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For quality evaluation of Gastrodia elata f. glauca (GEFG), it's crucial to develop an analytical method to
determine the geographical origin. Herein, 371 GEFGs are collected from five provinces, focusing on analysis of
dry matter content (DMC), origin identification, geographical indication (GI) production area discrimination by
using a combination of Fourier transform infrared (FTIR) spectroscopy and deep learning, data driven version of
soft independent modeling of class analogy (DD-SIMCA). A significant difference in DMC of GEFG between
Yunnan and other origins, which may be related to precipitation, altitude, temperature, and soil. The residual

neural network (ResNet) model based on synchronous two-dimensional correlation spectroscopy (2DCOS) im-
ages has stable performances, its accuracy is 100%. The DD-SIMCA model can differentiate GI production areas
of GEFG, while for non-GI areas, the model specificity is 71.38%. This study provides a promising approach for
GEFG geographical traceability and GI production area differentiation.

1. Introduction

Gastrodia elata blume (GEB), known as Tianma in China, is a genus of
perennial saprophytic herbs in the family Orchidaceae that grows in
symbiosis mainly with fungus Armillaria melleaon (Zhan, Yang, Lu, Deng,
& Yang, 2022). GEB has been used as a significant traditional Chinese
medicine, which has been recorded in Divine Farmer’s Classic of Materia
Medica (Shen Nong Ben Cao Jing) more than 2000 years ago. It is mainly
used for the treatment of neurological disorders, such as headache,
dizziness, epilepsy, neuralgia, and paralysis (Wang et al., 2018; Yang
et al., 2023). Though modern pharmacological analysis and identifica-
tion, it was found that this plant is rich in aspalathin, p-hydroxybenzyl
alcohol, polysaccharides, vanillin, parishin and other compounds (Sun
et al., 2023). Based on its medicinal value, GEB has been listed in the
pharmacopoeias of China, Japan, the United Kingdom and Europe (Yang
et al.,, 2023). In 2023, GEB was classified by the State Administration of
Market Supervision and Administration of China as a plant that is both a
traditional food and a traditional Chinese medicine (http://www.nhc.
gov.cn/wjw/index.shtml). It is of great significance for affirming its
nutritional and medicinal value, as well as enhancing its economic
value. There are five species of GEB widely grown in China, including
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G. elata f. glauca S. Chow (GEFG), G. elata f. elata, G. elata f. viridis
Makino, G. elata f. flavida S. Chow, and G. elata f. alba S. Chow (Wang
et al., 2018). Among them, GEFG is an excellent GEB variety in China
and is widely planted in Yunnan, Guizhou, Hubei, Sichuan and Tibet
provinces.

Effective differentiation of GEFG’s origin is essential for the success
in commercial trade, as the quality of GEFG varies depending on the
region in which it is grown, and this variance in quality is reflected in
various pharmacological activities and economic values (Chen et al.,
2015). The origins can be the main basis for judging the quality of GEFG.
Owing to the unique climate and geographical characteristics, GEB in
Zhaotong, Yunnan Province has good quality, and Zhaotong has been
registered as a National Geographical Indication (GI) production area
(Zheng, 1i, Liu, & Wang, 2023). Driven by economic competition, the
issue of geographical authenticity in the GEFG trade process has
attracted the attention of consumers, mainly in the form of origin
confusion trafficking (Li, Shen, Li, & Wang, 2024). However, it is chal-
lenging for professionals to discern GEFG from distinct origins. Tradi-
tionally, varieties of GEB have been identified mainly from differences in
flower stem color, discrepancy in rhizome length, width and thickness
for traditional character divergence analysis (Yang et al., 2023). It is not
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Adenosine is an endogenous neuroprotective agent. It is of great importance to research the porcini mushrooms’
adenosine for developing products. However, problems, such as the old for new and traditional methods for
detecting adenosine content are complicated and time-consuming, seriously restrict industrial development. The
present study aimed to achieve a rapid quantification of adenosine content in porcini mushrooms on the market
using Fourier transform near-infrared (FT-NIR) spectroscopy combined with partial least squares regression

(PLSR) model. Herein, the nucleoside content and spectral characteristics of the large-scale dataset (n = 242)
were analyzed, which was used as the calibration set for constructing the PLSR model. The PLSR model had an RZ
of 0.907 and a residual predictive deviation (RPD) of 2.726. For random samples with different origins, the R
was 0.768 and the RPD was 1.326, for the storage period, the R3 was 0.952 and the RPD was 3.069, and for
various collection years, the R3 was 0.927 and the RPD was 2.548. It was demonstrated that the established
method offers a rapid and reliable prediction strategy for adenosine content of random porcini mushrooms
samples, which has the potential to be applied in the market.

