
Utrecht University Repository

Title Agaricus bisporus mushrooms are supplied with water through both apoplastic
as well as symplastic routes from distinct substrate layers

Authors Herman, Koen C.; van Iersel, Guus; Dijksterhuis, Jan; Wösten, Han A.B.;
Bleichrodt, Robert Jan

Published in Fungal Biology

Publication Date 2025-10

Link https://dspace.library.uu.nl/handle/1874/478034

Citation Herman, K C, van Iersel, G, Dijksterhuis, J, Wösten, H A B & Bleichrodt, R J
2025, 'Agaricus bisporus mushrooms are supplied with water through both
apoplastic as well as symplastic routes from distinct substrate layers', Fungal
Biology, vol. 129, no. 6, 101623. https://doi.org/10.1016/j.funbio.2025.101623

Versions / License Publisher version

Rights https://www.uu.nl/en/university-library/license-and-reuse-conditions

https://dspace.library.uu.nl/handle/1874/478034
https://www.uu.nl/en/university-library/license-and-reuse-conditions


Agaricus bisporus mushrooms are supplied with water through both 
apoplastic as well as symplastic routes from distinct substrate layers

Koen C. Herman a, Guus van Iersel a, Jan Dijksterhuis b, Han A.B. Wösten a ,  
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A B S T R A C T

Agaricus bisporus is grown commercially on compost topped with a peat-based casing layer. Water is translocated 
from compost and casing to enable formation of mushrooms. Here, water translocation from casing and different 
parts of the compost into mushrooms was studied and linked to their water potential and contributing factors 
thereof: i.e. osmotic- and matric potentials. Water in the mushrooms mainly originated from the casing and to a 
lesser extent from the top and middle layers of the compost. Based on these results, alternative casing regimes 
were tested to increase mushroom production. This resulted in a total yield increase of up to 1.4-fold when the 
old casing was topped with a fresh layer of casing or when the casing was replaced after harvesting the second 
flush. Data indicate that the difference in water potential can drive passive water translocation from the casing to 
the first flush, without expending cellular energy. However during the second flush, no such water potential 
gradient is established between casing and the mushrooms, yet mushrooms still develop. The water potential in 
the compost indicates that water cannot be translocated to the mushrooms at all. Therefore, other components of 
the water potential should drive this water flow. We have indications that this component is the turgor of the 
mycelium. Moreover, we found a novel route of water translocation from casing to mushrooms via the apoplast.

1. Introduction

Agaricus bisporus is commercially cultivated in the Netherlands on a 
composted mixture of horse manure (either or not supplemented with 
chicken manure), wheat straw, and gypsum, which typically has a water 
content ranging between 57 and 63 % in the Netherlands. Compost 
colonized by A. bisporus is transported to the grower, where it is applied 
as a 20 cm thick layer and topped with a 5 cm thick peat-based casing 
layer with a water content of 80 %. After colonization of the casing layer, 
mushroom formation is induced by lowering the air temperature from 
22 ◦C to 18 ◦C and by lowering CO2 levels by ventilation. Mushrooms 
appear in at least two flushes at weekly intervals.

Water is translocated from the compost and casing during develop
ment of mushrooms, which consist of >90 % water. Water in the sub
strate is commonly replenished during cultivation as this increases the 
yield (Flegg, 1974; Kalberer, 1990a). Watering is done at regular in
tervals starting directly after the application of the casing soil. Delaying 
the start of watering increases colonization of the casing with dense 

mycelium but decreases mushroom yield (Flegg, 1975). At a certain 
moment, watering is no longer effective because colonization of the 
compost and casing by A. bisporus is accompanied by increased hydro
phobicity of the substrate. This is likely due to self-assembly of hydro
phobins (Lugones et al., 1998) into amphipathic films that expose their 
hydrophobic side towards the air within air voids in the substrate 
(Wösten, 2001). As a result, the colonized compost and casing layers 
barely absorb added water (Amsing, 1990). This raises the question 
whether water is limiting during mushroom production. Although more 
than half of the water originally present at casing is still present in spent 
compost (Gerrits, 1994), it is unclear whether this water is available for 
uptake by the mycelium.

Movement of water depends on the water potential (Ψ), which is a 
measure of potential energy of water in a system. Water flows from high 
to low Ψ, if unobstructed. Ψ of pure water is zero; therefore, Ψ in a 
biological system is usually negative. Ψ consists of several components, 
including, but not limited to, the osmotic potential (Ψosm), matric po
tential (Ψmat), and pressure potential (Ψπ) (For a more in-depth 
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explanation see Herman and Bleichrodt, 2022). Commonly, only Ψ and 
Ψosm are measured, while Ψmat or Ψπ are calculated from the difference 
between both terms. This can be done by logically excluding the influ
ence of other components. For example, Ψπ (in this case the atmospheric 
pressure) can be assumed to be the same between different areas in soil. 
Therefore, the difference between Ψ and Ψosm would (mostly) be 
explained by Ψmat of the soil.

Fungi take up water via osmosis by creating a lower Ψosm than their 
environment (Lew, 2011). This is done by synthesizing low molecular 
weight compatible solutes from larger storage polysaccharides or by 
adjusting ion homeostasis (Lew et al., 2006). Mannitol and trehalose act 
as the main compatible solutes in A. bisporus. Their levels are as high as 
14 and 38 mM in the mycelium and 302 and 18 mM in developing 
mushrooms, respectively. Fructose, glucose, and sucrose have also been 
detected but are only present in low concentrations (Hammond and 
Nichols, 1976; Wannet et al., 2000). Uptake of water from the envi
ronment increases the intracellular Ψπ, i.e. turgor, which can drive 
passive transport of intracellular water and nutrients within the myce
lium. However, this only occurs if water moves into a new area by 
exudation, evaporation, or growth at the hyphal tips (Heaton et al., 
2010; Herman and Bleichrodt, 2022).

