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Abstract 

In this study, a novel approach was developed to increase the intracellular trehalose concentration in M. brunneum 
blastospores by uptake from the medium, improving their desiccation tolerance. Briefly, placing the blastospores 
in a hypotonic environment induced solute excretion, allowing significantly increased trehalose uptake during sub‑
sequent trehalose treatment. Conductivity changes and GC–MS analysis revealed that glycerol and lactate excre‑
tion is triggered in a hypotonic NaCl solution. After hypotonic + trehalose treatment, intracellular glycerol, lactate, 
and glucose levels increased, while other desiccation-protective solutes remained unaffected. A fluorescence-based 
single-cell analysis of membrane stress and death during osmotic desiccation and rehydration showed that mem‑
brane stress and cell death were strongly amplified upon rehydration. Trehalose treatment reduced this amplification, 
while hypotonic + trehalose treatment minimised cell death and prevented a stress response during rehydration, 
though it increased membrane stress during desiccation. Newly formed germ tubes were identified as critical points 
of membrane failure during desiccation. Ultimately, the drying survival of blastospores was significantly improved 
by the hypotonic + trehalose treatment compared to untreated or trehalose-only-treated blastospores. In summary, 
this technique successfully enhanced blastospore desiccation tolerance and could be adapted to load cells with other 
solutes.
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Graphical Abstract

Introduction
Globally shifting climate conditions threaten safe and 
predictable crop production [1], necessitating increased 
pesticide use [2–4]. Simultaneously, an increasing num-
ber of fertilisers and pesticides are being outlawed yearly 
due to previously unknown risks to health and the envi-
ronment [5]. As a result, the relevance of biological crop 
protection has steadily and globally increased [6]. Eco-
friendly and sustainable approaches, such as biocontrol 
products, offer alternatives to the (over)use of conven-
tional pesticides based on potentially harmful chemicals 
[7]. These include naturally occurring predators, micro-
bial endophytes and entomopathogens, pheromones, 
extracts, or the like [7]. Biocontrol agents with live active 
ingredients especially suffer from limitations in storage 
stability. To compete commercially, a shelf life of approxi-
mately 1 year at room temperature should be guaranteed 
with minimal associated expenses [8–10]. For live fun-
gal active ingredients, this requirement of commercial 

viability leaves drying as the sole option for increasing 
product longevity.

Metarhizium brunneum blastospores, which can be 
applied for crop protection and enhance plant nutrient 
uptake, are an excellent example of a fungal biocontrol 
agent that significantly suffers from viability loss dur-
ing drying and storage [11–13]. Like many endophytic 
entomopathogenic fungi (EEPFs), M. brunneum forms 
blastospores within an insect host. Their purpose is to 
rapidly multiply and starve the host of nutrients, leading 
to host death by mycosis [14]. A thin, flexible, nutrient-
permeable cell wall [15, 16] and transmembrane sugar 
transporters [17–23] facilitate accelerated nutrient 
uptake. While these adaptations suit the parasitic lifecy-
cle phase of many EEPFs, there is a trade-off in protection 
against abiotic stressors that are not typically encoun-
tered within the insect hemocoel. As a result, blasto-
spores have severely reduced desiccation tolerance and 
are generally unsuited as live biocontrol agents. However, 
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their high growth rates in submerged fermentation, along 
with comparable or even greater infectivity than conidia 
or mycelium, make them industrially appealing [24–31].

In naturally desiccation-tolerant microorganisms, tol-
erance is achieved by several synergistic mechanisms [14, 
32]. Compatible solutes, for example, protect proteins 
from aggregation by preferential exclusion [33–36], vit-
rification of the cytosol drastically decreases molecular 
motion [35–37], water replacement prevents membrane 
phase transition [38–40], and intrinsically disordered 
proteins have various other beneficial effects on cells 
during water stress [41–44]. The disaccharide trehalose, 
abundant in all known desiccation tolerant species, plays 
a central role in three of these mechanisms. It is a com-
patible solute [32, 45] and water replacer [38–40, 46] and 
induces vitrification in low water scenarios [36, 47]. Nat-
urally, the efficacy of these modes of action in improving 
desiccation tolerance is concentration dependent [32, 36, 
48–53].

Increasing the intracellular trehalose concentration in 
EEPF blastospores is typically achieved through hyper-
tonic stress during fermentation [54, 55] and has become 
a standard practice in their production [26, 31, 56, 57]. 
A novel approach that relies on the natural ability of 
cells to regulate turgor pressure as a response to envi-
ronmental hyper- or hypotonic shifts [32] and exploits 
the ability of blastospores to take up sugars quickly will 
be discussed in this study [17–23]. When cells are placed 
into a hypotonic solution, water will be imported, and 
select nonessential solutes are excreted to adapt to the 
new tonicity [58–60]. If these same cells were then placed 
into a hypertonic solution of trehalose, the disaccharide 
would be taken up by the cell alongside a water efflux 
from the cell, to regain osmotic homeostasis [17–23]. 
Hypothetically, cells should be able to accumulate tre-
halose at higher concentrations from the solution than 
without the preceding loss of other solutes via hypotonic 
treatment.

We hypothesise that by employing this technique, the 
intracellular trehalose level of M. brunneum blastospores 
can be significantly increased in general and compared 
to trehalose incubation without hypotonic pretreatment. 
Additionally, we expect this increase in intracellular tre-
halose to directly translate into an increased desiccation 
tolerance of M. brunneum blastospores. Furthermore, 
we investigate the amount and type of solutes excreted 
from the blastospores. In tandem with the hypotonic 
treatment, we will closely monitor dehydration processes 
of the treated cells with a powerful fluorescence-aided 
microscopic analysis, as employed in chip based micro-
fluidic cultivation setups [61]. The small scale of micro-
fluidics allows for high-replicate online monitoring, 
providing deeper insights into the treatment’s effects on 

the dehydration and rehydration process, as well as iden-
tifying critical time points or conditions where damage 
may occur.

The idea to ‘empty’ cells prior to ‘loading’ them with 
trehalose is a novel approach to impart desiccation tol-
erance and is described for the first time. It potentially 
enables higher intracellular trehalose mole fractions than 
naturally achievable by the organism via conventional 
preconditioning techniques. Furthermore, this approach 
should be applicable to all hypoosmotic stress-tolerant 
cell types with the ability to exchange solutes and is, 
therefore, potentially relevant to other microbiological 
and biotechnological fields as well.

Materials and methods
Aerial conidia production and harvest
Metarhizium brunneum CB15III was grown at 25  °C on 
potato dextrose agar (PDA, 39  g/L, Roth X931.2) plates 
until completely sporulated. The conidia were knocked 
or brushed loose with a sterilised brush and suspended 
by flushing the plates repeatedly with 0.1% Tween 80 
(Carl Roth 9139.1). This conidial suspension was trans-
ferred from the plates into 1.5  mL reaction tubes (Star-
lab, TubeOne S1615-5500). These were stored at 4 °C for 
up to 2  weeks. All steps were carried out under sterile 
conditions.