1. Introduction

Boletus sect. Boletus (porcini mushrooms) are one of the most sig-
nificant fungal groups due to their ecological and economic importance,
and this group of fungi forms ectomycorrhizal symbioses with plants of
many families, including Pinaceae, Fagaceae and Dipterocarpaceae
(Cui, Feng, Wu, Xu, & Yang, 2015). They are one of the most collected
species in the world, being consumed 20-100 tons per year (Rivas-Fer-
reiro, Otero, & Moran, 2023). According to public databases, the export
value of porcini mushrooms in China exceeded $66.06 million in 2023
years (http://www.customs.gov.cn/). Porcini mushrooms are beneficial
for increasing income in rural areas due to their high economic value.
Additionally, the nutritional and medicinal values for porcini mush-
rooms are the main reasons for popularity. Porcini mushrooms are high
in protein, polyunsaturated fatty acids, minerals and vitamins, making
them one of the most popular foods for vegetarians (Tan, Zeng, & Xu,
2022). Modern pharmacological research has shown that some bioactive
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substances, such as phenolic compounds and polysaccharides, have
antihyperglycemic and antioxidant properties (Wei et al., 2024).
Mushroom’s polysaccharides have great medicinal potentials that can
manage cardiovascular diseases, cancers, and diabetes mellitus (Zhang,
Lei, Zhou, Ye, & Zhao, 2022). On the other hand, nucleosides have been
showed to strengthen brain function, influence immune modulation,
affect fatty acids metabolism, contribute to absorption of intestinal
function, and enhance gastrointestinal tract repair after damage (Phan
et al., 2018). Nucleosides are involved in the regulation of several
physiological processes in the human body, mainly through purinergic
and/or pyrimidine receptors. Nucleosides, for instance uridine, adeno-
sine and guanosine are precursor molecules for the production of DNA
and RNA (Phan et al., 2018). Adenosine is necessary for the normal
function of all cells within the human body. It acts as a neurotransmitter
for P1 and P2 purine receptors in its native state (Solakov et al., 2022).
Adenosine  has various pharmacological effects, including
anti-inflammatory, immunomodulatory and neuroprotective effects. Itis
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Food authenticity and food safety issues have threatened the prosperity of the entire community. The phe-
nomenon of selling porcini mushrooms as old mixed with new jeopardizes consumer safety. Herein, nucleoside
contents and spectra of 831 Boletus bainiugan stored for 0, 1 and 2 years are comprehensively analyzed by high
performance liquid chromatography (HPLC) coupled with Fourier transform near infrared (FT-NIR) spectros-
copy. Guanosine and adenosine increased with storage time, and uridine has a decreasing trend. Multi-
conventional machine learning and deep learning models are employed to identify the storage time of Boletus
bainiugan, in which convolutional neural network (CNN) and back propagation neural network (BPNN) models
have superior identification performance for distinct storage periods. The Data-driven soft independent model-
ling of class analogy (DD-SIMCA) model can completely differentiate between new and old samples, and partial
least squares regression (PLSR) can accurately predict the three nucleoside compounds with an optimal R? of
0.918 and an excellent residual predictive deviation (RPD) value of 3.492. This study provides a low-cost and
user-friendly solution for the market to determine, in real time, storage period of Boletus bainiugan in the supply

Keywords:

Boletus bainiugan

Fourier transform near infrared spectroscopy
Machine learning

Storage period identification

chain.

1. Introduction

The twenty-first century, marked by technological evolution and big
data, has reshaped many aspects of human society. Simultaneously, the
sustainability challenges posed by social development have also
increased (Li et al., 2024a). The issue of food authenticity has become a
critical and highly discussed issue in terms of the modern food industry.
Food authenticity is defined as the quality of a food product that is
genuine and indisputable in its nature, origin, identity, and claims, as
well as to meet the desired characteristics (Deng et al., 2024b). The
proposal of food authenticity reveals vulnerabilities in the food system,
there is an urgent need for a low-cost, rapid, and stable detection method
to detect and prevent food fraud problems.

Boletus bainiugan, a fungus of the genus Boletus widely distributed in
southwestern China, which has rich nutritional value, unique flavor and
potential pharmacological activity. The pharmacological and nutritional
effects of nucleoside components as one of the quality components of
porcini mushrooms have been widely studied. Adenosine can inhibit
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platelet aggregation, with anti-angiogenic and anti-inflammatory ef-
fects, uridine is related to nerve synapse growth stimulation activity.
The guanosine is involved in various metabolic activities in the human
body, and may be related to the formation of porcini mushrooms taste
flavor (Phan et al., 2017). Due to its high moisture content and rapid
respiratory metabolism, fresh Boletus bainiugan is prone to stipe elon-
gation, cap opening, softening and browning after collection (Deng
et al., 2023). To extend the storage period, Boletus bainiugan dried to dry
slices and sold. Nevertheless, dried slices are characterized by
non-perishable and unrecognisable appearance with the naked eye
(Fig. S1 a, b), which creates challenges for appraisal of storage time.
Meanwhile, the increase in storage time may lead to the production of
harmful substances, such as the amines, mercaptans, and indole com-
pounds, as well as results in the degradation of nutrients including
proteins and polysaccharides (Yan et al., 2023). The authorities in
Yunnan Province, China, have set the storage period of dried porcini
mushroom slices at two years. However, the global economic recession
and the backlogs of products in the marketplace provide motives for
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ABSTRACT