Water content and Ψ of the compost and casing change over time 
during mushroom cultivation. The compost initially provides more 
water to the developing mushrooms than the 5 cm casing soil. However, 
mushrooms will take up gradually more water from the casing during 
development (Kalberer, 1983). Applying a thinner casing layer (3 cm) 
reduces the mushroom yield and relatively more water will be drawn 
from the compost than the casing (Kalberer, 1985). The water content in 
the compost decreases with each successive flush, with the top layer 
decreasing the most and the bottom layer decreasing the least (Kalberer, 
1985).

Ψosm (although reported as Ψ) of the casing soil was − 0.07 MPa at 
casing and − 0.26 MPa after the 2nd flush when the cultures were 
watered in between the flushes (Kalberer, 1987). Ψosm of the top and 
middle layers of the compost decreased more, i.e. from − 1.08 to − 1.35 
MPa and − 1.08 to − 1.47 MPa, respectively, while Ψosm of the bottom 
layer hardly changed (Kalberer, 1987). These measurements were later 
repeated at a commercial mushroom farm, also including Ψ (Kalberer, 
2006). Here it was shown that the middle layer had a significantly lower 
Ψ and Ψosm compared to the top and bottom layer. The Ψ and Ψosm were 
reported to decrease from − 1.71 MPa and − 1.62 MPa before the 1st 
flush to − 2.30 MPa and − 2.02 MPa after the 2nd flush, respectively. 
Again, the bottom layer decreased the least in water content, Ψ and 
Ψosm. Ψmat was calculated to be maximally − 0.3 MPa, which indicates 
that the Ψosm is the primary component of Ψ in the substrate during 
cultivation (Kalberer, 2006). Unfortunately, data on the casing soil were 
not included and the watering regime was not described. Ψosm of fruiting 
bodies is in the range of − 0.74 to − 1.35 MPa. By assuming Ψmat = 0, the 
turgor within the mushrooms was determined to be 0.3–0.5 MPa 
(Kalberer, 2006). Whether mushrooms indeed do not have a significant 
Ψmat is unknown.

In contrast to previous studies, we here systematically assessed water 
translocation from the casing and different strata of the compost into 
mushrooms as well as Ψ and Ψosm in compost, casing, and mushrooms. 
To this end, we did not water the compost and casing during the culti
vation to exclude the effects of additional water on their water potential. 
Data show that the casing, and to a lesser extent the top and interme
diate layers of the compost, mainly supply water to the mushrooms. By 
applying a fluorescent dye that is membrane impermeable to the casing, 
we found that water translocates to mushrooms via the apoplast. Based 
on the results of this study and previous findings, we propose how water 
flows into first and second flush mushrooms and tested alternative 
casing regimes to increase mushroom production. This resulted in an 
increase in total yield up to 1.4 fold under lab conditions when a fresh 
layer of casing was added on top of the old casing or when the casing was 
replaced after harvesting the second flush.

2. Materials and methods

2.1. Experimental design and implementation

In this study we employed 6 distinct experiments (Table 1) to assess 
water availability, utilization, translocation, and its effect on yield in 
A. bisporus cultivations. Moreover, we aimed to explore underlying 
mechanisms for water translocation between the vegetative mycelium 
and the mushrooms.

2.2. Strains and culture conditions

In experiment 1, boxes (17 x 27 × 21.5 cm) were filled with 2.5 kg 
PIII compost (CNC Grondstoffen, Milsbeek, the Netherlands) (i.e., PII 

Table 1 
Experimental setups used in this study and an explanation of their rationale.

Exp. Description Purpose, to 
assess:

Measurements Samples

1 Standard 
growth trials 
without 
watering

Water 
availability and 
water usage by 
A. bisporus in 
different strata in 
the cultivation.

Gravimetric 
water content, 
water potential 
and osmotic 
potential

Casing, 3 
compost 
strata and 
mushrooms

No watering was 
performed to 
isolate intrinsic 
water dynamics.

2 Differential 
casing regimes 
without 
watering

Whether casing 
water 
availability is 
limiting 
mushroom 
production after 
the second flush

Mushroom yield Mushrooms

3 Heterogeneity 
of mushroom 
tissue sections

Whether 
mushrooms 
contain areas of 
differential water 
potential, which 
could mean that 
they are 
connected to 
different 
translocation 
pathways

Water potential Mushroom 
tissue 
sections

4 Pressure plate Whether there 
exists a 
differential 
pressure 
potential 
between 
vegetative 
mycelium and 
mushrooms, that 
can drive water 
transport

Apparent weight 
exerted by 
mushrooms 
pushing into a 
glass plate and 
surface area of 
the mushrooms to 
calculate pressure

Fruiting 
culture

5 Fluorescent 
labelling of the 
casing

Whether an 
apoplastic water 
translocation 
pathway exists 
between casing 
and mushrooms

Fluorescence 
microscopy

Primordia

6 Microscopy on 
mushroom 
sections

The presence of 
air voids in 
mushrooms that 
could isolate 
areas to maintain 
their distinct 
water potentials 
and determine 
the range of cell 
types present

Light- and EM 
microscopy

Mushrooms
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compost colonized with A. bisporus strain A15; Sylvan, Netherlands), 
overlaid with 1 kg casing soil in a 5 cm thick layer (CNC Grondstoffen, 
Milsbeek, the Netherlands) (Fig. 1A) and incubated at 22 ◦C at a relative 
humidity of 85 %. Once the casing was colonized, cultures were trans
ferred to 18 ◦C at a relative humidity of 90 % to induce mushroom 
formation. Cultures were typically not watered, unless stated otherwise. 
Experiments were performed using biological triplicates.

2.3. Alternative casing regimes

In experiment 2, we applied extra water in the form of adding fresh 
casing soil to cultures to test if this enhances yield. We opted for this, 
instead of watering cultures, since watering never fully restores the 
gravimetric water content of casing, due to shrinking during the first two 
flushes and fungal colonization, rendering the casing hydrophobic. This 
also forms an avenue for only replenishing water in the form of casing 
and not to the compost.