Blastospore production
A preculture was obtained by inoculating a baffled 
250  mL shaker flask filled with 75  mL fermentation 
medium (40 g/L AniPeptTM Animox; 55 g/L D-glucose 
monohydrate, Roth 6887.3; 70  g/L polyethylene gly-
col 200, Roth 2631.2; pH = 5.5, aW = 0.987) with 1  mL 
of aerial conidia suspension to a final concentration of 
1 × 105/mL and shaking at 150  rpm and 25  °C (IKA KS 
4000 ic control) for 48 h. Shaker flasks, including biologi-
cal replicates, were inoculated with 5% of the preculture 
and cultivated for 96 h under the same conditions and in 
the same medium as the preculture. This protocol was 
adapted from Krell, Jakobs-Schoenwandt [62]. Imme-
diately after cultivation, the cultures were vacuum fil-
tered through 12–15-μm paper filters (VWR 516–0350) 
to remove all mycelium; 40 mL were collected in 50 mL 
centrifuge tubes (Greiner Bio-One, 227,270), cooled to, 
and kept at 4  °C. To remove the spent culture medium, 
the blastospore suspensions were centrifuged (5  min, 
2150 × g, 4  °C) and resuspended in pre-cooled 9  g/L 
sodium chloride solution (153  mM) (NaCl, Carl Roth 
P029.3) three times. Keeping the cells at 4 °C was crucial 
to prevent unwanted solute excretion. All steps were car-
ried out under sterile conditions.
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Hypotonic and trehalose incubations
For the hypotonic and trehalose incubations, blasto-
spore suspensions were centrifuged as described above 
and resuspended in a solution of either 0.72  g/L NaCl 
(12.32  mM, pH ca. 5.5 (not adjusted)) or 100  g/L tre-
halose dihydrate (260  mM) (GOURMET VERSAND, 
13,779, pH 5.5 (adjusted with 100  mM NaOH or HCl)) 
in ultrapure water. Then, they were slowly shaken for 
20 min at 20 °C to avoid sedimentation. The blastospores 
were washed thrice before transfer from the hypotonic to 
the trehalose solution. All steps were carried out under 
sterile conditions. Table 1 displays the different treatment 
procedures referred to in the manuscript. Hypotonic 
treatment is sometimes referred to on its own but is usu-
ally conducted as part of the hypotonic + trehalose treat-
ment except in the solute efflux conductivity analysis.

Dehydration and rehydration
Dehydration took place in detached and sterilised lids 
of 1.5 mL reaction tubes (Starlab, TubeOne S1615-5500) 
filled with 100 μL of blastospores suspended in 9  g/L 
NaCl or 100  g/L trehalose. The lids were then simul-
taneously air dried in a 45 L container with an air flow 
of 10 L/min and 5% relative humidity (rh). All samples 
were dried at 20 °C to a water activity of 0.30–0.35 (Lab-
Master-aw, Novasina) or for a maximum of 48  h. The 
drying apparatus was constructed of a transparent, lid-
ded container (Samla 45 L, Ikea), installed with an inlet 
hose nozzle and an outlet hole of 3 mm diameter. The lid 
was sealed against the container with silicone paste and 
secured with weights. The air was provided via an in-
house air compression system that dehumidified the air 
to 5% rh was and connected to the container inlet nozzle 
via air tubing and a gas flowmeter (1–10 L/min, Joyzan). 
The air was sterile filtrated (Midisart™ 2000 PTFE Air Fil-
ter, Sartorius) before the inlet nozzle.

To rehydrate dried blastospores, the lidless reaction 
tubes were filled with 1 mL of 9 g/L NaCl at 20  °C, and 
the lids with the dried blastospores were carefully placed 
upon them. The tubes were then immediately inverted 
and vortexed in this position for 1  min or until all dry 
residue from the lid was dissolved or suspended. All steps 

during de- and rehydration were performed under sterile 
conditions and at 20 °C.

Cell counting
Blastospores were counted in a ‘Neubauer Improved’ cell 
counting chamber (Marienfeld Superior) at × 40 magni-
fication using a transmitted-light microscope (Axiostar 
Plus, Zeiss).

Viability/CFU analysis
The blastospore viability was determined via CFU analy-
sis. Blastospore suspensions were diluted in 9  g/L NaCl 
solutions to a total amount of approximately 200 viable 
blastospores per PDA plate. Sensible dilution factors 
were determined by cell counting and estimation of sur-
vival rates based on pre-experiments (data not shown). 
Prior to drying, reference samples were taken from all 
replicates and plated at 200 blastospores per plate to 
determine the viability of the drying process. The plates 
were sealed with PARAFILM® and kept at 25 °C for 96 h, 
until all colonies were visible and easily countable. The 
plates were checked again after another 24 h if any colo-
nies were missed. The colonies on all plates were counted 
and survival was determined for all samples utilising the 
reference samples. All samples were plated and counted 
in duplicate in addition to the experimental replicates. 
All steps were carried out under sterile conditions. In 
case of dried and rehydrated blastospores, the CFU anal-
ysis immediately followed rehydration.

Solute efflux conductivity analysis
For the solute conductivity analysis, lyophilised blasto-
spores were suspended in 30  mL of 154  mM NaCl at 
either 1 × 107, 5 × 107, or 1 × 108 viable blastospores/mL 
at 20  °C in 50  mL centrifuge tubes. The conductivity 
( σini ) of the suspension was measured (Thermo Orion™ 
STAR A3295), and two 10 μL samples were taken for 
viability determination ( viab. ). Then, the blastospores 
were pelletised by centrifugation (5 min, 2150 × g, 4  °C), 
27.6  mL of the supernatant were removed, replaced 
with ultrapure water (Elix Advantage 5, Merck), and the 
blastospores were resuspended, resulting in a 0.72  g/L 
NaCl (12.32  mM) solution/suspension. After slow shak-
ing for 20 min at 20  °C, the conductivity was measured 
again ( σhyp ) and two 10 μL samples were taken for via-
bility determination ( viab. ). The blastospores were then 
autoclaved and rigorously vortexed for 2  h with 10  mL 
of 0.5  mm glass beads, and another conductivity meas-
urement was taken ( σdead ). The cell disruption was con-
firmed microscopically. The procedure was performed in 
quintuplicate for every concentration and a cell free con-
trol ( σctrl ) and repeated twice with similar results (Sup-
plementary Materials 1).

Table 1  The different treatment procedures applied to M. 
brunneum blastospores, referred to throughout the study. All 
treatments were administered for 20 min

Trehalose (tre. 
treat)

Hypotonic (hyp. 
treat.)

Hypotonic + trehalose 
(hyp. + tre. treat.)

1. 100 g/L trehalose
aW = 0.988

0.72 g/L NaCl
aW = 0.997

12.32 mM NaCl
aW = 0.997

2. - - 100 g/L trehalose
aW = 0.988
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The delta conductivities shown in Fig. 1 were calculated 
using the following formulae.