Mushrooms are popular due to their rich medicinal and nutritional value. Of the many characteristics
of mushrooms, aroma has received extensive attention and research as a key determinant of
consumer preference. This paper reviews the production, role and contribution of common volatile
compounds (VCs) in wild and cultivated mushrooms, and explores the methods used to characterize
them and the factors influencing aroma. To date, more than 347 common VCs have been identified
in mushrooms, such as aldehydes, ketones, alcohols and sulfur-containing compounds. Extraction
and identification of VCs is a critical step and combining multiple analytical methods is an effective
strategy in mushroom aroma studies. In addition, the VCs and the aroma of mushrooms are affected
by a variety of factors such as genetics, growing conditions, and processing methods. However, the
mechanism of influence is unknown. Further studies on the production mechanisms of VCs, their
contribution to aroma, and the factors influencing their formation need to be determined in order
to fully elucidate aroma and flavor of mushrooms.

KEYWORDS

characteristic aroma; identification
techniques; influence factors;
mushrooms; volatile compounds

GRAPHICAL ABSTRACT

Influence factors

\

‘Common volatile
compounds

7

Extraction and analysis methods

Introduction source of rich protein and their consumption is gradually
increasing (Agrahar-Murugkar and Subbulakshmi 2005). Five
species dominate the cultivated mushrooms and their com-
mercial value is very remarkable. They are Agaricus bisporus,
Lentinus edodes, Pleurotus spp, and Flammulina velutipes, etc.

(Kalac 2013). There has been a significant increase in mush-

Mushrooms, a large fungal organism, has been used since
ancient times as a source of medicine and as a health food
(Hamza, Ghanekar, and Santhosh Kumar 2023). It has been
widely studied due to its pharmacological activities such as
anti-tumour (Niu et al. 2021), anti-diabetic (Xiao et al. 2019),

anti-viral (He et al. 2020) and as a rich nutrient substance
due for instance protein, minerals and vitamins content
(Zhang et al. 2021b). In nature, 22,000 known species of
mushrooms have been identified, including more than 2,000
edible species, of which exceed 20 are cultivated species
(Zhang et al. 2021b). Wild mushrooms are an important

rooms production and economic value in a global scale (Lu
et al. 2020). The global edible mushrooms market is expected
to be USD 62.19 billion by 2023 due to the increasing
demand for mushrooms (Niego et al. 2021).

The attributes of flavor of mushrooms like aromatic, deli-
cious, meaty, sweet is a crucial reason for their popularity (Zhu

CONTACT Honggao Liu @ honggaoliu@126.com; Yuanzhong Wang 9 boletus@126.com.
Supplemental data for this article can be accessed online at https://doi.org/10.1080/10408398.2023.2261133.

© 2023 Taylor & Francis Group, LLC

_36_



Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 327 (2025) 125421

]

ELSEVIER

Molecular and Biomolecular Spectroscopy

journal homepage: www.journals.elsevier.com/spectrochimica-acta-part-a-

Contents lists available at ScienceDirect

Spectrochimica Acta Part A:

molecular-and-biomolecular-spectroscopy

Rapid prediction of nucleosides content and origin traceability of Boletus

Check for
updates.

bainiugan using Fourier transform near-infrared spectroscopy combined

with chemometrics

Guangmei Deng ™", Honggao Liu “, Jieqing Li ™, Yuanzhong Wang "

? College of Agronomy and Biotechnology, Yunnan Agricultural University, Kunming, 650201, China
Y Medicinal Plants Research Institute, Yunnan Academy of Agricultural Sciences, Kunming 650200, China

© Yunnan Key Laboratory of Gastrodia and Fungi Symbiotic Biology,

o

g University, Zh ng 657000, Yunnan, China

HIGHLIGHTS

GRAPHICAL ABSTRACT

o First analysis of the correlation between
climatic factors and nucleoside content.

o ResNet model successfully traced the
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Boletus bainiugan has high nutritional and economic values. As one of the potential medicinal active ingredients,
nucleosides have important research significance. Porcini mushrooms fraud is frequently detected on the market,
including substitute inferior into superior and lack of geographical origin’s certification. This behavior results in
economic loss and health damage to consumers. Fourier transform near-infrared (FT-NIR) spectroscopy is a fast,
efficient and reliable analytical tool. In the present study, the effect of source environment (climatic factors) on
nucleoside content is analyzed for the first time. Then, the FT-NIR spectroscopy to study the origin traceability
and content prediction of Boletus bainiugan are utilized. The results indicate that the nucleoside content is
associated with precipitation and temperature. The combination of synchronous two-dimensional correlation
spectroscopy (2DCOS) with residual neural networks (ResNet) model obtains the precise identification of the
origin of Boletus bainiugan, with an accuracy of 100%. In the prediction models of content for uridine, guanosine,
and adenosine, the optimal coefficient of determination of predictive set (R$) is 0.901, and the optimum residual
prediction deviation (RPD) is 3.178. FT-NIR spectroscopy has proven to be an environmentally friendly and non-
destructive analytical tool for accurate origin traceability and content prediction.
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