To this end, mushrooms were grown as described above but with 
modifications. First, the old casing layer was replaced by a new layer of 
1 kg casing soil after harvesting the second flush of mushrooms, by 
manually removing the old casing in one block as a whole (Fig. 1B). In 
another treatment, a new layer of 1 kg casing soil was placed on top of 
the old casing soil, after harvesting two flushes (Fig. 1D). Alternatively, 
an extra layer of 1 kg casing soil was placed underneath the 2.5 kg PIII 
compost and the 1 kg casing soil from the start of the culture (Fig. 1C). 
After harvesting the second flush, clear distinctions between any sub
sequent flushes were not always apparent. Mushrooms were therefore 
continuously harvested when they had a diameter of 40–60 mm until no 
more mushrooms appeared.

2.4. Water- and osmotic potential & water content measurements

In experiment 1, water content, Ψ and Ψosm of compost, casing layer, 
and 1st and 2nd flush fruiting bodies were determined during the 
cropping process of A. bisporus. To this end, the 2.5 kg PIII compost was 
divided in a top, middle, and bottom layer of equal weight with fiber
glass meshes (1.5 × 2 mm mesh size). Samples were destructively taken 
at inoculation (0 d), venting (11 d), pinning (18 d), 1st flush (22 d), and 
2nd flush (32 d). Fruiting bodies, casing and compost layers were 
sampled in triplicate to determine the water content (using 2 g samples), 

Ψ (2 g samples) and Ψosm (70 g samples). Ψ (MPa) was measured with a 
dew-point potentiometer (WP4C, Decagon Devices, Pullman WA, USA). 
Gravimetric water content (%) of samples was determined by weighing 
samples before and after drying for 3 d at 60 ◦C. Except at venting, all 
layers were weighed separately. Ψosm was determined by hydraulic 
pressing (120–150 kN) the samples to obtain residual water. Osmolality 
of the residual water was measured with an osmometer (Vaprotm 5520, 
Wescor, Logan UT, USA), after which Ψosm (MPa) was calculated from: 

(1) Ψosm = -Osmolality * ρwater * R * T

where the osmolality is expressed as milliosmoles kg− 1, ρwater is the 
density of water at 22 ◦C (0.997 g cm− 3), R is the ideal gas constant 
(8.314 10− 3 L Pa K− 1 mol− 1), and T is the temperature in Kelvin (295.15 
K). The matric potential was inferred from subtracting the osmotic po
tential from the water potential. This can be justified, since other com
ponents of the water potential contribute relatively little or are constant 
in our cultivations (see Herman and Bleichrodt, 2022).

In experiment 3, we tested whether mushrooms contain zone of 
differential water potential. Therefore, water potentials of mushroom 
tissue sections were measured with an osmometer (Vaprotm 5520, 
Wescor, Logan UT, USA). Only in this case, mushrooms were derived 
from watered cultures in contrast to all other mushroom samples, that 
were derived from non-watered cultures.

2.5. Pressure generated by white button mushrooms

In experiment 4, the force exerted by the mushrooms and their sur
face area were determined to calculate the pressure generated by these 
fruiting bodies. To this end, a bespoke aluminium frame was built (34.9 
× 24.9 cm) onto which a glass plate (29.5 × 19.5 cm) was fixed to an 
adjustable height (see Fig. S1). A bespoke scale was created by con
necting a load cell (maximum load 5 kg) to a HX711 amplifier connected 
to a Wemos D1 Mini ESP8266. The weight data were pushed every 10 s 
to a Blynk server (https://blynk.io/) via WiFi, where data could be 
monitored in real-time and downloaded. The load cell was inserted into 
a kitchen scale. During the experiment a timelapse camera (TLC200 Pro, 
Brinno, Taipei, Taiwan) was mounted above the glass plate to determine 
the area of contact of the mushrooms with the glass plate. This area was 
determined using ImageJ (Schindelin et al., 2012). Boxes were filled 

Fig. 1. Different designs to grow white button mushrooms. Control condition with 2.5 kg of PIII compost (orange) and 1 kg casing layer (grey) (A). After harvesting 
two flushes of mushrooms, the old casing was removed and a new casing layer was placed on the compost (B) or a new layer of casing was placed on the old casing 
(D). Alternatively, a casing layer was placed beneath the compost from the start of the experiment (C). Note that experiments B and D took longer to complete than A 
and C (see Table 2). This is because the fungus needed time to colonize the new casing to induce fruiting. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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completely (containing 3.0 kg PIII and 1.1 kg casing soil) ensuring that 
the mushrooms would make contact with the glass plate directly after 
their emergence.

2.6. Fluorescent labelling of the casing and imaging

In experiment 5, we assessed whether casing water apoplastically 
translocates to the developing mushrooms. To this end, 50 mg/l 5(6)- 
carboxyfluorescein (CF) (Sigma–Aldrich) was dissolved in water by 
vortexing and sonicating. For each culture 200 g casing soil (including 
CACing with 24 g/kg PIII compost) was put in plastic bags and either 20 
ml water (control) or 20 ml CF solution (treatment) was added and 
mixed in. Fruiting cultures were produced in dishes (24.5 × 24.5 × 2 cm; 
Nunc Square BioAssay Dishes, 10489282, Thermo Fisher Scientific, 
Wilmington, United States), to represent 2 cm thick cross sections of the 
mushroom bed. To this end, a layer of 275 g PIII compost was abutted to 
a 200 g layer of the above casing soil, the latter was either CF labelled or 
not. Cultures were incubated for 5 d at 22 ◦C and then transferred to 18 
◦C and venting conditions to stimulate mushroom formation. (Auto) 
fluorescence was assessed in primordia of unlabelled control and CF 
labelled cultures using a MZ 10 F fluorescence stereo microscope with 
GFP2 filter set (Leica). In total, (auto)fluorescence of 30 control 
primordia and 44 treatment primordia were analysed using imageJ.

2.7. Light- and electron microscopy

In experiment 6, we assessed if mushrooms contain air voids to 
insulate different zones within the mushroom and their range of cell 
types. To this end, stipes were dissected from the caps and stored in 50 
ml Costar tubes to prevent drying. Thin slices of approximately 1 mm 
thick were cut with a fresh sharp blade (Apollo, Herkentrath-Solingen, 
Germany) and observed in a Nikon SMZ 25 stereo microscope equip
ped with a DSRi2 camera. Z-series of micrographs were acquired with 
the Nikon Elements software packet and pictures were aligned and 
stacked. Both cross sections and longitudinal sections were studied.