Finally, the percentage of released solutes was deter-
mined as follows: %rs = dσhyp

dσdead
∗ 100. 

GC–MS analysis of solutes
For GC–MS solute analysis, blastospores in quadru-
plicate biological replicates were harvested and either 
trehalose or hypotonic + trehalose treatment was con-
ducted in 50 mL centrifuge tubes filled to 30 mL imme-
diately after harvest. The blastospores were neither 
resuspended in NaCl nor cooled to 4 °C. Samples were 
taken immediately after harvest (untreated control), 
after trehalose treatment (tre. treat.), and during hypo-
tonic + trehalose treatment after the hypotonic incu-
bation (hyp. treat.) and after the trehalose incubation 
(hyp.+ tre. treat.).

For sampling, 2  mL of blastospore suspension was 
transferred to 2  mL reaction tubes and washed with 
70  g/L ice cold PEG200 (1.5  min, 2150 × g, 4  °C). The 
suspended blastospores were pelletised, the supernatant 
thoroughly decanted, and the pellet immediately fro-
zen in liquid nitrogen. The pellets were then lyophilized 
(Christ, Osterode am Harz, Germany), and the dry weight 
was determined for normalisation. Subsequently, the 
metabolites were extracted and derivatised. For this pur-
pose, the blastospore pellet was first mixed with 10 μM 
ribitol in 1 mL 80% MeOH and then ribolysed (Precellys 
24, Bertin Technologies SAS, Montigny-le-Bretonneux, 
France). After subsequent centrifugation, the supernatant 
was dried in a nitrogen stream and derivatised using the 
Gerstel robot (MPS Robotic, Mülheim an der Ruhr, Ger-
many) in a 2-step procedure. This included first the addi-
tion of 75 μL of a 30 mg/mL methoxylamine in pyridine 
solution followed by a 90  min reaction at 37  °C and an 
addition of 75 μl MSTFA (Macherey–Nagel, Düren, Ger-
many) with a 30 min incubation time at 37 °C.

The derivatised samples were analysed by gas chro-
matography-mass spectrometry (GC–MS; Trace 1310 
GC coupled to a TSQ9000 mass spectrometer, Thermo 
Fisher Scientific, Dreeich, Germany) in electron impact 
positive ionisation mode at 70  eV. For separation, an 
OPTIMA 5  ms column (30  m × 0.25  mm i.d. 0.25  μm, 

(1)
dσhyp =

σhyp − σini − mean σhyp,ctrl − σini,ctrl − (σdead ∗ 1− viab.)

viab.

(2)dσdead = (σdead − σini)−
(

mean
(

σdead,ctrl − σini,ctrl

))

Macherey–Nagel, Düren, Germany) with a helium flow 
of 1  mL/min was used. A sample volume of 1 μL was 

injected at 250  °C in splitless mode at a transfer line 
temperature of 250  °C. The temperature programme 
was set to 80 °C for 3 min, followed by a ramp of 5 °C/
min to 325 °C. Masses from 50 to 750 m/z were meas-
ured in full scan mode. Additionally, blank samples 
without biological material and reference metabo-
lites were measured, and retention indices [63] deter-
mined. The solutes were identified by comparison of 
their retention indices, mass spectra, and characteris-
tic qualifier and quantifier masses to references (most 
of them listed in Plassmeier, Barsch [64]), the Golm 
metabolome database [65, 66], as well as mass spec-
tral and retention time index libraries [67]. Any refer-
ence substances were purchased from Sigma-Aldrich, 
Merck, Roth (Karlsruhe, Germany) or Macherey–Nagel 
(Düren, Germany). Peaks not occurring in the blanks 
and with a signal-to-noise ratio of at least 3 were quan-
tified in terms of peak areas in relation to the internal 
standard ribitol and the pellet dry weight with the soft-
ware Xcalibur (Version 4.2, Thermo Fisher Scientific, 
Dreeich, Germany) considering only peaks occurring 
in at least 50% of the replicates of one treatment. Peak 
areas were transformed by log (peak area + 1).

The fold change of the normalised solute peak areas 
of all treatments were calculated in relation to the con-
trol peak areas. To facilitate visualisation in Fig. 2, a base 
10 logarithmic scale was chosen, equally displaying the 
ranges from 0.1 to 1 and 1 to 10, wherein all fold changes 
were encompassed.

Lastly, trehalose standards were measured separately 
but with the same column and method to approximate 
the amount of intracellular trehalose. The standards con-
tained 0.2 ng, 2 ng, 20 ng, 200 ng, 2000 ng, and 20,000 ng 
of trehalose.

Microfluidic analysis
Microfluidic chip fabrication, flow profile establishment, 
and all other preparations were done in accordance with 
Blöbaum, Täuber [68]. In short, a polydimethylsilox-
ane (PDMS)-chip was fabricated, containing the micro-
fluidic structures. The structures are a modification of 
previously published dynamic microfluidic single-cell 
cultivation designs, enabling the switching between 
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four different media conditions [69]. Another modifica-
tion was the spatial separation between the control and 
switching cultivation structures, which now contain 6 
arrays of 23 growth chambers each. The experimental 
treatments were conducted in the centre structure, while 
the outside structures were used as dedicated positive 
and negative controls. The growth chamber dimensions 
were 90 × 0.7 × 80  μm (width × height × length), and the 
channel height was 11 μm.

The chip was placed into the temperature-controlled 
incubation cage (OKO-H201, OKO Lab) of an automated 
inverted microscope (Nikon Eclipse Ti2, Nikon). The 
chip was loaded with 1 × 107/mL blastospores, all in- and 
outlets were connected to the media reservoirs or waste 
collection, the temperature was set to 25 °C, and suitably 
loaded chambers for live cell imaging during the experi-
ment were identified. Twelve chambers were chosen for 
the treatment and 6 for every control. All chosen cham-
bers contained at least 6 and up to 43 blastospores. The 
final sample size (total number of cells) is given in the 
description of Fig. 3.

Phase-contrast and fluorescent images were taken 
every 10 min using a 100 × oil objective (CFI P-Apo DM 
Lambda, Nikon) and two filters: GFP (Ex 472/30; DM 
495; Em 520/35, Nikon) and mCherry (Ex 562/40; DM 
593; Em 640/74, Nikon). Phase-contrast images were 
captured for 80  ms at 10% intensity using the micro-
scope’s DIA illumination, GFP images were captured for 
20  ms at 15% intensity, and mCherry images for 20  ms 
at 10% intensity using a LED-based light source for epis-
copic fluorescence (Sola SE II Set, Lumencor). All experi-
mental solutions contained 1  μg/mL propidium iodide 
(PI) and 1.5  μg/mL bis-(1,3-dibutylbarbituric acid) tri-
methine oxonol (BOX), adapted from Simonin, Beney 
[70] and Krämer, Wiechert [71] and were sterile filtrated 
before use. Changing the pressure on the pressure-driven 
pumps (Line-up EZ series, Fluigent) enabled dynamic 
solution changes in the chip’s centre cultivation struc-
ture. The image acquisition was terminated after 40 h for 
hypotonic + trehalose treatment and after 70  h for tre-
halose treatment and untreated blastospores; however, 
only the approximately first 15 h are reliable for measure-
ments due to excess mycelium growth and channel plug-
ging. Every treatment was conducted on a separate chip. 
Table 2 details the treatment procedures.

