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Dendrobium candidum (DC) is an agricultural product for both food and medicine. It has a variety of beneficial effects on the human body with antioxidant, anti-inflammatory, antitumor, enhancing immune function, and other pharmacological activities. Due to less natural distribution, harsh growth conditions, slow growth, low reproduction rate, and excessive logging, wild DC has been seriously damaged and listed as an endangered herbal medicine variety in China. At present, the quality of DC was uneven in the market, so it is very necessary to detect its quality. This article summarized the methods of DC quality detection with traditional and rapid nondestructive, and it also expounded the correlation between DC quality factor and endophytes, which provides a theoretical basis for a variety of rapid detection methods in macromolecules. At last, this article put forward a variety of rapid nondestructive detection methods based on the emission spectrum. In view of the complexity of molecular structure, the quality correlation established by spectral analysis was greatly affected by varieties and environment. We discussed the possibility of DC quality detection based on the molecular dynamic calculation and simulation mechanism. Also, a multimodal fusion method was proposed to detect the quality. The literature review suggests that it is very necessary to understand the structure performance relationship, kinetic properties, and reaction characteristics of chemical substances at the molecular level by means of molecular chemical calculation and simulation, to detect a certain substance more accurately. At the same time, several modes are combined to form complementarity, eliminate ambiguity, and uncertainty and fuse the information of multiple modes to obtain more accurate judgment results.

KEYWORDS
 Dendrobium candidum, quality factors, molecular dynamics, multimodal, rapid detection


Introduction

Dendrobium candidum (DC) is a precious agricultural product, both food and medicine, known as “life-saving fairy grass.” It has the effect of “moistening throat, warming stomach and brightening eyesight, tonifying kidney and prolonging life.” Modern chemical composition and pharmacological studies show that DC also has many functions, such as antitumor, anti-aging, enhancing body immunity, and effectively reducing liver injury (Wang and Li, 2014). Wild DC has less natural distribution, strict requirements for growth conditions, slow growth, low reproduction rate, and excessive logging. At present, it is listed as an endangered traditional herbal medicine variety. With the improvement of people's health awareness, herbal medicinal materials similar to DC for both food and medicine have attracted more and more attention in China, east Asian countries, and regions. Now in China, the central government and local departments attach great importance to the traditional herbal medicine industry, and relevant policies have been issued (as shown in Table 1).


TABLE 1 Government policies for promote herbal medicine industry.
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At present, the artificial cultivation of DC has developed rapidly, but the quality is mainly judged by human experience in the market, which has become an important technical bottleneck and restricting the realization of intelligent processing and accurate directional regulation of DC processing technology. Therefore, to realize the objective, quantitative, real-time, fast, convenient, and practical scientific evaluation detection of DC quality, then automatically optimize the differentiated and standardized primary process parameters on the production according to the properties of raw materials, and then to make machine that replaces the human experience, it is necessary to find an effective method to promote traditional herbal medicine industry to intelligent manufacturing.

Dendrobium candidum is a perennial herb belonging to Orchidaceous Dendrobium (as shown in Figure 1). Due to its strict requirements for growth environment, such as altitude, humidity, and light, its industrial distribution is regional. Wild DC is mainly distributed in east Asia, southeast Asia, and Australia (Li and Li, 2017). At present, there is no wild DC in the Chinese market as the state has banned picking, so they are all planted in greenhouses or imitation wild environments. It is mainly produced in several provinces in China, such as Anhui, Zhejiang, Yunnan, and Taiwan. In the recent years, the medicinal and food healthcare value has been continuously excavated, which has led to the continuous expansion of its industrial planting scale (Wang and Shi, 2019).


[image: Figure 1]
FIGURE 1
 Plants, stems and products of Dendrobium candidum.


After years of herbal industry development, there are a number of well-known leading enterprises, which provide unique conditions for DC industry. The chain of the traditional herbal medicine industry is long, and quality is the core factor. In this article, DC quality detection research is described from several angles and its development trend prospects.



