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A B S T R A C T

Autofluorescence is produced by endogenous fluorophores, such as NAD(P)H, lipofuscin, melanin, and riboflavin,
indicating the accumulation of substances and the state of energy metabolism in organisms. As an obligate
parasite, powdery mildew is wildly spread by air and parasitic crops. However, most identification studies have
been based on morphology and molecular biology which were far too time- and labor-consuming, thus lacking
characteristic, simple, and effective means. Using microscopy under the blue and cyan channels, we elaborated
visible conidial autofluorescence in three powdery mildew species, Erysiphe quercicola, E. cichoracearum, and
Podosphaera hibiscicola, with a sharp increase during the conidia senescence in E. quercicola. Additionally, the
main spectral excitation detected by fluorescence spectrometery was 375 nm for these species, with a common
emission peak at approximately 458–463 nm, and an additional trend at 487 nm for P. hibiscicola. Because NAD(P)
H has a similar spectral feature, we further investigated the relation between NAD(P)H and conidial auto-
fluorescence by fluorescence spectra. We observed that the reduced coenzymes prominently contributed to
conidial autofluorescence; however, the conidial autofluorescence in P. hibiscicola displayed a different trend that
may be affected by the oxidized coenzyme –NAD. Finally, the normalized average spectra of these three powdery
mildew species and standard samples showed that the spectral trend of each species was similar but that the
features in detail were specific and distinct based on principal component analysis. In conclusion, we showed and
characterized conidial autofluorescence in three powdery mildew species for the first time. The specific conidial
autofluorescence in these species provides a new idea for the development of field spore capture and identifi-
cation devices for the discrimination of powdery mildew at the species level.
1. Introduction

Autofluorescence is produced by endogenous fluorophores under the
appropriate excitation wavelength and can be observed in cell structures
and organelles of various organisms [1]. Biomolecules, namely collagen,
elastin, keratin, flavins, NAD(P)H, melanin, chlorophyll, lignin, and
xanthophyll, can generally be excited individually or in combination.
These molecules are also involved in the metabolic state and physio-
logical response. For examples, the NAD(P)H/NAD(P)þ ratio represents
energy metabolism and the redox state [2]; FAD indicates the energy
metabolism [3]; riboflavin reflects the cofactor component of FAD, FMN,
and flavoproteins [4]; lipofuscin is related to peroxidized lipids and
protein aggregates associated with oxidative stress [5]; ergosterol is used
for measuring fungal biomass [6]; melanin implies virulence and defense
against environmental stress [7]; and carotenoids denote anti-oxidative
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pigments [8]. Unlike exogenous fluorescent additives, endogenous flu-
orophores have a stable expression and a specific source under certain
conditions. Thus, noninvasive monitoring fluorescent molecules can
provide insights into making the dynamic processes in organisms visible
[9].

Traditional methods of monitoring fungus by staining and morpho-
logical observation are labor-intensive and labeled invasive in that they
may cause sample poisoning and structure damage. Fluorescent probes
and antibodies are used in live cell imaging and biomolecule localization
for monitoring gene expression at the spatial and temporal levels [10,
11]. Furthermore, various fluorescence-labeled proteins (e.g. eGFP,
mCherry, and YFP) have become critical tools for enabling the localiza-
tion of protein in vivo. However, transferring fluorescence labeled target
genes through specific vectors may affect the viability of and be toxic to
some organisms. Additionally, the expression of report genes is often
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Table 1. Fluorescence channel parameters.

Fluorescence channel Excitation filter/nm Emission filter/nm Dichroic filter/nm

Red 530–550 575IF 570

Green 470–495 510–550 505

Blue 360–370 420–460 410

Cyan 400–440 460IF 455
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invisible or unstable [12]. By contrast, autofluorescence originating from
endogenous fluorophores in organisms is a natural indicator, and these
limited autofluorescent biomolecules have a fixed distribution. For
example, combined with label-free fluorescence microscopy and spec-
trometer, detecting the distribution of intracellular components and
monitoring the metabolic status of mycelium were realized in corn
pathogenic fungi, arbuscular mycorrhizal fungi, brown-rot fungus, and
bacteria [13, 14, 15, 16].