The analysis of the .nd2 image files created by the 
microscope software (NIS Elements AR) was performed 
with Fiji [72]. The file of each treatment was split into 
three-channelled hyperstacks of single growth chambers 

at select timepoints. All growth chamber images were 
stabilised and all blastospores within a chamber were 
manually and individually selected as regions of interest 
as well as three continuously cell-free background areas 
in every chamber. Finally, with the integrated density, 
area of the selected cell, and the mean grey value of the 
background, all given by Fiji’s ‘measure’ command, the 
corrected total cell fluorescence (ctcf ) was calculated for 
every blastospore [73].

Drying survival analysis
To determine the influence of the treatments on blasto-
spore drying survival, trehalose-treated, hypotonic + tre-
halose-treated, and untreated (control) blastospores were 
dried and rehydrated in quintuplicate, and the viability of 
every replicate was determined via colony forming units 
(CFU) analysis. The experiment was repeated twice with 
the same results.

Statistical analyses
All statistical analyses were conducted in R [74–78]. For 
the solute efflux analysis, linear regressions were per-
formed on the delta conductivity. An interaction term 
for ‘death/destruction’ was included to identify a signifi-
cant difference between ‘hyp.treat.’ and ‘death/destruc-
tion’. The values for p, F, n, and R2 for the regressions as 
well as the p-value of the interaction term are included 
in figure descriptions. The datasets of the GC–MS analy-
sis were analysed via ANOVA. A Shapiro–Wilk test was 
performed to test for normal distribution of the residuals 
and a Levene test was performed to test for homogeneity 
of variances. If normal distribution of the residuals was 
not given, a Kruskal–Wallis test with a posthoc Dunn’s 
test was performed instead. If the variances were inho-
mogeneous, a Welsh ANOVA with a pairwise t-test was 
performed instead. If the residuals were normally distrib-
uted and the variances were homogenous, the ANOVA 
results were analysed with a posthoc Tukey test. A gener-
alised linear model (family = quasibinomial) was used to 
identify significant differences in the proportional viabil-
ity data of the drying survival analysis. Significant differ-
ences in figures are indicated by lowercase letters or in 
the figure descriptions. Values for p and n are denoted in 
the respective figure descriptions.

Results
The treatment described in this study relies on three sep-
arate conditions that, to successfully improve desiccation 
tolerance, must be satisfied in succession. (i) The blasto-
spores must excrete significant amounts of solutes in the 

ctcf = integrated density − (area of selected cell ∗ mean background fluorescence)
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hypotonic environment. (ii) Trehalose must be taken up 
in significant quantities. (iii) The absorbed trehalose must 
protect the blastospores during drying and rehydration. 
Not only must these conditions be satisfied, but they 
should also ideally result in greater viabilities compared 
to a simple trehalose incubation. The conducted experi-
ments were chosen to test these hypotheses step by step.

Solute efflux conductivity analysis
To discover the extent to which blastospores shed solutes 
in the hypotonic environment, the change in conductiv-
ity of a low salt medium was monitored, after blastospore 
transferal and subsequent destruction. These conductiv-
ity changes are shown in Fig. 1.

Figure  1 details the conductivity changes of blasto-
spore dispersions after the initial hypotonic treatment 
(partial solute excretion) and then after cell destruction 
(complete solute release) for three different blastospore 
concentrations. The conductivity increased with blasto-
spore concentration following both hypotonic treatment 
and cell destruction. However, while the blastospore 
concentration quintupled (1 × 107/mL → 5 × 107/mL), 
the delta conductivity increased 3.6-fold for shocked 
and 3.5-fold for killed/destroyed blastospores. Likewise, 
a doubling in concentration (5 × 107/mL → 1 × 108/mL) 
only led to a 1.6-fold and 1.7-fold increase in delta con-
ductivity for shocked and killed/destroyed blastospores, 

respectively—approximately 70% to 85% of the expected 
increases.

Cell destruction after hypotonic treatment uniformly 
increased the delta conductivity by approximately 21–24% 
for every sample, independent of blastospore concentra-
tion, implying a release of approximately 76–79% of all 
charged internal solutes during hypotonic treatment.

GC–MS analysis of solutes
GC–MS analysis was conducted for a broad spectrum of 
solutes to gain insight into the nature of released solutes. 
Figure  2 shows the fold changes in the intracellular con-
centrations of trehalose, glycerol, lactate, mannitol, and 
glucose after hypotonic treatment, trehalose treatment, 
and hypotonic + trehalose treatment compared to the 
untreated control. The fold changes of maltose and ribose-
5-phosphate are shown in the Supplementary Materials 2.

Figure 2 shows the fold changes of blastospores’ intra-
cellular concentration of trehalose and other intracel-
lular metabolites after treatment, hypotonic treatment, 
and hypotonic + trehalose treatment. The hypotonically 
treated blastospores were sampled from the same set of 
blastospores that was trehalose treated afterwards as part 
of the hypotonic + trehalose treatment.

In general, hypotonic treatment caused a significant 
decrease in glycerol and lactate concentration and no signif-
icant increases. Trehalose-treated blastospores contained 

Fig. 1  The conductivity increase (delta conductivity) that occurred due to blastospore solute release after media dilution from 154 mM NaCl 
to 12.32 mM NaCl (hypotonic shock) and after blastospore death and integrity disruption by heat and mechanical stress (death/destruction). The 
blastospore concentrations are shown on the unscaled x axis. No blastospores were present in the control. The data was normalised to the control 
and the survival rates after hypotonic shock were accounted for in the calculations. n = 5. According to linear regression, the blastospore 
concentration had a significant influence on the delta conductivity of hypotonic shock (adj. R2 = 0.8928 F1,18 = 159.2; p = 2.239−10) and death/
destruction (adj. R2 = 0.9659 F1,18 = 538 .4; p = 7.306−15). The effect of concentration was modified by death/destruction of the cells (p = 0.00269). All 
outliers were included in the linear regression and interaction term
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significantly more trehalose and glucose than the control. 
Compared to hypotonic treatment, trehalose treatment sig-
nificantly increased trehalose, glycerol, lactate, and glucose 
concentrations. After the completed hypotonic + trehalose 
treatment, trehalose, glycerol, lactate, and glucose concen-
trations were significantly increased compared to the con-
trol and compared to trehalose treatment. After hyp. + tre. 
treatment, blastospores contained approximately 9.98  μg/
mg trehalose per blastospore dry weight.

Overall, trehalose treatment only affected trehalose 
and its metabolite glucose. The hypotonic incubation, as 
expected, induced significant decreases of select solutes, 
in this case lactate and glycerol. Most solutes, however, 
were unaffected. Only when the hypotonic incubation 
was followed by a trehalose incubation in hyp. + tre. 
treatment, trehalose, glucose glycerol, and lactate con-
centrations increased significantly.