Dendrobium candidum quality grade and evaluating index


Dendrobium candidum quality grade

There is no unified grade standard for DC quality. Different scholars have different methods (Table 2). For example, classification standard (Wang et al., 2021) has been built for fresh DC according to appearance, taste, middle internode length, internode number, and middle diameter as main evaluation indexes, which is divided into three grades in total, including DC planted on the cliff, under the tree, and in the greenhouse. A variety of cultivation methods (Xu et al., 2018) was classified according to the living environment, such as tree imitating wild, dead tree imitating wild, greenhouse imitating wild, stone imitating wild, rock wall imitating wild, forest imitating wild, and pure wild. The main quality factors are the contents of polysaccharides, mannose, alcohol-soluble extract, flavonoids, polyphenols, and crude fiber. It is considered that pure wild DC has the highest content for all quality indexes and significantly higher than any other cultivation methods. There are unwritten regulations in the market that DC is divided into five grades: they are special grade I, special grade II, grade I, grade II, and grade III (Table 3); however, this description is vague, and it is only distinguished from growth environment, planting process, growth characteristics, planting conditions, and planting mode. The main evaluation index is to compare the growth environment and features with wild DC.


TABLE 2 Dendrobium candidum grade identification.
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TABLE 3 Dendrobium candidum grade description.
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The international standard ISO 21370: 2019 traditional Chinese herbal medicine Dendrobium candidum submitted by Zhejiang Shouxiangu Pharmaceutical Co., Ltd [a very famous company in the herbal medicine industry (Chai, 2019)] regulates the sensory indexes, physical and chemical indexes, agricultural residue heavy metal indexes, detection methods, packaging, storage, and transportation requirements. The main quality indexes are water contents, total ashes, heavy metals, pesticide residues, and polysaccharides. This standard covers many contents, including the whole process of DC, but the quantitative standard on quality is not obvious. Lu (2014) supplemented the quality indexes of DC and compared the differences in chemical components from different places. Zhang et al. (2018) measured 14 indexes such as the pseudobulb length of DC and used character variation analysis to clarify the quality differences between different regions.

In short, there are many factors affecting the quality of DC, external morphological features are easy to detect by image process, internal physical and chemical indexes are direct factors reflecting quality, and the evaluation criteria should be detected by different methods.



Dendrobium candidum quality index

As a typical herbal medicinal material for both food and medicine, DC has many substances beneficial to the human body, so the quality index concerned in different eating occasions is different (refer to Table 4). According to the (Pharmacopoeia Commission of the People's Republic of China, 2010), it takes polysaccharides and mannose as the quality standard, but it is relatively simple and cannot describe the quality fully and accurately. Tang et al. (2015) believed that polysaccharide, dendrobine, and flavonoids are the main pharmacodynamic components, and it is directly related to the quality of DC. The content of the main components is different with different growers in different regions and different growth ages, and even the content is very different in the same planted region. Polysaccharides are closely related to the efficacy of DC, such as enhancing immune function, antitumor, anti-aging, and antifatigue and reducing blood sugar. Wang H. et al. (2019) has done relevant work about polysaccharide extraction and antioxidant activity. Pharmacological effects are mainly cardiovascular, gastrointestinal, and antipyretic, and the contents of dendrobine and polysaccharides were determined in DC (Ge et al., 2015). Flavone is a compound that can reduce inflammation and virus, improve sleep, and protect the heart and brain. It has the functions of regulating body function, anti-aging, improving blood circulation, and promoting metabolism. Wu et al. (2011) tested the total amount of flavone. Huang et al. (2014) studied the antioxidant activity of different polar extracts of DC in vitro and its correlation with the content of polyphenols and flavonoids. Lv et al. (2017) determined 10 flavonoids in DC, compared the content of flavonoids from different producing areas, carried out a systematic cluster comprehensive analysis combined with pharmacopeia indexes, and analyzed the composition and content of polysaccharides at the same time.


TABLE 4 Dendrobium candidum quality index.
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It can be seen from the above literature that the quality evaluation standards of DC mostly focus on polysaccharides, dendrobines, and flavonoids. Generally, the three indexes can comprehensively reflect DC quality.