For cryo scanning electron microscopy pieces of stipes of approxi
mately 5 x 5 x 5 mm were excised with a surgical blade (No. 11, Swann- 
Morton, Sheffield, England) and quickly transferred in a 1 cm, round 
copper cup, with a very small amount of silicon grease for “glueing” the 
sample. The sample was kept humid in a closed Petri-dish before snap 

freezing in nitrogen slush (for approx. 15 s) and immediately transferred 
to a JSM-IT200 scanning electron microscope (JEOL) equipped with an 
Oxford CT1500 Cryo station for cryo-electron microscopy (cryoSEM). 
The sample was sputter-coated with a gold target for 90 s with ideally 
0.1–0.2 mBar argon flow. If the gold layer was too thin, a second or third 
coating session was done. Electron micrographs were acquired using an 
acceleration voltage of 2 kV (uncoated samples) and 5 kV (for gold- 
coated samples) using different scanning speeds dependent on the 
sample.

2.8. Statistics

Statistical analysis was done using R (version 4.2.0). The effect of 
each stage of the cultivation process on the amount of water, Ψ and Ψosm 
of the casing and mushrooms was analysed using a one-way ANOVA 
with a Tukey HSD post-hoc test. A two-way ANOVA with subsequent 
Tukey HSD post-hoc test was used to test for differences between the top, 
middle, and bottom compost layers of each cultivation stage. ANOVA 
with Dunnett post-hoc test was used to compare mushroom yield pa
rameters and substrate utilization efficiency between the control and 
treatments. A Linear Mixed-Effects Model was used to compare water 
potentials between mushroom tissue sections and two flushes, with 
subsequent Tukey HSD post-hoc test to test for differences between 
sections. A students t-test was performed to compare (auto)fluorescence 
of primordia. A p-value of <0.05 was regarded as significant.

3. Results

3.1. Casing soil and the upper part of the compost are the main suppliers 
of water for mushrooms

Water content, Ψ and Ψosm of the casing layer and the bottom, middle 
and top layers of the compost were determined throughout the cropping 
process in standard growth trials (Fig. 2A; Table 1, exp. 1) to assess local 
water content and water availability, and from which layers mushrooms 
draw water during the cultivation process. No watering was performed 
to isolate intrinsic water dynamics in the system. During the whole 
process 1.07 kg of water (i.e., 52.5 %) was lost from the culture, of which 
443 g between inoculation and pinning (Fig. 2B). Most of this 443 g 
originated from the casing layer (65 %) and was probably lost due to 

Fig. 2. Culture setup (A) and amount of water in the casing and the top, middle and bottom layers of the compost at inoculation, pinning, 1st flush, and 2nd flush (B). 
Average yield of the first and second flush was 472.1 and 116.4 g, respectively. Error bars represent the standard error of the mean.
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evaporation. An amount of 420 g was lost from the culture between 
pinning and the 1st flush, which equals the amount of 430 g of water 
found in the mushrooms of the 1st flush (Fig. 2B). Again, most of the 
water originated from the casing (48 %) with each following compost 
layer below contributing less. A total of 206 g was lost between the 1st 
flush and the 2nd flush, of which half was found back in the mushrooms 
of the 2nd flush. Although not significant, most water (i.e., 45.5 %) was 
lost from the casing (p = 0.253), while again the least amount (i.e., 16.5 
%) was lost from the bottom layer of the compost (p < 0.01). A signif
icant interaction was found between the compost layers and the crop
ping stages (p < 0.001), which indicates that A. bisporus uses different 
amounts of water from each of the three compost layers. Indeed, the 
amount of water remaining in the bottom layer (400 g) differed signif
icantly (p < 0.01) compared to the top (289 g) and middle (317 g) layers 
after the 2nd flush (Fig. 2B).

In parallel, Ψ of the casing and the top, middle and bottom layers of 
the compost was determined (Fig. 3A). Ψ of the casing layer decreased 
the most (1.69 MPa) during the cropping process (p < 0.01), while that 
of the bottom layer of the compost decreased the least (0.42 MPa) 
(Fig. 3A). Again, a significant interaction was found between the Ψ of 
the layers of compost and the cropping stages (p < 0.01). Ψ of the 
bottom layer (− 2.36 MPa) differed already significantly from the top 
(− 2.94 MPa) and middle (− 2.86 MPa) layers after the 1st flush (p <
0.01). No further effect on Ψ was observed in each of the compost layers 
between the 1st flush and 2nd flush (p = 0.7). This implies that the water 
in the bottom layer of spent substrate is the most accessible, however it 

is least used. Together, results show that casing together with the top 
and middle compost layers are the most important source of water for 
the developing fruiting bodies, whilst the bottom layer of the compost is 
the least important source.

Within the same experiment, Ψosm was determined by measuring the 
osmolality of the residual water of the casing and the top, middle and 
bottom layers of the compost as well as that of the fruiting bodies. Data 
indicate that the 2nd flush fruiting bodies have a lower Ψosm than the 1st 
flush fruiting bodies (Fig. 3B). This effect is significant (p < 0.05, t-test). 
Ψosm almost fully explained Ψ of the casing and the three compost layers 
at inoculation and venting. The impact of Ψosm became increasingly 
reduced at successive time points. Most notably, Ψosm of the casing only 
explained 51 % and 31 % of Ψ during the 1st and 2nd flush, respectively 
(Fig. 3B). This likely has to do with increasing matric potentials. A sig
nificant interaction was found between the Ψosm of the layers of compost 
and the stages of the cropping process (p < 0.01). Interestingly, Ψosm of 
the middle layer was lower when compared to both the top and bottom 
layer (p < 0.01), whilst the latter two did not differ from each other (p =
0.07). A lower Ψosm shows that more solutes are present. It is currently 
not known which solutes cause the lowered Ψosm in the middle layer.