Emulated drying process on single‑cell level
With its unique ability to preserve cell membrane fluidity 
in a dehydrated state, trehalose can protect cells from the 
strong physical forces acting on their, then typically rigid, 
cell membrane during rehydration [38–40, 46]. Microflu-
idic single-cell cultivation was chosen to confirm this mode 

of action’s compatibility with M. brunneum blastospores, 
to quantify this effect, and to gain a more detailed under-
standing of the impact of the hypotonic + trehalose treat-
ment on blastospores in general. The emulation of a drying 
process by osmotic de- and rehydration in the microfluidic 
environment enabled fluorescence-based membrane stress 
and death marking during all steps of the de- and rehydra-
tion procedure. The fluorescence signal progression of the 
stress and death markers is depicted in Fig. 3a.

Figure  3a shows the mean corrected total cell fluores-
cence of stained blastospores, dependent on the treatment 
and the progress of the desiccation process. PI fluores-
cence (red) indicates cell death, while BOX fluorescence 
(green) indicates membrane stress/depolarisation. There 
was a 20  min offset between the untreated blastospores 
(dotted lines), tre. treat. (dashed lines), and hyp. + tre. 
treat. (solid lines) graphs, with the hyp. + tre. treat. graph 
beginning at t = 0  min, the tre. treat. graph beginning at 
t = 20 min, and the control graph beginning at t = 40 min. 
This accounted for the control and tre. treat not being sub-
jected to the hypotonic incubation and the control also not 
being subjected to the trehalose incubation. For all treat-
ments, dehydration uniformly began at 2 h and 40 min. All 
treatment procedures are outlined in Table 2.

Fig. 2  Depicted is the fold change of GC–MS normalised peak areas of intracellular solutes to the untreated control (red dashed line) after, trehalose 
treatment, hypotonic treatment, or hypotonic + trehalose treatment. The red transparent area along the control line indicates the interquartile 
range concentrations of the untreated control. Lowercase letters indicate significant differences between the same solutes after the different 
treatments and to the control, but not to other solutes (n = 4, p < 0.05). Exact p-values, F-values, and employed tests for every solute are given in the 
Supplementary Materials 2
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Most striking is the universally sharp increase in PI-ctcf 
immediately following rehydration. The untreated PI-ctcf 
increase upon rehydration was 12.8 times greater than 
after trehalose treatment and 45.9 times greater than after 
hypotonic + trehalose treatment. This PI-ctcf progression 
was only somewhat mirrored by the BOX-ctcf. While the 
untreated and tre. treat. BOX-ctcf also increased sharply 
upon rehydration, the hyp. + tre. treat. BOX-ctcf even 
decreased. Overall, the resulting untreated BOX-ctcf was 
5.5 times greater than after trehalose treatment and 27.4 
times greater than after hypotonic + trehalose treatment. 
The osmoprotective properties of trehalose could already 
be seen during the desiccative phase, in which the untreated 
blastospores’ mean PI-ctcf steadily increased, while that of 
treated blastospores did not. Membrane stress universally 
increased during the desiccation. Interestingly, hyp. + tre.-
treated blastospores suffered higher membrane stress than 
trehalose-treated blastospores. Both treatments, however, 
prevented much desiccative stress, when compared to 
untreated blastospores with the untreated BOX-ctcf being 
5.2 times and 2.5 times higher than that of tre. treat. and 
hyp. + tre. treat, respectively. Lastly, the hypotonic + treha-
lose treatment initially negatively affected the blastospores, 
as stress levels spiked during both incubations. This evi-
dently stressful hypo-to-hypertonicity switch could have 
also caused the elevated BOX-ctcf during desiccation.

Interestingly, trehalose-treated blastospores only con-
tained 1.7 times less trehalose (Fig. 2) than hypotonic + tre-
halose-treated blastospores but displayed 5.0 and 3.6 times 
higher BOX- and PI-ctcfs. Untreated blastospores con-
tained 4.2 times less trehalose than hypotonic + trehalose-
treated blastospores (Fig.  2) and displayed 27.4 and 45.9 
times higher BOX- and PI-ctcfs upon rehydration.

In addition to the quantification of trehalose’s protec-
tive effects, the microfluidic cultivation enabled close 
visual observation of the entire process. Figure  3b con-
sists of images of two microfluidic chambers at the end of 
the desiccation phase (t = 4.5 h). Untreated blastospores 
are shown on the left and hypotonic + trehalose-treated 
blastospores on the right. Some blastospores from both 
treatments formed germ tubes either during or before the 
experiment and predominantly those blastospores were 
fluorescent. While the germinated blastospores from 
the control almost all fluoresce with BOX and/or PI, the 

hypotonic + trehalose-treated, germinated blastospores 
mainly fluoresce with BOX at the germ tubes. There are 
two examples in the control (yellow ovals) where blasto-
spores were not uniformly fluorescent. The germ tubes 
showed a PI signal while the rest of the blastospores 
were BOX-stained or remained unstained. Two hypo-
tonic + trehalose-treated blastospores appear to be in the 
very early stages of germ tube formation, where a germ 
tube is not yet or barely visible (red oval). This phenome-
non occurred in several of the observed chambers. Other 
instances are depicted in the Supplementary Materials 3. 
In addition to being another example of the protective 
effects of trehalose, this is also the first report of a pre-
viously undiscovered vulnerability during dehydration in 
the form of newly formed germ tubes.

Increased desiccation tolerance
After showing that all conditions for the hypotonic + tre-
halose treatment to increase desiccation tolerance were 
met, treated blastospores were tested for viability in a real 
drying process. The treatments included an untreated 
control, trehalose-treated blastospores with and without 
the trehalose solution removed before drying, and hypo-
tonicity pre- and trehalose-treated blastospores with and 
without the trehalose solution removed prior to drying. 
The results are presented in Fig. 4.

Figure  4 shows a significant increase in post drying 
viability with all treatments. Simple trehalose incuba-
tion with removal of the trehalose solution increased the 
viability to 21.5%. Hypotonic + trehalose treatment and 
removal of the residual trehalose increased the viability 
to 40.5%. Not removing the trehalose prior to drying fur-
ther increased the viability to 51.5% without and 71.5% 
with prior hypotonic treatment. The control group’s via-
bility was 6.4%.

In addition to the viability, the final water activity (aw) 
of the samples was measured after drying to the target 
water activity of < 0.35 or after a maximum of 48 h. The 
results are shown in Table 3.