Endogenousfluorescencemustbeexcitedundera specificwavelength to
achieve the greatest extent of excitement, which makes relevant research
targeted and selective. This characteristic autofluorescence method has
been applied in the literature. Spore autofluorescence was reported in
Sphagnum and used to assess the maturity of sedimentary organic matter
[17]. Autofluorescence of fungi was also used to assess arbuscular mycor-
rhizal colonization inmycorrhizal roots [18]. Autofluorescent molecules of
pathogens characterizedbymultiple autofluorescence spectra at the species
level were employed as a diagnostic indicator [20]. Autofluorescence in
Diachea leucopodia was found in the peridium that surrounded the spores
and capillitium [19]. Exploratory and applied research has been increasing,
such as that on macroscale fluorescence imaging for microorganisms, in
identifying porcine cornea infected by bacteria and fungi using auto-
fluorescence [21, 22], and FRET-SLiM and native autofluorescence to study
interactions between fluorescent probes and lignin [23]. In our previous
study, 57 conidial samples of powderymildewwere collected fromYunnan,
Hainan, and Guangdong provinces in China [25]. All the powdery mildew
conidia showed an autofluorescence phenomenon.

In this study, we selected three representative powdery mildew spe-
cies: Erysiphe quercicola, E. cichoracearum and Podosphaera hibiscicola, and
two species isolated from rubber trees: Colletotrichum siamense and
Lasiodiplodia theobromae to observe and compare fluorescence intensity.
Next, we used the three powdery mildew species to further characterized
conidial fluorescence spectra. The conidial autofluorescence intensity
produced by E. quercicola was found to be closely related to its aging
process. Furthermore, our analysis of conidial spectral features indicated
that the autofluorescence source was related to NAD(P)H. The conidial
autofluorescence features were separated into three clusters by principal
component analysis (PCA), suggesting that their spectral difference can
be used to differentiate between spores at the species level. Moreover, the
distance between the samples in the 2D score plot reflects the contribu-
tion degree of NAD(P)/NAD(P)H. Thus, our study characterizes the
conidial autofluorescence at the species level, and provides a new
method for fungal spore identification.

2. Materials and methods

2.1. Fungal culture and induction of sporulation

In total 57 conidial samples of powdery mildew which infect rubber
trees were collected in Hainan, Yunnan, and Guangdong provinces, and
most of them displayed autofluorescence in a certain degree. Three
species of powdery mildew were selected for further study, namely
Erysiphe quercicola strain HO-73, Erysiphe cichoracearum strain UCSC1,
and Podosphaera hibiscicola strain HN-01, and inoculated on the leaf
surfaces of moderately susceptible rubber tree cultivar Reyan 7-33-97,
high-yield agricultural cowpea, and Arabidopsis pad4 mutant, respec-
tively. A large number of conidia were produced and collected after
14–28 days. Colletotrichum siamense strain HN08 and Lasiodiplodia theo-
bromae strain HN01 was inoculated on PDA and cultivated at 28 �C and
scraped off the hyphae after 3 days to induce sporulation. The collected
samples were suspended with sterile water and filtered through Mira-
cloth filter cloth (Merck KgaA, Germany), then centrifuged at 10,000 rpm
for 3 min to collect the precipitate. The supernatant was removed, and
the precipitate was washed twice with sterile water, then resuspended
and diluted to the final concentration of 105 CFU/mL.

In order to keep the freshness and natural state of samples, 10 mg
solid conidia of each powdery mildew species were collected directly
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from the leaf surfaces of living plants, and the measurements of fluo-
rescence spectra were performed immediately.