In addition to directly detecting these parameters for weighing DC quality, some scholars indirectly reflect the quality by measuring the substances closely related to the quality parameters, for example, to reveal the relationship between endophytic fungi and the functional components. Yu et al. (2016) measured polysaccharides and flavonoids in the mycelium of 21 kinds of endophytic fungi of DC and the extract of fermentation broth, it also provided a theoretical basis for the quality determination by endophytic bacteria, and it is another idea for DC quality detection.




Methods of Dendrobium candidum quality detection

There are many methods for DC quality detection, most of which are traditional destructive methods. For example, Wang et al. (2015) compared the differences between chemical components and their counterfeits by combining fingerprint and naringin content, analyzed DC and its counterfeits by HPLC, determined naringin content, and compared the similarity of a fingerprint with traditional herbal medicine chromatographic evaluation system, indicating that there is a great similarity between the fingerprints of authentic DC. Besides, there are also some methods including DNA and near-infrared technology to detect the quality, origin-producing place and authenticity of DC.


Sensory evaluation of Dendrobium candidum quality

Many factors have a great impact on the efficacy, taste, and value, such as planting place, variety, picking period, and other factors of DC. Therefore, it is most common to evaluate DC quality through sensory evaluation (refer to Table 5). Some scholars indirectly reflected internal elements' content through sensory features, especially predicting polysaccharide content. For example, He (2017) made a stepwise regression analysis between structure indexes (hardness, shear force, and shear displacement) and polysaccharide content of DC. It was found that the most influential factor on polysaccharide content was hardness, followed by shear force. According to the stepwise regression analysis between structure indexes (viscosity and consistency) and polysaccharide contents, the biggest factor affecting polysaccharide content is viscosity, followed by consistency, which indirectly reflects polysaccharide content according to sensory features. Zhong et al. (2020) compared hardness, shear force, shear displacement, viscosity, consistency, sensory score, and color difference among three kinds of DC; polysaccharide content, molecular weight, monosaccharide composition, flavonoid content, and alkaloid content were used to explore the relationship between quality and Dendrobium structure before and after beating. The results showed that there were significant differences in hardness, shear force, polysaccharide molecular weight, consistency, and color difference among three Dendrobium samples, and there were significant differences for DC quality detection at the same origin-producing places, same series, and different varieties. This can be used as the basis for quality, variety, and origin-producing place evaluation.


TABLE 5 Different technology in Dendrobium candidum detection.
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Lan et al. (2017) took cultivated DC species in different growth environments as the research sample, compared morphological features, yield, disease resistance, and polysaccharide content, and finally determined that the DC with high polysaccharide content and good disease resistance is more suitable to be processed into a product. Luo (2018) took five Dendrobium species as research samples from Longling County, Baoshan, Yunnan Province, and compared the differences in pharmacodynamic active components, sensory qualities, and structure indexes of different Dendrobium species, and the researcher established a correlation between structure and active components and carried out stepwise regression analysis between physical property indexes (hardness, shear force, and shear displacement) and Dendrobium polysaccharide content; it can be seen that hardness has the greatest influence on the content of Dendrobium polysaccharide. The stepwise regression analysis among viscosity, consistency, and polysaccharide content showed that the most important factor for Dendrobium polysaccharide content was viscosity, followed by consistency.

Jiang et al. (2019) carried out DC local cultivation from three different producing areas, sensory evaluation and polysaccharide content were determined, the results showed that viscosity was significantly different, and the viscosity of Zhejiang and Jiangsu strains was significantly higher than those of Yunnan strains. In the experiment, five persons with a healthy physique, sound mental quality, no bad habits, and no partial eclipse were selected as sensory evaluation participants to evaluate the sensory taste of fresh DC materials (the evaluation criteria are shown in Table 6). After a taste, three stem segments were taken for repetition and recorded the taste evaluation scores. The evaluation criteria refer to morphology and quality description in national standards for DC quality, as well as evaluation indexes, which are used in health care and consumption. To make the evaluation intuitive and reliable, quantitative scoring was used to judge which criteria were the indicators biased toward.


TABLE 6 Quantitative evaluation criteria for fresh sensory of Dendrobium candidum.