Besides the significant increase in viability, another 
treatment-dependent effect could be observed. Table  3 
reveals that not all samples reached the targeted water 
activity of < 0.35 within 48  h. The samples that failed to 
do so were those dried in residual trehalose with water 

Fig. 3  a The mean corrected total cell fluorescences of bis-(1,3-dibutylbarbituric acid) trimethine oxonol (BOX) and propidium iodide (PI) 
over the course of the microfluidic desiccation process of untreated, trehalose-treated, and hypotonic + trehalose-treated blastospores. The 
graph is expanded to display the first 6 h of the experiment in which the hypotonic treatment (grey background area), the trehalose incubation 
(green background area), and the high-salt desiccation (orange background area) occur. The preceding cultivation in and subsequent rehydration 
to growth medium is indicated by the blue background. The full graph is shown in a miniature view to show the development beyond 6 h. All ctcfs 
were normalised to zero at t0. b Untreated and hypotonic + trehalose-treated blastospores at the end of the desiccation (t = 4.5 h). The images are 
compositions of the phase contrast, green, and red fluorescence channel images. The yellow and red ovals enclose points of interest, specified 
in the text

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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activities of 0.460 and 0.429, respectively. After 18  h of 
drying, the water activities of the control and trehalose 
treatment reached 0.306 and 0.311, respectively. After 
19 h of drying, the water activity of trehalose + hypotonic 
treatment reached 0.349.

Discussion
The presented treatment relies on three conditions that 
must be satisfied in order to achieve the desired outcome: 
solutes must be excreted, trehalose must be taken up, and 
trehalose must be able to increase desiccation tolerance 
in M. brunneum blastospores.

The first condition was satisfied by triggering blasto-
spore solute excretion via hypotonicity. The results shown 
in Fig. 1 clearly indicate a release of internal solutes from 
the blastospores in all three blastospore concentrations. It 
is known that cells possess the ability to excrete nonessen-
tial solutes in a hypotonic environment to reinstate tonic 
homeostasis [58–60]. Likely, a charged solute is selectively 
excreted. That this solute, however, causes a conductivity 
increase approximately four times greater than all remain-
ing internal solutes, including all ions, is questionable. 

Table 2  Overview of the treatment procedures applied to M. brunneum blastospores in the microfluidic chip system

Media 
changes

Ctrl- Ctrl +  Untreated Trehalose treatment Hypotonic + trehalose treatment

0 7 M MgCl2 (∞) Medium (∞) Medium (2 h) Medium (2 h) Medium(2 h)

1 - - 7 M MgCl2 (2 h) 100 g/L trehalose(20 min) 12,32 mM NaCl (20 min)

2 - - Medium (∞) 7 M MgCl2 (2 h) 100 g/L trehalose (20 min)

3 - - - Medium (∞) 7 M MgCl2 (2 h)

4 - - - - Medium (∞)

Fig. 4  Drying survival of untreated (control), trehalose-treated (tre. treat., and hypotonic + trehalose-treated (hyp. + tre. treat) blastospores of M. 
brunneum, with the residual trehalose solution from the treatments either removed and exchanged for 0.9% NaCl or not. Lowercase letters indicate 
statistically significant differences according to a general linear model (n = 5, p < 0.05). Estimated differences of the logit model, standard errors 
and exact p-values against all treatments are given in the Supplementary Materials 4. The data was normalised to the viability of the respective 
treatment before drying

Table 3  The final water activities (aW) of the samples post drying 
and the drying duration

Treatment aW of dried 
samples

Drying duration

Untreated control, dried in 0.9% NaCl 0.306 16 h

tre. treat., dried in 0.9% NaCl 0.311 16 h

tre. treat., dried in 10% trehalose 0.460 48 h

hyp. + tre. treat., dried in 0.9% NaCl 0.349 17 h

hyp. + tre. treat., dried in 10% trehalose 0.429 48 h
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Likely, many of a blastospores internal solutes, organelles, 
and intracellular building blocks suppress electrical con-
ductivity, just as glycerol does and their combined release 
upon cell destruction dampens the expected conductivity 
increase upon cell destruction [79]. Unfortunately, there 
are no reports in literature regarding the percentage of 
solute expulsion. Conductivity changes via premature cell 
death in the ‘hypotonic shock’ phase of the experiment 
were accounted for and can therefore be ruled out as an 
influencing factor. The non-proportional relationship 
between the delta conductivities and the blastospore con-
centration could be explained by a non-linear conductiv-
ity curve of the excreted solute mixture or caused by pH 
changes, resulting in the protonation of the charged solute 
for example [80].

The GC–MS analysis then gave insight into the identity 
of the released solutes and revealed that of the analysed 
solutes, only three significantly decreased in intracel-
lular concentration after hypotonic treatment. These 
were glycerol, lactate, and ribose-5-phosphate (Fig.  2 
and Supplementary Materials 2). Whether this decrease 
in intracellular concentration is caused by metabolic 
conversion or a release is unclear. As glycerol is released 
by many yeasts and other fungi as a response to hypo-
tonic stress [58–60], the observed decrease is likely the 
result of cellular excretion but cannot cause the increase 
in conductivity in Fig.  1 [81, 82]. More likely, lactate, 
which also decreased in significant amounts, is the cause. 
It increases electrical conductivity in solutions [83] 
and, as an end product of energy metabolism, is likely 
expendable to the blastospores in hypotonic stress situ-
ations. Furthermore, there already is evidence of some 
entomopathogenic fungi being able to secrete lactic 
acid [84], pointing towards a lactate release over lactate 
metabolisation. Lastly, there was significant decrease of 
ribose-5-phosphate (Supplementary Materials 2), accom-
panied by an insignificant decrease in ribulose-5-phos-
phate (data not shown). Because of its importance in the 
pentose phosphate pathway and the parallel decrease of 
ribulose-5-phosphate, the concentration drop is likely 
caused by metabolic shifts.

The second condition was satisfied by blastospore incu-
bation in a highly concentrated trehalose solution. Here 
the GC–MS enabled trehalose uptake evaluation and, addi-
tionally, observation of the treatment’s effects on other key 
solutes involved in fungal desiccation tolerance [51, 59, 
85–89]. GC–MS analysis revealed a significant increase in 
trehalose concentration after trehalose treatment and hypo-
tonic + trehalose treatment. In both cases, this increase was 
expected, as blastospores likely incorporate trehalose as an 
energy source or to adapt to the osmolarity of the high tre-
halose concentration. Interestingly, hypotonic + trehalose 
treatment yielded a significantly higher trehalose increase 

than just trehalose treatment, lending credibility to the 
hypothesis of increased intracellular capacity after hypo-
tonic incubation. Considering all findings discussed so far, 
hypotonic + trehalose treatment appears to exchange intra-
cellular lactate for trehalose. While trehalose is a compatible 
solute, water replacer, and glass former, lactic acid is not. 
Therefore, this simple exchange is already a net benefit for 
the blastospores regarding desiccation tolerance. Further-
more, according to the water replacement hypothesis, tre-
halose is unique among compatible solutes in its ability to 
prevent cell membrane phase transition near absolute dehy-
dration [90–92], as encountered in drying processes for long 
term product storage. Typically, however, entomopatho-
genic fungi rely on a mixture of sugars and polyols to pro-
tect themselves against desiccative stress [13, 55, 85, 89, 
93]. Potentially sacrificing protectant variety to increase 
trehalose concentration could prove detrimental overall. 
Figure  2, however, shows that, mannitol, glucose, glycerol, 
and maltose (Supplementary Materials 2), all associated 
with fungal desiccation tolerance [14], do not significantly 
decrease in concentration, or even increase in concentration 
after hypotonic + trehalose treatment. The strong increase 
in glucose, mirroring the trehalose increase, hints at the 
partial metabolisation of trehalose during the hypertonic 
trehalose incubation, possibly to rebuild intracellular glyc-
erol, which also significantly increased in concentration only 
after hypotonic + trehalose treatment. Perhaps, the reverse 
and larger difference in tonicity through the hypotonic + tre-
halose treatment amplified the blastospores’ stress response, 
increasing the amount of protective molecules synthesised. 
This in turn would, as a secondary effect, further increase 
desiccation tolerance, as glycerol has been shown to amplify 
trehalose’s protective effects [47, 94]. Fine tuning the differ-
ence in tonicity and finding optimal solute compositions 
to offer after hypotonic incubation could be key to further 
increasing desiccation tolerance.