The Ψmat was calculated as the difference between Ψ and Ψosm. Ψmat 
was a small component of the Ψ of compost and casing until venting, i.e., 
0 MPa and − 0.08 MPa respectively. However, Ψmat of the casing drop
ped significantly to − 1.05 MPa from venting until after the 2nd flush (p 
< 0.05). No interaction was found between the stage of the cropping 
process and the compost layers (p = 0.1). Ψmat did decrease during 

Fig. 3. Water potential (A) and osmotic potential (B) of the casing and the top, middle and bottom layers of the compost at inoculation, venting, pinning, 1st flush, 
and 2nd flush (A, B), as well as the osmotic potential of the fruiting bodies (B). Error bars represent the standard error of the mean.

Fig. 4. Water potential Ψ (MPa) of fruiting body tissue sections. Circular slices of <1 mm thickness with a diameter of 4 mm were measured (A). Water potential of 
mushroom slices of flush 1 (F1) n = 5, flush 2 (F2) n = 9 (B). Slices that do not share a common letter are significantly different from one another (p < 0.05).
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subsequent stages in all compost layers but was never more negative 
than − 0.5 MPa that was found after the 2nd flush in the top layer. 
Together, data indicate that Ψosm of the compost and casing layer de
termines the water potential in the beginning of cultivation, whilst the 
matric potential becomes increasingly important in later stages, most 
notably in the casing soil.

For water to flow into the mushrooms, Ψ of the fruiting bodies must 
be lower than that of the substrate. Assuming Ψmat = 0, Ψ would be Ψosm 
+ Ψπ, where values of Ψπ are in the range of 0.3–0.5 MPa (Beecher et al., 
2001; Kalberer, 2006). Ψosm of the first flush (− 0.85 MPa) equalled the 
Ψ of the casing (− 0.86 MPa) (Fig. 3). In contrast, Ψosm of the second 
flush was higher (− 1.08 MPa) than that of Ψ of the casing and the 
compost layers (− 1.69 MPa and − 2.40 respectively), suggesting that 
fruiting bodies are not able to extract water from the casing after the 1st 
flush. This is however not the case as a 2nd flush did appear and water 
was still lost from this layer. This implies that other forces should play a 
role such as the turgor pressure within the mycelium, or the Ψmat of the 
mushrooms. Alternatively, parts of the mushroom or individual hyphae 
within mushrooms could exhibit differential water potentials, since until 
here only osmotic potentials were measured based on press juice at the 
mushroom level.

3.2. Mushrooms contain zones of differential water potentials

Above we measured the osmotic potential of press juice of entire 
mushrooms, thereby ignoring any potential differences between 
different parts of the mushroom. The presence of distinct zones, could 
point to zones connecting to distinct parts of the mycelial network. To 
address this, small tissue sections of different parts of the mushroom 
were taken (Fig. 4A; Table 1, exp. 3) and their water potential was 
measured. The skin (slice 5; Fig. 4B) of the cap exposed to the air showed 
a very low water potential of − 2.72 ± 0.13 MPa. The bottom of the 
mushroom stalk (slice 1) showed a lower water potential (− 1.26 ± 0.04 
MPa) than the tissues in the centre (slice 3) of the fruiting bodies (− 0.97 
± 0.03 MPa). Between the first and the second flush these differences 
remained but the second flush had higher water potentials across all 
slices. The presence of zones having heterogenous water potentials 
could indicate that parts of the mushroom may be fed by different parts 
of the culture (see discussion).

3.3. Mushrooms generate a pressure of at least 31 kPa

Water can only be translocated by generating a pressure difference in 
a certain direction. This pressure difference can be estimated by creating 
a force in the opposite direction until the net movement of water is zero. 
Using this principle, the force generated by developing mushrooms was 
determined using a pressure plate that measured the apparent weight 
increase of the box culture (3 kg PIII compost and 1.1 kg casing layer), 
resulting from the pressure exerted by the mushrooms on a fixed glass 
plate (Fig. S1; Table 1, exp. 4). A time lapse camera monitored the 
surface area of mushrooms making contact with the glass plate (Fig. S1). 
The pressure generated by the mushrooms was calculated by dividing 
the force with the surface area. Developing mushrooms increased the 
weight linearly (R2 = 0.91) with 129 g h− 1 to a maximum additional 
weight of 2.49 kg (Fig. S2A). Water evaporated in similar cultures 
amounting to less than 1 % of this weight increase, thus the effect of 
evaporation on this weight is negligible. At this point three mushrooms 
had made contact with the glass surface with a combined surface area of 
7.91 cm2 (Fig. S2B), resulting in a pressure of 31 kPa exerted by the 
mushrooms. These data indicate that either the difference in Ψ between 
the substrate and the developing fruiting bodies, or the difference in Ψπ 
between the mushrooms and the mycelium is at least 31 kPa.

3.4. Mushrooms derive water from casing via apoplastic translocation

Above we found evidence that water from compost is symplastically 
transported via a pressure difference to the mushrooms. If hyphae 
running from compost and from casing would be connected, while each 
having distinct water potentials, symplastic resource transport from the 
compost would be short circuited by excessive water uptake from the 
casing (see Herman and Bleichrodt, 2022). We observed that mycelium 
from compost and casing connects, so therefore we hypothesized that 
the mycelium must acquire water from the casing via a parallel route, i. 
e. the apoplast. To test whether water from casing is indeed apoplasti
cally translocating to the mushrooms (Table 1, exp. 5), we stained the 
water in casing with the membrane impermeable dye carboxy
fluorescein (CF) (Harrison and Vickers, 1990). After colonization of the 
casing, cultures were vented to induce pinning. Primordia growing on 
labelled casing were significantly more fluorescent (Fig. 5B) than 

Fig. 5. CF is translocated from casing to primordia. Bright field (A, C) and (auto)fluorescence (B, D) images of cultures with CF labelled casing (A, B) or unlabelled 
control casing (C, D). Scale bar ~5 mm. n = 2. Intensity levels of fluorescent images (B and D) were equally adjusted for better visualization. (E) (Auto)fluorescence 
intensity of primordia (n = 30) of control (blue bar) and primordia (n = 44) of CF labelled casing (orange bar) on raw data. Error bars indicate 95 % confidence 
intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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background autofluorescence levels of the controls (Fig. 5D and E) (p =
0.0066). This suggests that mushrooms receive water from the casing via 
apoplastic translocation. This is compatible with the symplastic trans
port of water and solutes from the compost.

