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In many fields of biodiversity research, nuclear DNA content is a cru-
cial parameter of the study organism (individual, cellular type), all-
owing, for example, ploidy determination, cell-cycle analysis or
selecting suitable organisms and optimal strategy for whole genome
sequencing (WGS). Due to lower sequencing costs, small genome size
represents a major advantage for WGS projects. Not surprisingly,
most DNA content estimates available for small genomes have been
derived from WGS data. On the other hand, the routine use of WGS
as a method for genome size estimation has been discouraged due to
its poor quantification of genomic content of repetitive elements
(e.g., present in centromeres or telomeres) that may significantly
underestimate the true DNA amount. Currently, the most suitable
method for the task is flow cytometry (FCM), a rapid and easy to per-
form technique, using which the DNA content is estimated from the
mean fluorescence intensity of nucleic acid binding dye
(e.g., propidium iodide, ethidium bromide). The FCM is routinely used
in immunology, cancer research or plant and animal studies, however,
its application on organisms with small genomes can be highly
challenging.

Even though, the complexity of organisms is not directly linked
with the amount of their nuclear DNA, the small genomes are very
often found among microorganisms, specifically in nano/picoplankton,
unicellular parasites and most fungi, as a consequence of the posi-
tive genome size—cell size correlation [1]. However, even microor-
ganisms in assumed clonal populations commonly differ in
morphology, physiology or biochemistry. In fungi, the smallest mea-
sured nuclear DNA content (2.2 Mbp in Encephalitozoon romaleae;
[2]) also reaches the lowest end of known DNA content among all
eukaryotes. Moreover, the DNA content of other fungal species is
generally not much higher (with a median value <40 Mbp; [3]). In
the study by Talhinhas et al. [4], the authors nicely summarized the
currently used methods for fungal genome size estimation using
FCM and addressed the potential pitfalls. Interestingly, these pit-
falls are widely shared with many other groups of microorganisms

with small genomes.

Until the modern sequencing techniques have been introduced,
the microorganisms were largely understudied and their diversity,
phylogenetic relationships, life cycles, and so forth widely unexplored.
Despite their major importance for the global ecosystem and common
applications in biotechnology, the microorganisms' research has
lagged behind plant and animal studies up to the present. However,
limited research of microorganisms had consequences in low number
of DNA content data, especially pronounced in contrast to their esti-
mated diversity.

Because of the small size of their bodies, microorganisms usually
need to be cultivated to obtain sufficient amounts of biomass for the
FCM, which is not only time-consuming but also sometimes unrealis-
tic. For the uncultivated microorganisms in trophic interactions,
another approach could be taken in simultaneous analysis of studied
microorganism and its symbiont/host/prey and then to analyze these
partners separately to correctly distinguish peaks of each organisms.
Such approach seems especially suitable for parasites as is nicely illus-
trated by Talhinhas and colleagues [4] for pathogenic fungi and its
host plant. However, simultaneous analysis might not be suitable for
organisms substantially differing in their genome size. Moreover,
microorganisms commonly live in microbial communities and this
makes them harder to isolate or preserve in cultivation. Nonetheless,
when possible, it is best to conduct the analysis on unistrain culture,
ideally young and actively growing, as was also pointed out by
Talhinhas and colleagues [4]. Unfortunately, residual of culture media
may increase background fluorescence. In fact, the background noise
is one of the major challenges when analyzing small genomes. For
FCM analysis of plant or animals, even low sensitive flow cytometers
such as CyFlow (Sysmex/Partec) are adequate, however, for FCM of
microorganisms, instruments like CytoFLEX (Beckman Coulter) or
FACS/LSR 1l (BD Biosciences), high-sensitive to small particles are
more appropriate (see Figure 1). Further, there are several ways how
to reduce the background noise. Nuclei should be isolated from cells,
either chemically (using enzymes) or mechanically (razor-blade chop-

ping, bead-beating). Although razor-blade chopping is routinely used
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FIGURE 1

Side Light Scatter

CyFlow flow cytometry (FCM) outputs of two chrysophyte algae of the genus Synura—S. americana with higher DNA content

