all samples if a
comparative assessment is performed.

e Samples with nuclei, chloroplasts or
mitochondria should be measured as fresh as
possible after extraction [19] (1-2 h), while
starch granules can be preserved as a powder
once extracted and can be stored for longer
time in a dry stage.

Deep learning e Building common training datasets and
establishing benchmarks for particle-specific
identification and recognition tasks.

e Development and systematic evaluation of a
deep learning pipeline for MIFC.

Abbreviation: MIFC, multispectral imaging flow cytometry.

e To guarantee FAIR principles of data management, we recommend
to provide the standardized “Minimum Information about a Flow
Cytometry Experiment” (MIFlowCyt) according to the International
Society for Analytical Cytology (ISAC) for all experiments and mea-
surements [145-147]. Deposition of image data is currently not
included in this MIFlowCyt standard and only includes the required
information for a conventional flow cytometry. Some authors

raised this issue [146-148], but to the best of our knowledge, none
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of these formats are in widespread use yet. We recommend to use
internal/institutional databases to sustainably store relevant file
formats and/or images and ideally use a DOI system to refer to the

respective data.
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