2.2. Autofluorescence intensity measurement

A drop with 10–20 μL suspension on glass slide was used for micro-
scopy observation and photographing. The photos were captured under
Red, Green, Blue, and Cyan channels by Olympus BX53 microscope
equipped DP80 CCD and U-HGLGPS light source (Olympus Corporation,
Japan). Table 1 list the parameters of four channels and photos were
taken with an exposure time of 100 ms under each channel. Three bio-
logical replicates each consisting of 10 individuals, were used for each
species. The fluorescence intensity was calculated by ImageJ (National
Institutes of Health, USA), and the gray value was used to represent the
intensity. The variable of comparisons was single-factor to ensure the
accuracy of the experiments.

2.3. Conidial fluorescence spectra measurement

The fluorescence spectra of solid conidia from powdery mildew were
measured by F-7000 Fluorescence Spectrophotometer (HITACHI, Japan)
and the samples were held by solid powder clamps (Orient KOJI Ltd,
China). The excitation (Em ¼ 455 nm) and emission spectra (Ex ¼ 375
nm) of E. quercicola, E. cichoracearum, and P. hibiscicola conidia were
recorded from 300–430 nm and 400–700 nm, respectively, with a
spectral resolution of 1 nm, 1200 nm/min scan speed, 10 nm slit, and 400
V PMT. Each sample was measured for five times and the average value
was presented. Prepare aqueous solutions of 0.02 M NAD, NADP⋅Na2,
NADH⋅Na2, and NADPH⋅Na4 to generate corresponding excitation and
emission spectra, respectively, with the same parameters as above.

2.4. Statistical analysis

Statistical analysis was performed with SPSS, and p < 0.05 was
considered as significant difference between the compared data.
Figures were generated with EXCEL (Microsoft, USA), Origin 2021b
(education version, OriginLab, Northampton, Massachusetts, USA), and
Adobe Photoshop (Adobe, USA). PCA analysis was performed by Prin-
cipal Component Analysis for Spectroscopy app in Origin Origin 2021b,
and spectral data were z-score normalized.

3. Results

3.1. Autofluorescence intensity of phytopathogenic fungal spores

The micrographs of spores from Erysiphe. quercicola, E. cichoracearum,
Podosphaera. hibiscicola, Colletotrichum. siamense, and Lasiodiplodia theo-
bromae under four channels are shown in Figure 1. Although
E. quercicola, C. siamense, and L. theobromae are pathogenic fungi of
rubber tree leaves and live in the same ecological environment, conidia
of E. quercicola displayed the strongest autofluorescence, especially under
the blue and cyan channels. By contrast, the conidia of C. siamense and
L. theobromae did not show autofluorescence (Figures 1 and 2B). Similar
to the autofluorescence of E. quercicola, that of E. cichoracearum, and
P. hibiscicola conidia were also observed under the blue and cyan chan-
nels, indicating that autofluorescence may be a common phenomenon of
powdery mildew (Figures 1 and 2A). Although the morphologies were



Figure 1. Conidial autofluorescence observation of E. quercicola, E. cichoracearum, P. hibiscicola, C. siamense, and L. theobromae under the four fluorescence channels.
Bar ¼ 100 μm.

Figure 2. Comparison of the conidial autofluorescence intensity. A. Conidia of E. quercicola, E. cichoracearum and P. hibiscicola at the same culture period. B. Conidia of
C. siamense and L. theobromae at the same culture period. Notes: The weak fluorescence intensity of conidia that cannot be counted under the red and green channels
was defined as 1. Different uppercase letters represent P < 0.01, different lowercase letters represent P < 0.05, and the same letters present there no statistical
significance between them.
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extremely similar in powdery mildew, E. quercicola conidia had an
obvious high state ascribable to the substantial accumulation of endog-
enous fluorophores, and thus could be distinguished from the others.