[image: Table 6]

According to this standard, fresh DC sensory evaluations are shown in Table 7, and it can be found that the smaller the score, the better the effect.


TABLE 7 Fresh edible stems sensory evaluation of different Dendrobium candidum strains.

[image: Table 7]

Chen Y. L. et al. (2020) analyzed the correlation among polysaccharides, active components, and the structure of DC in different regions and established a new evaluation system, and the result shows that the content of polysaccharides can be detected by structure features.

Vision technology was expanding the cognition of human eye. The quality of DC can be detected through vision technology. Xin (2011) compared microscopic features between tube plantlets and commercial DC with digital photography, among these microscopic features, the powder of commercial DC has obvious features, including stem epidermal cells, nonglandular hairs, and calcium oxalate needle crystal bundles, the powder features of tube plantlets have small calcium oxalate needle crystal bundles, and there were no obvious microscopic features in embryo powder. Yin (2014) used modern microscopy technology with ordinary light and fluorescence to observe DC and counterfeit that were easy to be confused in the market and established a microscopic feature database of Dendrobium species for the first time. DC can be detected quickly and accurately according to microscopic features in cross-section by observing ordinary light and fluorescence.

Wang (2012) not only showed obvious differences in seed germination of DC, but also in the growth of test tube plantlets. In addition, the seed germination and growth of different germplasm were better than their parents, the result indicated that heterosis exists in DC, and the variety improvement can be carried out by hybridization. On the growth features of DC, there were great differences in plant height, stem diameter, and leaf type from different native places.



Application of DNA technology in quality detection

The DNA technology has more and more application scenarios due to its detection accuracy. There are a variety of research cases on the quality of DC (Table 5). Polymerase chain reaction (PCR) is a molecular biology technology to amplify specific DNA fragments. It can be regarded as a special DNA replication in vitro. The most important feature of PCR is that it can greatly increase a small amount of DNA. In identifying the medicinal properties of DC, Geng et al. (2015) used PCR to amplify the mitochondrial genes of 39 individuals in 17 species; meanwhile, suitable gene fragments were selected to study the joint detection. Three wild Dendrobium species from Huoshan were successfully detected based on nrDNA. ITS+nad 1-intron two combined fragment using an unweighted pair group method with arithmetic mean, and the accuracy rates are 100%. Shi et al. (2006) studied the DNA of DC and seven other Dendrobium species, and ribosomal 5S sequence was amplified by polymerase chain reaction. It was inferred that different Dendrobium species could be distinguished by 5S sequencing.

The sequence length and species of ITS vary greatly. RFLP labeling or sequence analysis of its amplicons can be used for detecting different biotypes, species and genera, even for distinguishing closely related species. Chen X. Y. et al. (2020) took 101 Dendrobium and Phalaenopsis samples as test materials and selected ITS as the most ideal DNA bar code, and it was found that 25 samples could be effectively detected. Xu (2011) established a rapid and accurate herbal medicinal material detection method based on its sequence alignment by combining real-time quantitative PCR with an amplification mutation system. This method can effectively detect DC materials from adulterants. It is suitable for fresh and dry materials, especially for deep-processing herbal medicine. Chen (2021) took 12 DC from Zhejiang Province and 10 Dendrobium from other provinces as experimental materials, selected DNA barcode ITS2, and find a rapid detection method of single-nucleotide polymorphism (SNP) sites based on high-resolution melting curve (HRM). Liu et al. (2014) analyzed ITS2 sequence differences between DC and its common adulterants and established a rapid detection method for DC authenticity. Yang et al. (2018) studied the genetic diversity of DC at the molecular level and discussed the genetic relationship among different DC varieties. It provided the scientific basis for the detection of DC varieties, offspring differentiation, new varieties, and utilization and protection of germplasm resources.

The results obtained by DNA are accurate, including sequences of many organisms. However, this method is complex, time-consuming, and expensive compared with sensory evaluation methods, so it is not suitable for large-scale and real-time detection.



Biosensor detection

Biosensor detection is a device that monitors and transmits information about a life process, a device consisting of a biological component (such as enzyme or bacterium) that reacts with a target substance and an electrochemical or optical component that detects the resulting products or by-products and emits a signal (Jiang et al., 2018).