After hypotonic + trehalose treatment and the result-
ing increase in intracellular trehalose, the blastospores 
contained approximately 10 μg/mg trehalose per blasto-
spore dry weight, or 1%. Saccharomyces cerevisiae, con-
ditioned for dry storage, ideally contains approximately 
15% [95, 96], suggesting ample room for improvements 
in intracellular trehalose concentration. However, in their 
studies on increasing the intracellular trehalose content 
of Metarhizium anisopliae by optimising fermentation 
conditions and osmotic preconditioning, Hallsworth 
and Magan [97], Hallsworth and Magan [98], and Halls-
worth and Magan [99] reported only one instance of 
trehalose concentrations reaching approximately 15  μg/
mg in conidia grown on trehalose in excess. In all other 
instances, the concentrations did not exceed 8  μg/mg 
[97–99]. Krell et al. report a concentration of 0.5 μg/mg 
in M. brunneum [89]. This suggests that the capacity for 
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trehalose uptake in Metarhizium spp. in the magnitude of 
15% like S. cerevisiae is not feasible.

The last condition was shown to be satisfied in the micro-
fluidic desiccation process, utilising a fluorescent mem-
brane stress and death marker. If not properly protected, 
cell membranes undergo phase conversion during drying, 
leaving them vulnerable to rupturing and tearing dur-
ing sudden volume changes in rehydration [32, 100]. The 
blastospore cell membrane is no exception to this but can 
evidently be protected by intracellular trehalose (and glyc-
erol in hyp. + tre. treat.). The significantly smaller PI-ctcf 
response and the lack of a BOX-ctcf response of hyp. + tre. 
treat. upon rehydration confirm that trehalose’s unique 
ability to preserve membrane fluidity worked as desired in 
M. brunneum blastospores [38–40, 46]. Figures 2 and 3 sug-
gest that small increases in cellular trehalose and glycerol 
content, as a result of hyp. + tre. treat., can exponentially 
lower the experienced stress and death during rehydration.

Figure 3b revealed that blastospores during germ tube 
formation were especially vulnerable to desiccative stress. 
More precisely, the germ tube membranes appeared to be 
the point of failure during desiccation. While in hypo-
tonic + trehalose-treated, protected blastospores this was 
limited to membrane depolarisation visible through the 
influx of BOX but not PI, membrane ruptures and the 
influx of PI were visible in the control. A conceivable rea-
son could be that during germ tube formation and sep-
tation, none or only few of the protective solutes were 
transferred to the newly formed structure [101, 102]. 
However, no septation is visible in the images, and the 
localised membrane depolarisation is already visible at 
the very beginning of germ tube formation (Fig. 3b, red 
oval). More likely, as phospholipids are inserted into the 
cell membrane during germ tube growth [103] and at the 
same time enzymatic and mechanical degradations take 
place at the cell wall [104], vulnerabilities are created 
that lead to possibly fatal membrane depolarisation, even 
before rehydration. This highlights the importance of 
adequately equipping cells to deal with dehydration, but 
also reveals the importance of preventing germination 
before drying if survival is to be maximised.

A real drying process can never be fully emulated by 
osmotic desiccation. Therefore, to confirm that satisfying all 
described conditions truly increased desiccation tolerance, 
the actual drying survival of untreated, trehalose-treated, and 
hypotonic + trehalose-treated blastospores was measured 
by CFU analysis. According to Fig. 4, trehalose incubation, 
either as part of trehalose treatment or hypotonic + treha-
lose treatment, significantly increased drying survival as 
expected. Blastospores took in trehalose during incubation 
and were better set up to survive desiccation. Drying the 
samples in the residual trehalose solution delivered the high-
est viability overall. The achieved survival of 51.5% and 71.5% 

with trehalose-treated and hypotonic + trehalose-treated 
blastospores, respectively, seem like acceptable result, but 
the residual moisture content of the samples (Table 3) must 
be considered. Samples with residual trehalose did not reach 
the targeted water activity within the designated timeframe 
of 48 h. The further a cell is dried, the stronger the adverse 
effects of water loss become [14]. As a result, the samples 
with residual trehalose were exposed to less harsh condi-
tions, artificially improving their drying survival, making a 
direct comparison to samples below the target water activity 
impossible. In industrial settings, drying to a water activity 
of less than 0.35 or even less than 0.3 is desired [105]. This, 
however, clearly demonstrates the challenges of treatments 
and formulations with trehalose or other strongly hygro-
scopic substances. Trehalose impedes drying to the water 
activities necessary for storage, is prone to water reabsorp-
tion when dry [106], is sticky in intermediate moisture states 
[107], and, in this case, had to be removed from the extra-
cellular environment. In addition, any excess sugar in a for-
mulation generally promotes unwanted microbial growth if 
moisture levels increase. During storage, for example, this 
would be detrimental to product quality. Therefore, the 
removal of extracellular trehalose is generally advisable.

In both cases, whether residual trehalose was removed or 
not, hypotonic + trehalose-treated blastospores displayed 
significantly higher viability than those of only trehalose-
treated blastospores, reaching 40.5% and 71.5% respec-
tively (Fig.  4). This confirms the initial hypothesis that 
incubation in a hypotonic solution, preceding an incuba-
tion in a trehalose solution, would lead to higher viabilities, 
than just an incubation in a trehalose solution. Further-
more, the previously discussed results paint a detailed 
picture of intracellular mechanisms during and after hypo-
tonic treatment, ultimately leading to this improved drying 
stability. The reason likely being the increased trehalose 
uptake and glycerol synthesis, caused by the lactate release 
and stress during hypotonic pretreatment.