The morphology of conidia changed with the development stage.
Next, we investigated the changes in conidial autofluorescence at
different growth stages. The morphology of E. quercicola spores changed
greatly at the fresh, shrink, and aging stages, and fluorescence intensity
changed accordingly (Figure 3A). We observed the aging of conidia and
found extremely strong autofluorescence under the cyan channel, that
distribution changed from being in the membrane and the cytoplasm to
being in the whole spore with the aging of E. quercicola conidia, and that
autofluorescence also gradually increased under other channels
3

(Figure 3B). To show the trend of autofluorescence, we collected and
measured samples at 0, 7, 14, 21, and 28 days after culture. The fluo-
rescence intensity evidently showed an upward trend, indicating that
endogenous fluorophores in conidia accumulated or increased during the
aging process (Figure 3C).

3.2. Spectral characterization and source exploration of autofluorescence
in powdery mildew

To characterize the features of the conidial autofluorescence and
explore the sources, we conducted the spectra scan for three species
causing powdery mildew. After multiple attempts, the maximum



Figure 3. Autofluorescence changes of the E. quercicola conidia and intensity statistics. A. Autofluorescence of fresh, shrunk, and aging E. quercicola conidia, cyan
fluorescence channel as an example. Bar ¼ 50 μm. B. The intensity contrast of the three morphology of E. quercicola conidia under the red, green, blue, and cyan
fluorescence channels. All comparisons were only performed between different morphology under the same channel. (Different uppercase letters represent P < 0.01,
different lowercase letters represent P < 0.05, and the same letters present there no statistical significance between them). C. Changes of autofluorescence intensity of
E. quercicola conidia at 0, 7, 14, 21, 28 days.

X. Xu et al. Heliyon 8 (2022) e12084
emission and excitation efficiency for E. quercicola were 375 nm and 455
nm, respectively. Consistent with the results of fluorescence intensity in
E. quercicola conidia, the excitation and emission spectrum of the pow-
dery mildew population presented the strong intensity of the peaks
(Figures 4A and 4B). Although the fluorescent spectra of powdery
mildew differed fluorescence intensity, we observed a common peak at
460 nm and a broad excitation band in the emission spectra and exci-
tation spectra, respectively (Figures 4A and 4B). Unexpectedly, the
emission spectrum of P. hibiscicola conidia demonstrated an extra trend,
in addition to the intensity difference, as compared with the emission
spectra of E. quercicola and E. cichoracearum.

Additionally, the use of single excitation and emission wavelengths
for different samples could affect the maximum intensities they can
achieve. To ensure experimental rigor that eliminated the influence of
inappropriate wavelengths, we generated the excitation and emission
spectrum by using the corresponding maximum emission and excitation
wavelength in each species and confirmed our results (Supplement
Figure 1A and 1B).

The characteristics of the conidial spectrum of E. quercicola were
similar to those of NAD(P)H, indicating that NAD(P)H is possible the
source of autofluorescence. To verify this hypothesis, we measured the
fluorescence spectra of NAD(P) and NAD(P)H materials, including NAD,
NADP⋅Na2, NADH⋅Na2, and NADPH⋅Na4 (aqueous solution). A study
demonstrated that the difference in UV absorbance between NADH and
NADþ could be used to evaluate the redox state of mitochondria [26].
However, we found that the difference not only existed in absorption
spectra but also in fluorescence emission spectra (Figure 4C). The cor-
responding maximum excitation wavelengths were selected to generate
the emission spectra. NADH⋅Na2 and NADPH⋅Na4 showed emission peaks
at 463 nm and 466 nm, respectively (Figure 4D), with wavelengths and
trends of peaks similar to those of conidia in E. quercicola. Only the
distinctive trend and weak peaks were observed in the emission spectrum
4

with NAD, and NADP had no observable emission peak, indicating that
no relationship with the autofluorescence phenomenon was observed.
These results suggest that reduced coenzymes probably contributed to
conidia autofluorescence in powdery mildew, and NADmay be involved.