There are few cases of using biosensor technology to detect the quality of DC, but there are similarities in herbal medicine. For instance, the endophytic fungi from Fritillaria thunbergii were used as raw materials to successfully synthesize nanosilver by biosynthesis and silver nitrate solution, and the synthesis process was optimized by changing the reaction conditions. Then, the antibacterial activity and antitumor activity of nanosilver were studied. It was found that the endophytic fungi CBY4 and CBY13 isolated from Fritillaria thunbergii could synthesize nanosilver, a reaction condition suitable for the synthesis of nanosilver was optimized, and the synthesized silver nanoparticles have certain antibacterial and antitumor activities (Deng, 2020).

In addition, biosensors are combined with electrochemical and electrochemiluminescence methods to detect heavy metals in traditional Chinese herbal medicine. For example, by synthesizing nanomaterials, preparing biometric probes, and designing electrochemical biosensors based on deoxyribonucleic acid (DNA) hybridization chain reaction, host guest recognition, and gold sulfur bond (Au-S) self-assembly technology, the biosensors have a good linear response to hg~ (2+) in the range of 0.04–800 ng/ml, and the detection limit is 0.02 ng/ml(S/N = 3) (Kong, 2019).

The toxic substances were also detected in traditional Chinese medicine. Combined with a new nano-sensing membrane material, the monoclonal antibody against aflatoxin BL (afbl) was used as a biometric element. By investigating the effect of the interaction between AFB1 and the antibody on the [Fe(CN)6]3−/[Fe(CN)6]4−([Fe(CN)6]3−/4−) redox system in the test substrate, an electrochemical biosensor for the rapid detection of AFB1 in traditional Chinese medicine was constructed. Under the optimum conditions, the linear response range to AFB1 concentration was 0.1–100 pmol/L, and the detection limit was 14.7 fmol/L. The method was applied to determine the content of AFB1 in jujube, coix seed, and cassia seed, and the recovery of the known sample was 95.3%−109.5% (Wei et al., 2021).

The characteristic of biosensors is that immobilized bioactive substances are used as catalysts, and expensive reagents can be reused many times, which overcomes the shortcomings of the high cost of enzyme analysis reagents and complex chemical analysis in the past; it has strong specificity, only reacts to specific substrates, and is not affected by color and turbidity; the analysis speed is fast, and the results can be obtained in 1 min; the accuracy is high, and the general relative error can reach 1%; the operating system is relatively simple and easy to realize automatic analysis; the cost is low, and the cost of each measurement is lower in continuous use; some biosensors can reliably indicate the status of oxygen supply and the production of by-products in the microbial culture system. In the actual control, many complex physical and chemical sensors and displacement sensors can be used to obtain the information (Aquino and Conte-Junior, 2020).

This method also has some limitations, and the technology is not ideal in terms of the stability of the test results. The test results are easily affected by the physical and chemical environmental, resulting in the deviation of the test results and distortion of the final results (Rathee et al., 2016).



Rapid nondestructive internal quality detection

Given the similarity between DC and other herbal medicinal materials, many herbal medicinal material detection methods can be used for DC nondestructive quality detection, such as X-ray, computer vision, nuclear magnetic resonance, near-infrared spectroscopy, hyperspectral imaging, terahertz spectroscopy, and Raman spectroscopy technology (Jin, 2018).


Spectral analysis based on different modes

In general, DC rapid nondestructive detection was mainly based on spectral analysis in practical application. This method has many subdivisions, according to the essence of electromagnetic radiation, and it can be divided into atomic spectrometry and molecular spectrometry. Atomic spectrometry was divided into atomic emission, atomic absorption, atomic fluorescence, and X-ray fluorescence; molecular spectroscopy was divided into six methods: UV-vis spectroscopy, visible infrared spectroscopy, molecular fluorescence spectroscopy, molecular phosphorescence spectroscopy, nuclear magnetic resonance spectroscopy, and chemiluminescence spectroscopy. According to electromagnetic transmission mode, it was divided into absorption spectroscopy, emission spectroscopy, and scattering spectroscopy (Qiao et al., 2019). For DC, most of the quality detection methods used at present were visible/near-infrared spectroscopy technology, which was also the easiest to be applied in practice. The key was that visible/near-infrared sensor was small, affordable, and easy to carry (Villar et al., 2012). Nuclear magnetic resonance technology was expensive and large (Wishart, 2019), so it was not practical to be used in actual DC quality detection. X-ray detection speed was fast, which can realize herbal medicine internal visual analysis, but X-ray equipment was expensive and produces radiation to the human body (Meo et al., 2006).