(3.69 pg) and S. leptorhabda with lower DNA content (0.21 pg) and its plant standards. Note clearly visible peaks with only minor background
noise on both fluorescence histogram (A) and fluorescence versus side scatter plot (B) in case of the first sample analysis. Conversely, higher
amount of debris is present in the second analyzed sample (C) with the sample DNA content approaching the limits of resolution for CyFlow
instrument, yet with peaks still sufficiently separated on fluorescence versus side scatter plot (D); unpublished data

in plant FCM, it seems unsuitable for protists (i.e., single-celled
eukaryotes) but useful for filamentous microorganisms as was shown
by Talhinhas and colleagues [4] or Certnerova [5]. To reduce
autofluorescence or adverse effect of secondary metabolites, sample
can be fixed with various fixatives (ethanol, methanol, methanol:
acetic acid mixture, formaldehyde, paraformaldehyde, or acetone),
although the chemical fixation may not be suitable for precise genome
size estimation [6]. Another possibility is to test different isolation
buffers. For example, the Woody Plant Buffer or Tris-MgCl, buffer
seems to work with fungal samples and LBO1 buffer found wide appli-
cation in FCM of microalgae (Talhinhas et al. [4]; Certnerova [5]. How-
ever, new lysis buffers reflecting the specifics of particular groups of
microorganisms still need to be developed. The lysis buffer may be
further supplemented with PVP (polyvinylpyrrolidone) and/or with
mercaptoethanol [7]. In addition, Talhinhas and colleagues [4]
suggested using a lower concentration of propidium iodide, however,
still adequate enough to properly stain the sample nuclei. It is also
convenient to visualize measurements on a side-scatter versus fluo-

rescence plot and apply gating to distinguish population of nuclei from

a background noise if needed, as was also highlighted by the authors.
In case of problematic plant or animal sample, alternative tissue/organ
might help, though, this is not a possibility for most microorganisms
(except few rare cases). However, despite a great effort, analyzing
organisms with small genomes usually leads to higher CVs and, there-
fore, the criteria on acceptable precision of FCM analysis should not
be generally as stringent.

Talhinhas and colleagues [4] further discussed the lack of appro-
priate FCM standards, which is yet another important issue accompa-
nying analysis of small genomes. In recent years, the number of newly
introduced FCM standards is slowly rising up, with, for example, Sac-
charomyces cerevisiae, Aspergillus fumigatus or Chlamydomonas rein-
hardtii possessing very small genome sizes (1C values of 24.1, 29.2,
and 0.12 pg, respectively; [8, 9]). In the previous work, Talhinhas
et al. [10] introduced additional fungal FCM standards with various
genome sizes. Even so, there is still a dearth of FCM standards suit-
able for microorganisms, with those already introduced not easily
accessible, leading to a frequent use of suboptimal standards such

as chicken red blood cells or plant standards. However, these are
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biologically different and could be therefore influenced differently
from analyzed sample resulting in change of sample and standard
peaks proportion.

When evaluating FCM outputs, we might have to deal with
some additional challenges. The DNA content data are available for
only a fraction of microorganisms and thus the range of genome size
variation is widely unknown but often more diverse than expected.
Fungi particularly are known for their high degree of genome size
plasticity. Additionally, dearth of knowledge on life cycles of the
studied organisms may lead to misinterpretation of detected fluores-
cence peaks in FCM histograms. Some fungal species are even
heterokaryotic, that is, possessing multiple different-sized nuclei,
and hence generating several G, peaks [11]. Further, variations in
chromosome number and chromosome size seem to be the rule
rather than the exception [12]. Unfortunately, chromosome counts
are generally problematic in microorganisms due to the small size of
their cells and asynchronous cell division. This also had an impact on
missing ploidy level data.

In contrast to other groups of microorganisms, fungal genome
size data are listed in their own database [3]. Talhinhas and col-
leagues [4] analyzed these data from many different angles. They
highlighted that the majority of genomes size data were obtained
using WGS or static microscope-based cytometry methods, and
only less than 5% were obtained with FCM. More frequent employ-
ment of FCM might thus allow researching high resolution esti-
mates. The authors further pointed out several interesting
correlations. Among others that fungal evolution toward plant
mutualism or parasitism seems to be accompanied by genome size
expansion and fungi interacting with plants thus possess bigger
genomes when compare to saprotrophs or those interacting with
animals. Similarly interesting associations with genome size were
found also in different groups of microorganisms, for example, cor-
relation of genome size with growth rate and nutritional modes in
chrysophytes [13, 14]. However, much more is still waiting to be
discovered with more DNA content data available for microorgan-
isms. This could be achieved with more routine use of FCM in
microorganism research so | fully support the authors' call for more
frequent applications of FCM in fungal research (as well as in other
microorganism studies). | also believe many of these tips might find
their use in other FCM applications on microorganisms, such as
detecting autofluorescence or testing cell viability.
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