Figure 5A showed normalized features of these samples’ spectra
under 375 nm excitation and further confirmed our hypothesis regarding
the source of autofluorescence from spectral peaks position and trends.
Used as a dimensionality reduction analysis, PCA clustered together
spectra with similar characteristics in the score plot. In this work, we
easily discriminated the three powdery mildew species at the species
level. As shown in the score plot (Figure 5B), conidial spectra represented
by dots of three species were divided into three clusters based on their
conidial emission peaks. Moreover, the relative position between the
species and standard samples reflected the correlation of the contribution
extent to conidial fluorescence. Given the results we have outlined,
NADP⋅Na2 was not the source and NAD played a role in autofluorescence.

4. Discussion

The autofluorescence phenomenon has been found in various fungi
and their spores. Fungal spores are propagules for succession and spread,
and the autofluorescence changes in spores are related to their metabolic
state during the life process. However, the fluorescence intensity mea-
surement was restricted by many factors. First, the excitation efficiency
of mercury lamps differs by band. Second, the fluorescent signal detector
has specific sensitivity under certain channels that also interferes with
fluorescence intensity and gray values. Third, the selective transmission
of the filter on the fluorescence microscope should also be considered.
For instance, the channel of cyan and blue are equipped with longwave-
pass filters and shortwave-pass filters (Table 1), respectively, thus,
conidial autofluorescence has a larger integral area under the cyan
channel and provides a stronger fluorescence. However, this explanation



Figure 4. Spectral characterization results (spectral resolution ¼ 1 nm). A. Excitation spectra of E. quercicola, E. cichoracearum, and P. hibiscicola conidia under 455 nm
emission wavelength. B. Emission spectra of E. quercicola, E. cichoracearum, and P. hibiscicola conidia under 375 nm excitation wavelength. C. Excitation spectra of
NAD, NADP⋅Na2, NADH⋅Na2, and NADPH⋅Na4 under the 460 nm emission wavelength. D. Emission spectra of NAD, NADP⋅Na2, NADH⋅Na2, and NADPH⋅Na4 under
their respective maximum excitation wavelengths.

Figure 5. PCA analysis of three powdery mildew species and standard samples. A. The z-score normalized average emission spectra of E. quercicola, E. cichoracearum,
P. hibiscicola, NAD, NADP⋅Na2, NADH⋅Na2, and NADPH⋅Na4. B. PCA score plot at the spectral range of 400–700 nm.

X. Xu et al. Heliyon 8 (2022) e12084
cannot demonstrate the conclusion that the blue fluorescence emitted by
spores is weaker than that of cyan fluorescence because the blue channel
only covers a small range (420–460 nm) emission. Therefore, theoretical
conidial autofluorescence under the cyan channel at a 460 nm emission
5

peak corresponds to the color blue actually. To ensure the accuracy of the
experiment, we conducted the comparisons under the same fluorescence
channel under the same conditions and parameters, and used a single-
factor variable.
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As an obligate parasitic fungus, powdery mildew has two character-
istics that make identifying the pathogenic species difficult: it cannot be
cultured in vitro, and it has a crossover of host ranges and similar
symptoms in the process of morphological identification. Approximately
10,000 species of plants worldwide can be infected by 650 species of
powdery mildew. During the identification and taxonomic research of
powdery mildew, researchers have found that one powdery mildew
species can infect several hosts, and one host may be infected by various
powdery mildew species [24]. The infection of powdery mildew has
caused sustained and extensive damage to crops, fruits, and vegetables.
Moreover, the conidia of powdery mildew are mainly spread by air
currents. Therefore, the identification and detection of powdery mildew
spores in the air or on the surface of host plants are essential for con-
trolling powdery mildew infection. Methods used to identify fungi at the
species level are mainly based on the host range, polygene tandem
phylogenetic tree, andmorphology. Traditional morphologymethods are
combined with, for example, Koch postulates, dyeing, and specific
sporulation structure. Although genetic methods based on universal
primer ITS1/ITS4 can be identified at the species or genus level within a
certain range [27], the contamination during sample collection, the
sample volume required, and the time cost must be considered [28].