With recent application-orientated works on desicca-
tion-tolerant blastospore products reporting viabilities of 
60% to 80% [25, 26, 105, 108, 109], our achieved viability 
of 40.5%, when properly dried, falls short in comparison. 
Several factors, however, must be considered. Selection of 
strains with high out-of-the-gate desiccation tolerances, 
strain-optimised fermentation conditions, gentle drying, 
and optimal, but possibly unrealistic, rehydration condi-
tions all contributed to successfully producing desiccation-
tolerant blastospores in those examples [14]. In contrast, 
the methods at hand were chosen to ensure the observabil-
ity of the hypotonic + trehalose treatment’s effect on desic-
cation tolerance in isolation, which is necessary to properly 
evaluate the presented technique. Therefore, only simple, 
harsh de- and rehydration methods were employed with-
out any constituents. In a more meaningful comparison 



Page 14 of 17Dietsch et al. Biotechnology for the Environment             (2025) 2:1 

with similarly harsh methods, Dietsch et al. [110] achieved 
a viability of 33% by coating blastospores with polymer lay-
ers and Lorenz et al. [111] investigated the isolated effect 
of formulation additives on alginate bead formulations of 
M. brunneum and achieved a viability of 14.7% with con-
ventional polymer encapsulation. We therefore postu-
late that there is potential in hypotonic pretreatment to 
increase desiccation tolerance and that viabilities can be 
significantly improved with optimisations and a ‘best of ’ 
approach regarding the accompanying methods.

Conclusion and outlook
It could be demonstrated that even relatively small differ-
ences in intracellular trehalose concentration and solute 
composition drastically affect desiccation tolerance and 
drying survival of M. brunneum CB15III blastospores. 
Small increases in concentration have been shown to 
yield multiplicatively large improvements. Therefore, 
increasing the amount of intracellular trehalose and 
modifying the internal solute composition should always 
be critical goals in desiccation tolerance engineering. The 
presented method significantly increased the intracellu-
lar trehalose concentration, and that of glycerol, another 
key fungal solute, without losing significant amounts of 
mannitol, maltose, or glucose. Furthermore, the apparent 
metabolisation of trehalose during the trehalose incuba-
tion of the hypotonic + trehalose treatment indicated that 
the blastospores synthesised other solutes, like glycerol, 
to combat the increased osmolarity of the trehalose incu-
bation. Understanding and offering the optimum com-
position of solutes after hypotonic incubation will allow 
for a more efficient treatment and likely further increased 
viabilities post drying and rehydration. It must be noted, 
however, that such an alteration of the internal condi-
tions could affect virulence, which should be ensured 
before the application of hyp. + tre.-treated organisms as 
biocontrol agents.

The fluorescence-based observation of a desiccation 
and rehydration in a microfluidic environment confirmed 
the rehydration to be the most damaging phase of a de- 
and rehydration cycle, upon which hypotonic + trehalose 
treatment prevented membrane stress and minimised 
cell death. However, during the prior desiccation, hypo-
tonic + trehalose treatment increased membrane stress 
and cell death during compared to trehalose treatment, 
likely because of the stressful switch from a hypo- to 
hypertonic environment during hypotonic + trehalose 
treatment. Furthermore, the increased and possibly fatal 
vulnerability of germ tubes was reported for the first 
time, and prevention of germ tube formation was iden-
tified as a critical goal before drying, next to protective 
solute accumulation.
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Supplementary Material 1: Fig. 1. First experimental repeat of Fig. 1. The 
conductivity increase that occurred due to blastospore solute release after 
media dilution from 154 mM NaCl to 12.32 mM NaCl (hypotonic shock) and 
after blastospore death and integrity disruption by heat and mechanical stress 
(death/destruction). The blastospore concentrations are shown on the x axis. 
No blastospores were present in the control. The data was normalised to the 
control and the survival rates after hypotonic shock were accounted for in the 
calculations. n = 5. According to linear regression, blastospore concentration 
had a significant influence on delta conductivity for hypotonic shock (adj. 
R2 = 0.9321, F1,18 = 261.7, p = 3.623–12) and death/destruction (adj. R2 = 0.9394, 
F1,18 = 295.5, p = 1.292–12). The effect of concentration was modified by death/
destruction of the cells (p = 0.00619). Fig. 2. Second experimental repeat of 
Fig. 1. The conductivity increase that occurred due to blastospore solute 
release after media dilution from 154 mM NaCl to 12.32 mM NaCl (hypotonic 
shock) and after blastospore death and integrity disruption by heat and 
mechanical stress (death/destruction). The blastospore concentrations are 
shown on the x axis. No blastospores were present in the control. The data 
was normalised to the control and the survival rates after hypotonic shock 
were accounted for in the calculations. n = 5. According to linear regression, 
blastospore concentration had a significant influence on delta conductivity 
for hypotonic shock (adj. R2 = 0.9571, F1,18 = 424.8, p = 5.732–14) and death/
destruction (adj. R2 = 0.9322, F1,18 = 262.3, p = 3.544–12). The effect of concentra‑
tion was modified by death/destruction of the cells (p = 0.00585).

Supplementary Material 2: Fig. 3. Depiction of fold changes analogous 
to Fig. 2, with an extended range of solutes. Lowercase letters Lowercase 
letters indicate significant differences between the treatments, but not 
solutes (n = 4, p < 0.05). Exact p-values, F-values, chi2-values, and employed 
tests for every solute are given in the Supplementary Materials Table 1. 
Table 1. Statistical analyses used for GC–MS.

Supplementary Material 3: Fig. 4. More depictions of untreated (A-C) and 
hypotonic + trehalose-treated (D-F) blastospores at the end of the desic‑
cation (t = 4.5 h) with visible germ tube growth. The images are composi‑
tions of the phase contrast, green, and red fluorescence channel images.

Supplementary Material 4: Table 2. The table shows the estimate increases 
of the logit model (est.), the standard errors (se) and p-values (p) of all 
treatments of Fig. 4 towards one another. Stars indicate significance below 
p = 0,05. 1 = Trehalose treatment, 2 = hypotonic + trehalose treatment. 
A = dried in 0.9% NaCl, B = dried in 10% Trehalose. Fig. 5. First experimental 
repeat of Fig. 4. Lowercase letters indicate statistically significant differ‑
ences according to a generalised linear model (n = 5, p < 0.05). Estimated 
differences of the logit model, standard errors and exact p-values against 
all treatments are given in Supplementary Materials Table 3. The data 
was normalised to the viability of the respective treatment before drying. 
iqr = interquartile range. Table 3. Statistical analysis of Supplementary 
Materials Fig. 5. The table shows the estimate increases of the logit model 
(est.), the standard errors (se) and p-values (p) of all treatments of towards 
one another. Stars indicate significance below p = 0,05. Fig. 6. Second 
experimental repeat of Fig. 4. Lowercase letters indicate statistically 
significant differences according to a generalised linear model (n = 6, 
p < 0.05). Estimated differences of the logit model, standard errors and 
exact p-values against all treatments are given in Supplementary Materials 
Table 3. The data was normalised to the viability of the respective treat‑
ment before drying. iqr = interquartile range. Table 4: Statistical analysis of 
Supplementary Materials Fig. 6. The table shows the estimate increases of 
the logit model (est.), the standard errors (se) and p-values (p) of all treat‑
ments of towards one another. Stars indicate significance below p = 0,05.
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