3.5. Redesigning culture conditions of the white button mushroom

Since the casing is a main supplier of water for the mushrooms and 
casing is drying over time, we hypothesized that water availability in 
casing may be limiting mushroom production. To test this, we employed 
different casing regimes (Fig. 1; Table 1, exp. 2). This allowed us to 
indirectly add water to the cultures without adding water in the 
compost, that would happen when irrigating. To this end, either the old 
casing layer was replaced with a new layer of casing (Fig. 1B) or a new 
casing layer was added on top of the old casing layer after all mushrooms 
of the 2nd flush had been harvested (Fig. 1D). Alternatively, an extra 
casing layer was placed at the bottom of the culture from the start of the 
experiment (Fig. 1C). As a control, standard 3.5 kg box cultures (2.5 kg 
PIII compost + 1 kg casing layer) were used (Fig. 1A). The total yield of 
all conditions showed similar dry weight (p ≥ 0.109) and contained 
similar water content (p ≥ 0.080). The control group (Fig. 1A) had an 
average total yield of 789 g (wet weight) (Table 2). The additional casing 
layer at the bottom (Fig. 1C) did not increase the total yield (p = 0.212). 
By adding a new casing layer on top of the old one (Fig. 1D) a 1.44-fold 
(i.e., 344 g more) increase in total yield compared to the control was 
observed (p < 0.001). Similarly, replacing the old casing layer with fresh 
casing (Fig. 1B) resulted in 1.35-fold more yield (i.e., 280 g more) when 
compared to the control (p < 0.005). To assess the efficiency of the water 
usage of the alternative treatments and control we divided the total 
gravimetric water content (g) present in the compost and casing intro
duced during the experiment by the gravimetric water content (g) found 
in the yielded mushrooms. Similarly, this was done for the dry matter to 
calculate the efficiency of dry matter assimilation. The control had a 
water efficiency of 27 %, and a dry matter efficiency of 9 %. None of the 
alternative treatments differed significantly in water (p ≥ 0.230) and dry 
matter efficiency (p ≥ 0.607) from the control. This shows that the 
mushrooms resulting from the alternative casing strategies were as 
efficient as the control in using the available resources. However, 
mushrooms barely assimilate dry matter from the casing (data not 
shown), suggesting that the dry matter of the compost was used more 
efficiently in the treatment with added casing on top and the casing 
change treatment. Indeed, when the analysis was redone by only 
regarding the dry matter content of the compost, all treatments had 
higher efficiencies than the control (Table 2), but this was not signifi
cantly different (p ≥ 0.061). Taken together, these data indicate that 
water in casing is limiting for mushroom production under lab condi
tions where no watering was performed, whilst the nutrients in the 
compost are not limiting, even after harvesting the 2nd flush.

4. Discussion

Water influx from the compost and the casing is key to the devel
opment of A. bisporus fruiting bodies. Here it was shown that water in the 
mushrooms mainly originates from the casing and to a lesser extent from 
the top and middle layer of the compost, while the bottom layer only 
plays a marginal role (Fig. 2). These results are in line with the results of 
Kalberer (Kalberer, 1983, 1985, 2006) that showed that the casing is an 
important source of water and that lower compost layers contribute less 
water to the mushrooms in a system where water was applied to the 
casing during culturing. However, we report an increasingly lower Ψ for 
the casing during the cultivation, which could in part be because no 
watering was applied in our methods, but also because previous data on 
Ψosm were presented as Ψ (Kalberer, 1987). Our study indicates that 
Ψmat becomes increasingly negative throughout the cultivation when no 
watering is applied, most notably for the casing. The colonization of the 
mycelium makes the casing also more hydrophobic, which could explain 
part of the declining Ψmat. Based on the results of this study, alternative 
casing regimes were tested to increase mushroom production. Replacing 
the casing after the second flush or adding a fresh layer on top of the old 
casing resulted in a 1.35–1.44-fold increased total yield (Table 2), 
respectively, without affecting mushroom dry weight and water effi
ciency (i.e. the amount of water being translocated into mushrooms). 
This indicates that nutrient availability in compost is not limiting 
mushroom production. Although, fundamentally interesting, these cas
ing regimes would be uneconomical and unpractical in commercial 
practise. These yield increases could have multiple causes. Replacing the 
casing layer or adding an additional casing layer after the second flush 
introduced new water into the system. The fact that the water efficiency 
did not significantly change, suggests that this newly introduced water 
within the casing was efficiently used for mushroom production, while 
compost water was not directly replenished. On the other hand, the new 
casing may have introduced another microbiome composition than that 
was still present in the old casing layer, and thereby enhanced yield. For 
instance, substrate passaging of the casing resulted in earlier mushroom 
development and higher first flush yields (Vieira et al., 2023).

Water is translocated rapidly to the developing mushrooms as they 
expand exponentially in size (Straatsma et al., 2013). This means that a 
difference in Ψ is maintained between the substrate and the developing 
fruiting bodies or that a difference in Ψπ is maintained between the 
mycelium and the fruiting bodies. Our data indicate that this difference 
is at least 31 kPa (see also Fig. S2). This finding is in agreement with 
previous studies that reported pressures differences of 70 kPa in Coprinus 
sterquilinus (Buller, 1931) and 59 kPa in Coprinopsis cinerea (Money and 
Ravishankar, 2005). These differences in pressure are up to 100 times 
smaller compared to the Ψ values in compost observed in this study. 
More accurate measurements on Ψ and its components and also at the 
individual hypha level are therefore crucial to advance our 

Table 2 
Total yields of control and alternative casing regimes. Mushrooms were picked throughout the experiment, which lasted until no more mushrooms would form. 
Efficiencies are calculated by dividing the amount of water (gravimetric) or dry matter in the mushrooms by their respective amounts in the used materials. Results are 
presented as mean (n = 3) ± 95 % confidence interval. Header refers to treatments in Fig. 1. *Notes: extra casing layer added at day 38, casing changed at day 36.

