






ing process in commercial mushroom farming) or by gently pick-
ing them from the bed. In the latter case, casing soil and vegetative
mycelium remained attached to the lower part of the stipe. In all
cases, the morphology and color of the mushrooms did not
change during the 17-day storage period, as detected by eye. Non-
linear spectral images of hyphae of unpeeled caps were more het-
erogeneous than those exposed after peeling of the skin (Fig. 4).
Generally, fresh mushrooms exhibited a blue-green average spec-
trum (Fig. 4). This was most obvious for peeled mushroom caps.
Mushrooms stored for 1 day already appeared greener in the RGB
images (Fig. 4). This red shift was even more pronounced by ex-
tending the storage time. To quantify these spectral differences,
the emission spectra were decomposed into the main components
by spectral phasor analysis, resulting in the spectral contributions
of NAD(P)H, FAD, and melanin (Fig. 5). With increasing storage
times, the relative melanin and FAD contributions were increas-
ing, while the NAD(P)H contribution was decreasing. The meta-
bolic state expressed as the FAD/NAD(P)H ratio changed from
0.94 to 1.12 after 2 days of storage in the case of cut-stipe unpeeled
mushrooms (Fig. 6A and data not shown). This ratio remained
unchanged at between 2 and 7 days but had increased to 2.02 after
17 days of storage. Notably, the FAD/NAD(P)H ratio had in-
creased already after 1 day from 0.78 to 1.05 in peeled cut-stipe
caps. This ratio had further increased to 1.19 after 2 days of stor-
age. No changes were detected at between 2 and 7 days of storage,
but after 17 days, the FAD/NAD(P)H ratio had increased to 1.96
(Fig. 6C and data not shown). Unpeeled picked mushrooms
showed a slight, if any, decrease in the FAD/NAD(P)H ratio be-
tween harvesting and 7 days of storage. Only after 17 days did the
ratio increase from 0.89 to 1.59 (Fig. 6B and data not shown). This
ratio is lower than that of cut-stipe mushrooms after 17 days (Fig.
6A). When the skin layer was removed, picked mushrooms fol-
lowed the same trend as cut-stipe mushrooms. Similar to peeled
cut-stipe caps, a significant increase in the FAD/NAD(P)H ratio
from 0.73 to 0.91 was found after 1 day of storage. At between 1
and 7 days of storage at 4°C, no significant changes were detected.
Only after 17 days of storage did the FAD/NAD(P)H ratio increase
to 1.46 (Fig. 6D and data not shown).

Cut-stipe unpeeled mushrooms exhibited an increase in the

melanin/NAD(P)H ratio from 0.76 to 0.88 after 2 days of storage.
No changes were observed at between 2 and 7 days of storage, but
the value had increased to 1.53 after 17 days of storage (Fig. 6A and
data not shown). Significant differences in the melanin/NAD(P)H
ratio were detected (from 0.41 to 0.50) after 1 day of storage when
the skin layer was removed from the cap. Similar to unpeeled
cut-stipe mushrooms, no differences were observed at between 2
and 7 days of storage, while after 17 days, the melanin/NAD(P)H
ratio increased to 1.08 (Fig. 6C and data not shown). Unpeeled
picked-stipe mushrooms showed no changes in the melanin/
NAD(P)H ratio during the first 7 storage days, but the ratio had
increased from 0.63 to 1.18 after 17 days of storage (Fig. 6C and D
and data not shown). Freshly picked peeled mushrooms had a
lower melanin/NAD(P)H ratio than those that had been stored. In
addition, picked peeled mushrooms that had been stored for 17
days had a higher melanin/NAD(P)H ratio than the mushrooms
stored for 1 to 7 days (Fig. 6D and data not shown).

DISCUSSION

This study combined NLSM with spectral phasor analysis as a
novel, minimally invasive method to study the effect of storage on
metabolism and pigment formation in A. bisporus mushrooms.
To this end, the endogenous fluorophores NAD(P)H, FAD, and
melanin were used as biomarkers directly at the surface of the
mushroom and after removing the peel. Unpeeled caps showed in
general a greater variation in their spectra than did peeled caps.
This may be due to a higher variation in metabolism and melanin
formation between hyphae that make up the surface layer of the
mushroom. It may also be caused by bacteria that colonize the sur-
face of the mushroom (29, 30). Nevertheless, changes in the spec-
tra of unpeeled and peeled surfaces followed the same trend.

FIG 3 (A and B) Nonlinear spectral images of the cap of a freshly harvested A.
bisporus mushroom before (A) and after (B) incubation for 10 min at 65°C.
The color of each pixel in the images is the result of the relative contribution of
RGB values to the total fluorescence intensity. (C) Average spectrum in panel
A shown as a solid line and in panel B shown as a dashed line. The bar repre-
sents 100 �m. a.u., arbitrary units.