In this study, we showed that conidial autofluorescence provides a
new possibility for rapid identification and development of specific
automatic capture and recognition devices. Although E. quercicola,
E. cichoracearum, and P. hibiscicola are close interspecies, and their con-
idia are similar in appearance and size, their conidia do not produce
similar autofluorescence. Conidia with mean autofluorescence intensity
greater than 5 and 10, represented by grayscale values, could be selected
as the positive control, under the blue and cyan channel, representa-
tively. In further trials, the difference between E. quercicola and
E. cichoracearum was only shown in intensity, but P. hibiscicola was spe-
cific with additional plateaus from 479 to 485 nm, which indicated that
the fluorescent sources between them were inconsistent despite causing
the same disease. Both the characteristic spectral library and the specific
intensity range can be selected as a positive control and have the po-
tential to discriminate at the species level synchronously. Relative to
gene sequence analysis and morphology, autofluorescence demonstrated
a substantial advantage in time and cost, even without using sample
processing in the spectral scan.

For such a specific phenomenon, the standard procedure must be
investigated to construct accurate models. The workflow is as follows:
observe disease symptoms and determine the host range, identify the
genus by the morphological description of structures and spores, and
evaluate the maximum probability at the species level by comparing
autofluorescence intensities and spectral characteristics. Thus, a wider
range of species than has been used in this study should be added, and a
database should be built for recording the maximum or minimum in-
tensity of conidial autofluorescence for each of them. In addition, to
improve the automation of pathogen monitoring, the automatic identi-
fication and analysis system based on the spore capture device using the
improved algorithm can diagnose and classify targets. Intelligent spore
capture and analysis systems for plant pathogens are usually equipped
with bright field imaging. Other solutions, which consider different
environmental conditions, could be the combination of existing devices
with the fluorescence system. Autofluorescence and spectral character-
istics of conidia also provide a new possibility for automatic, accurate,
and rapid identification.

Biochemically, the endogenous fluorophores of the fungi are closely
related to energy metabolism or pathogenesis and defense mechanisms.
Various endogenous fluorophores, including flavins, NAD(P)H, FAD,
lipofuscin, ergosterol, carotenoids, and melanin, have been discovered in
fungi [29]. NAD(P)H, as a hydrogen and electrons donor, participates in
many biochemical cycles such as reductive biosynthesis, and NADH is
usually used in the oxidation of the respiratory chain to produce ATP.
According to early reports, the emission peak at 460 nm was contributed
6

by NAD(P)H specifically [2, 26, 30, 31, 32]. We found that endogenous
fluorophores accumulated during the aging process in E. quercicola. The
fluorescent spectrum of conidia is also approximately 460 nm and in-
dicates that the source of conidial autofluorescence in E. quercicola could
be contributed by NAD(P)H. From the aspect of autofluorescence distri-
bution, cytoplasm and mitochondria were considered to be the sites
where NAD(P)H exists and cell respiration occurs [26]. However, we
found that autofluorescence was distributed in the membrane and cyto-
plasm at the fresh stage, and changed to evenly distributed inside in
senescence owing to shrinkage caused by the loss of vacuoles and
moisture. Therefore, we speculate that the autofluorescence source was
the single-family rather than comprehensive compounds. NADH and
NADPH contribute differently to autofluorescence. In the literature,
whether the autofluorescence was from NADH or NADPH was indistin-
guishable [33]. To further confirm the source of autofluorescence, we
characterized the fluorescent spectra of two oxidized coenzymes, NAD
and NADP⋅Na2, and two reduced coenzymes, NADH⋅Na2 and
NADPH⋅Na4. The excitation spectra of NADH⋅Na2 and NADPH⋅Na4 were
red-shifted by approximately 40–45 nm, as compared to the excitation
spectra of NADH and NADPH reported in another study [34], which may
be caused by the combination with Na. The emission spectra scanned
under the maximum excitation wavelength explained that the reduced
coenzymes were the dominant source of the spore autofluorescence.
However, reduced coenzymes were indistinguishable because they had
maximum excitation and emission wavelength in common, and an
extremely similar trend and intensity. According to our results,
NADP⋅Na2 was not related to autofluorescence, and NAD displayed a
special shape at the peak at 375 nm, which was different from the spectra
of E. quercicola and E. cichoracearum. The extra peak of the spores in
P. hibiscicola at 487 nm indicated that NAD possibly contributes to its
autofluorescence. NAD(P)H has been known to be the inner probe of
respiration and metabolism in cells. Conversion between NAD(P)H and
NAD(P) exists in physiological cycles, and NAD(P)H is the key factor in
providing energy for further processes. The accumulation of reduced
coenzyme and oxidized coenzyme in their spores not only reflects the
different spectral trends but also indicates the metabolic status of the
conidia. Therefore, it seems that NAD(P)H monitoring better reflects the
vigorousness and metabolism in organisms than other bioindicators do;
however, similar life cycles cannot represent the same energy meta-
bolism status and intrinsic contents.