Treatment Control Adding extra casing* Additional casing layer at the bottom Replacing the old casing layer*

Experiment duration (d) 60 75 64 83
Yield wet weight (g) 788.6 ± 96.4 1132.5 ± 104.2 904.2 ± 70.1 1068.3 ± 58.6
Yield dry weight (g) 79.5 ± 7.3 99.4 ± 5.8 88.2 ± 11.9 94.4 ± 13.2
Water content (%) 89.9 ± 1.0 91.2 ± 0.3 90.3 ± 0.6 91.2 ± 0.8
Dry matter content (%) 10.1 ± 1.0 8.8 ± 0.3 9.7 ± 0.6 8.8 ± 0.8
Water translocation efficiency (g * g-1) 0.27 ± 0.04 0.30 ± 0.03 0.24 ± 0.02 0.29 ± 0.01
Dry matter assimilation efficiency (g * g-1) 0.088 ± 0.008 0.091 ± 0.005 0.080 ± 0.011 0.086 ± 0.012
Dry matter assimilation efficiency from compost (g * g-1) 0.111 ± 0.010 0.138 ± 0.008 0.122 ± 0.017 0.131 ± 0.018
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understanding on how these forces drive water translocation. Different 
tissues of fruiting bodies showed a different water potential (Fig. 4). This 
difference could possibly be caused by their differential matric poten
tials or osmotic potentials.

Data of this study also indicate that the measured differences in 
water potential cannot drive water from the compost towards the 
mushrooms. This implies that other components of the water potential 
drive water transport from the compost to the mushrooms (all flushes) 

and from the casing to the 2nd flush mushrooms. We propose that water 
is translocated towards the developing mushrooms by different mech
anisms (Fig. 6). Currently, measurements on Ψπ (i.e., turgor) in the 
mycelium in compost have not been reported for A. bisporus and are a 
crucial component in understanding the flow of water towards mush
rooms. A pressure gradient from the mycelium (higher Ψπ) towards the 
mushrooms (lower Ψπ) could explain the flow of water and nutrients 
despite the opposing Ψ gradient between the casing and the compost. To 

Fig. 6. Schematic overview of possible water transport routes from the compost (A) and the casing (B) based on data on the water potential and its components from 
this study and previous literature. PIII compost (orange) is colonized by fine hyphae (grey), whilst the casing contains predominantly cords (dark grey). In transport 
route A, the fine hyphae must have a lower Ψosm than the compost to extract water from it. The water potential (Ψ) in the compost indicates that water cannot be 
translocated to the mushrooms at all. This discrepancy may be explained by a difference in turgor (Ψπ) between the mycelium in the compost and the developing 
mushrooms. Our data suggests this pressure difference (ΔP) is minimally 31 kPa. Nutrients may be transported along with flow of water towards the mushrooms in 
this symplastic transport route. Alternatively in transport route B, mushrooms can extract water directly from the casing in the 1st flush apoplastically, because their 
estimated Ψ is lower. However, this is no longer the case in the 2nd flush. This suggests more water is then translocated from the compost. As the casing does not 
provide any nutrients, transport route B only supplies water. Likely both transport routes act simultaneously during the different developmental stages of the 
mushroom. Numbers presented in red are either derived or do not have data available on them and thus are assumed. Blue arrows indicate the expected flow of water. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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exemplify the role of pressure differences in driving transport, turgor in 
the mushrooms has been reported in the range of 0.3–0.5 MPa (Beecher 
et al., 2001; Kalberer, 2006). If the mycelium of A. bisporus generates the 
observed pressure difference of 31 kPa towards the mushrooms, the 
mycelium would need to maintain a Ψπ of at least 0.33–0.53 MPa. This is 
realistic, as turgor in Neurospora crassa is in the range of 0.4–0.5 MPa 
under normal conditions (Lew, 2005) and A. bisporus can generate 
similar turgor in vitro (Molloy, 2004). To maintain this turgor, A. bisporus 
mycelium would need to achieve an intracellular Ψosm between − 2.8 
and − 3.0 MPa for the 1st flush and between − 3.2 and − 3.4 for the 2nd 
flush based on the Ψ of the compost at these stages. This is again feasible 
as similar values for Ψosm have been found in other basidiomycetous 
fungi (Eamus and Jennings, 1984, 1986). These observations suggest 
that water translocation from the compost is possible under these con
ditions. Interestingly, the predicted Ψosm of the mycelium is substan
tially more negative than the observed Ψosm of − 0.8 MPa and − 1.2 MPa 
in the fruiting bodies during the 1st and 2nd flush respectively (Fig. 3B). 
Yet, measuring osmotic potential of mushroom press juice, ignores what 
is happening at the individual hypha level. Mushrooms should have 
roughly the same Ψosm as the Ψosm of the water they receive from the 
mycelium in the compost. This suggests that mushrooms either metab
olise solutes into larger storage carbohydrates or acquire additional 
water from the casing via a different route. The former is deemed un
likely as the breakdown of glycogen has been reported in mushrooms 
(Hammond and Nichols, 1979). Another finding that supports the view 
of multiple transport routes for water to the mushrooms is that the total 
amount of dry matter in the yield is not influenced by the water potential 
of the casing soil. Lowering the osmotic potential of the casing by adding 
salt (NaCl) reduces the uptake of water from the casing soil, and 
consequently the total wet weight of the yield. Yet, the total amount of 
dry matter of the combined 1st and 2nd flush did not change in all 
treatments (Kalberer, 1990b). This indicates that transport of nutrients 
is mostly unaffected by the osmotic potential of the casing soil, whilst 
water transport is affected. The existence of multiple transport routes is 

substantiated by the fact that water labelled with CF in the casing did 
apoplastically translocate to the developing mushrooms (Fig. 5). Thus 
most water from casing may translocate apoplastically, while the bulk of 
nutrients derived from compost likely translocates symplastically. Pre
viously, EM on cord cross sections revealed aseptate cells void of cyto
plasm (Cairney, 1990), suggesting these hyphae are dead vessels. It is 
not inconceivable that water translocates within these vessels, while 
nutrients translocate within living cells within the cords.