FIG 4 Nonlinear spectral images of A. bisporus caps showing the effect of
storage at 4°C (excitation at 765 nm). The color of each pixel in the images is
the result of the relative contribution of RGB values to the total fluorescence
intensity. Mushroom caps were imaged after picking (picked stipe) or cutting
of the stipe (cut stipe) and after removal (peeled) of the skin layer or not
(unpeeled). Images represent freshly harvested mushrooms and mushrooms
stored for 1, 7, and 17 days. The bar represents 100 �m.
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Spectra of A. bisporus mushroom caps change upon storage at
4°C. The contribution of NAD(P)H to the total spectrum is de-
creasing while the contribution of FAD and melanin is increasing
over time. NAD(P)H is oxidized in the electron transport chain to
nonfluorescent NAD(P) for ATP production. Decreasing fluores-
cence emission of NAD(P)H indicates less or no new NAD(P)H

formation within the glycolysis and the citric acid cycle. Nonfluo-
rescent reduced flavin adenine dinucleotide (FADH2) is also pro-
duced in the citric acid cycle and is also oxidized in the electron
transport chain, yielding fluorescent FAD. Thus, none or little
FADH2 formation within the citric acid cycle coincides with in-
creasing FAD emissions. The FAD/NAD(P)H ratio can therefore

FIG 5 Contribution of NAD(P)H (triangles), FAD (circles), and melanin (squares) as a percentage of the emission spectrum of A. bisporus caps that had been
stored for 0 to 17 days at 4°C. NLSM images were acquired for cut-stipe and unpeeled caps (A), picked-stipe and unpeeled caps (B), cut-stipe and peeled caps (C),
and picked-stipe and peeled caps (D), using excitation at 765 nm. The contribution of the autofluorescent components was determined by using spectral
decomposition.

FIG 6 Changes in FAD/NAD(P)H (circles) and melanin/NAD(P)H (squares) ratios in the two-photon-excited emission spectra during storage of A. bisporus
mushrooms at 4°C. NLSM images were acquired for cut-stipe and unpeeled caps (A), picked-stipe and unpeeled caps (B), cut-stipe and peeled caps (C), and
picked-stipe and peeled caps (D), using excitation at 765 nm.
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be considered an indicator of metabolic activity (31). This ratio
increased upon storage of A. bisporus mushrooms, especially in
the case of fruiting bodies that had been harvested by cutting.
The vegetative mycelium and casing layer remain attached to the
mushroom when fruiting bodies are harvested by picking. The
vegetative mycelium may still have some feeding capacity, and at
the same time, picking may prevent drying out of the fruiting
body.

It is known that mechanical damage (32) or infection (33, 34)
of mushrooms results in the formation of melanin. Normally,
tyrosinase and its phenol substrates are spatially separated, but
when brought together, melanin synthesis is initiated (35–37).
The melanin contribution to the total spectrum increased during
storage, while the NAD(P)H contribution decreased (Fig. 5). As a
result, melanin/NAD(P)H ratios increased during storage. In gen-
eral, cut-stipe mushrooms exhibited higher melanin/NAD(P)H
ratios than picked-stipe caps. In fact, FAD/NAD(P)H and mela-
nin/NAD(P)H ratios followed the same trend. This suggests that a
reduction in metabolic activity is accompanied by melanin forma-
tion.

Freshly harvested mushrooms exhibited lower FAD/NAD(P)H
and melanin/NAD(P)H ratios underneath the skin than on the sur-
face layer. This can be explained by a higher metabolic activity of the
hyphae under the peel and at the same time by reduced melanin
formation in this tissue. These data thus show that zones within the
mushroom are heterogeneous with respect to metabolism and pig-
ment formation. Such zonal heterogeneity was also shown previously
with respect to gene expression (38–44) and protein accumulation
(39) in A. bisporus. In fact, these processes can be heterogeneous even
between neighboring hyphae within a mycelial zone (45–49). Spectra
of neighboring hyphae at the surface and under the peel of the mush-
room were also heterogeneous (Fig. 4). These differences may be due
partly to the bacterial load in the case of the skin but can be attributed
only to the heterogeneity of metabolism and pigment formation un-
der the peel.

To summarize, NLSM provides an excellent alternative to con-
ventional methods that are used to monitor the metabolic activity
of cells. It is noninvasive, shows reduced phototoxicity compared
to other imaging methods, does not depend on exogenous mole-
cules, and provides spectral and spatial information down to the
subcellular level. We have shown that NLSM can be used to pre-
dict freshness of mushrooms by monitoring their metabolism.
Monitoring metabolism is also of interest for bioprocess model-
ing, controlling fermentations in bioreactors, and cell biology
studies of microbes.
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