The PCA analysis result demonstrated that the spectral patterns of the
powdery mildew are visually distinctive and statistically separable. In
related studies, PCA has been used for Raman spectroscopy and Surface-
Enhanced Raman Scattering spectroscopy in fungal identification [35,
36, 37]. By contrast, we did not use complex spectral processes and
cumbersome sample treatments. Furthermore, fungal autofluorescence
may lead to an elevated Raman spectral baseline, masking the Raman
signature. Notably, autofluorescence is a characteristic signal of fungi,
recognized as an intrinsic fluorescent label [29]. The fluorescence spectra
of pollen and fungal spores related to Primary Biological Aerosol Particles
that were scanned and cluster-validated in PCA have been reported [38].
In this study, we not only scanned the fluorescence spectra, but also
demonstrated the normalized spectral features and PCA score plots.
Using the relative position and distance, we clarified that NAD may also
be also a part of the source of conidial autofluorescence and that NADP is
an irrelevant element. To validate this method, further research should
add additional species of spores and fluorescent standards. Certainly, the
new method may be restricted by the sample status and our findings that
autofluorescence gradually increases with increase in number of mea-
surements due to laser irradiation and shows a decrease in intensity
value. However, this situation did not affect the trend of samples, and the
reduction was mild.

In conclusion, characteristic autofluorescence provides new possi-
bilities for in-situ and micro-samples of airborne fungal spores to avoid
crop yield reduction and economic losses in agriculture. Especially for
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fungi similar to powdery mildewwhich are obligate parasites that cannot
be cultured purely, they have extremely similar morphologies, produce a
large number of spores on the surface of the leaves, and spread by
airborne.

5. Conclusion

Autofluorescence produced by endogenous fluorophores in organisms
represents the accumulation of substances and the state of energy
metabolism. In this study, we reported the visible conidial auto-
fluorescence of three species causing powdery mildew. The fluorescence
intensity represented by gray values and the emission peak at 460 nm in
the spectral scan demonstrates the unique spore autofluorescence in-
tensity features of E. quercicola. In addition, the autofluorescence
increased sharply during the senescence of conidia in E. quercicola and
represented accumulation of substantial fluorophores. Additionally, the
conidial autofluorescence spectra of three species of powdery mildew
indicate that the source is prominently contributed by NAD(P)H, and the
oxidized coenzyme, NAD, is also engaged in conidial autofluorescence.
These results suggest that different species of powdery mildew may be
distinguished by their conidial autofluorescence. Considering that pow-
dery mildew can produce enormous conidia on the surface of plant
leaves, be spread by the wind, and infest crops causing economic losses,
the autofluorescence and fluorescence spectra provide a potential
application for fungi and spore identification at species level.
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