The casing soil has a Ψ of − 0.2 MPa at the pinning stage (Fig. 3A). 
Mushrooms can extract water from it as their estimated Ψ is between 
− 0.3 and − 0.5 MPa based on the measured Ψosm of 1st flush mushrooms 
(− 0.8 MPa) and the previously found turgor values (Beecher et al., 2001; 
Kalberer, 2006) (Fig. 6B). This difference in Ψ (minimally 0.1 MPa) is 
sufficient to account for the measured 31 kPa pressure that the mush
rooms can generate. In the 2nd flush however, the estimated Ψ of the 
fruiting bodies is higher than the measured Ψ of the casing. This suggests 
that mushrooms cannot take up water from the casing in the 2nd flush. If 
mushrooms extract water directly from the casing, they likely do so in 
the vicinity of the base of the stem. The casing would lose water locally, 
leaving patches of more easily extractable water for a 2nd flush. This 
would account for the higher variation found in the measurements on 
the casing. We have routinely observed clusters of dense hyphae forming 
around the base of the stem and along the length of cords (Fig. S3). These 
hyphae may facilitate water uptake directly from the casing. If mush
rooms extract more water from the compost, more nutrients are trans
located as well, possibly further lowering the Ψosm when these are 
catabolised into compatible solutes. This is in accordance with our data 
as 2nd flush mushrooms have a lower Ψosm than 1st flush mushrooms.

Until here we did view the mushroom as a whole, having a single 
average osmotic potential. However, when we took mushroom tissue 
sections and measured their water potential, we observed differential 
water potentials (Fig. 4). A difference between stipe and cap osmotic 
potential was previously also observed by Kalberer (1987). Beecher 
et al. (2001) found similar water potentials as our study in another 

Fig. 7. Stereo microscopical images (A, D) and cryoSEM images (B, C, E, F) of cross sectional (A–C) and longitudinal sections (D–F) of fresh mushroom stipes. (A) The 
light area left is the outside of the stipe. Pore areas are designated by asterisks and more defined in (B, asterisk). The different nature of the outer layer of the stipe is 
visible top left in (B) and in more detail in (C). (D) highlights the longitudinal dimension of structuring inside the mushroom stipe. (E) shows surprisingly long 
running intercellular pores, one is indicated with ‘̂’ markers. (F) In these pore areas cells with a very large diameter are visible. Scale bars indicate 500 (A, B, D) 200 
(E), 100 (C) and 50 (F) μm, respectively.
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A. bisporus strain, but only second flush mushrooms were analysed and 
no information on the watering regime was provided. If the entire 
mycelial network would be connected within the mushrooms, these 
water potential differences would quickly be equilibrated due to water 
translocation. Since this latter was not the case, something is preventing 
the equilibration of water potentials inside fruiting bodies. This makes 
translocation of water via alternative pathways possible. This indicates 
that the system is more complex than previously considered, on a micro 
scale the water potential of fruiting bodies has not been studied.

Mushrooms tissues have a density of around 0.55–0.85 (g/ml), as 
determined by weighing mushrooms and subsequently submerging 
them to measure their volume. Thus, mushrooms contain a considerable 
volume of open air space (see Fig. 7). Aerial cavities in fruiting bodies 
are lined with an assembled hydrophobin layer that prevents water to 
fill these cavities (Wösten and Scholtmeijer, 2015). These voids could 
form a barrier between hyphae connected to different translocation 
pathways, thereby preventing exchange of water, that would short cir
cuit these pathways.

Parts of the mushroom that have a relatively high ψ could have 
derived their water from casing (high ψ) (see also Fig. 5), whereas parts 
having relatively low ψ could have derived their water from compost 
(low ψ). However, with current ψ measurement of the substrate and ψ of 
different zones within the mushrooms (Fig. 4) we could still not explain 
why water moves to the mushrooms, whether comparing those of non- 
watered (this study) or watered cultures (Kalberer, 2006). Therefore 
more research is needed to dissect how exactly differential translocation 
pathways from casing and compost are driven. To our knowledge water 
potential measurements of individual hyphae within the substrate or 
within mushrooms, or of the extracellular cavities within mushrooms 
have not been performed yet, but would greatly advance our under
standing of mechanisms underlying resource transport to the 
mushrooms.

Within the stipe we observed swollen cells of a very large diameter 
with apparent relaxed cell walls, usually near porous areas (Fig. 7F; 
Table 1, exp. 6). These cells have previously been described as sarco (i.e. 
‘fleshy’) hyphae (see Kirk et al., 2008). These hyphae aid in water 
storage (Kamada, 1994; Money, 2002). Three types of fungal network 
architecture types have been described with either one, two or three 
types of hyphae: i.e. monomitic, dimitic and trimitic systems of which 
A. bisporus belongs to the monomitic type. These refer to generative 
hyphae, skeletal and ligative hyphae, of which monomitic systems have 
the generative type, dimitic generative and either one of the other types 
and trimitic all types of hyphae (Corner, 1932; Pegler, 1973; Porter and 
Naleway, 2022). Thus, it is interesting that A. bisporus forms these sarco 
hyphae from the same type of hyphae that make up the rest of the 
mushroom. It is therefore tempting to speculate that sarco hyphae may 
regulate turgor pressure by relaxing their cell walls. This may contribute 
yet another regulatory mechanism, besides regulating osmotic pres
sures, to control pressure differences to allow translocation of resources 
from vegetative mycelium to the mushrooms.

CRediT authorship contribution statement

Koen C. Herman: Writing – original draft, Investigation, Formal 
analysis. Guus van Iersel: Writing – original draft, Investigation, 
Formal analysis. Jan Dijksterhuis: Writing – original draft, Investiga
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