Rapid nondestructive quality detection based on visible/near-infrared technology

At present, DC rapid nondestructive detection was mainly realized by visible near-infrared, which was called “black box” technology because it only required testers to be familiar with the instruments and data processing software, and was easy to train and predict, and it was the fastest developing method in the recent 10 years (Tang et al., 2020). Many scholars used this technology to detect origin-producing place or quality for food or agricultural products (see Table 5). Dendrobium Huoshan, Dendrobium Yunnan, and Dendrobium Zhejiang were the three most important producing areas in China. Gu et al. (2016) established a prediction model using near-infrared diffuse reflectance spectroscopy combined with soft independent modeling of class analogy (SIMCA) and conducted a rapid detection study on DC from five producing areas. The spectral data were smoothed by savitzky Golay, first-order savitzky Golay (S-G), derivative, mean centralization combined spectral preprocessing, and band selection optimization, and the accuracy and rejection rate of SIMCA model were 100%.

It was relatively easy to detect authenticity of fresh DC, but it was not easy to detect dried one. For example, DC, Dendrobium nobile, and other fake DC have been used as DC in the market. Liu (2015) used micro-near-infrared spectrometer to detect three kinds of easily confused DC from seven producing areas, the accuracy and rejection rate of models established for complete and crushed samples were 100%, and both stability and accuracy were high. Because the difference between producing areas was smaller than that between varieties, the detection of producing areas of DC was more difficult than that of varieties.

In terms of origin-producing place detection, Jiang et al. (2017) collected 231 Huoshan and Henan Dendrobium samples from a portable near-infrared spectrometer and obtained good results by partial least squares discriminant analysis (PLS-DA). The accuracy, sensitivity, and specificity models of the test set, validation set, and prediction set were 100%, respectively. In terms of DC quality detection, Hu et al. (2014) studied three different species with 5 grades. After spectral pretreatment, band selection, and principal component fraction optimization, the accuracy and rejection rate of SIMCA reached 100%. Tang (2014) collected 100 Huoshan Dendrobium samples from six categories: primary and secondary Dendrobium moniliform, primary and secondary DC, and rice Dendrobium and Dendrobium flower, and the detection was studied by Fourier transform near-infrared spectrometer with high precision and resolution.

Liu et al. (2014) have done a lot of work on a comprehensive analysis of DC. They collected samples from five main DC planting provinces in Yunnan, Guangdong, Guangxi, Zhejiang, and Guizhou and analyzed different parts, different years, different producing areas, and different drying types by infrared spectroscopy combined with traditional chemical methods, and the samples of different decoction pieces and extracted intermediate products were analyzed qualitatively and quantitatively. At the same time, an infrared quantitative calibration model for polysaccharide and mineral elements content was established.





Problems of Dendrobium candidum quality detection


Lack of quality influencing factor weight analysis

The interaction between quality indexes was not clear, the detection of endophytic bacteria focuses on species separation, the accuracy of quality influencing factors was a lack of relevant literature, and the quality grading was rough without a clearly quantitative index.



Quality components detection methods were miscellaneous

Traditional detection methods have high requirements for laboratory instruments and equipment, skilled technicians, reagent quality, and monitoring. Besides, many instruments were expensive, easy pollution of laboratory and environment, various processes, time-consuming, and laborious.



Limitations of detection methods

There were many detection methods, but each method has its focus. As the detection index of individual parameters, it was feasible, but as a comprehensive quality index, more systematic research was needed, such as multimodal analysis. Therefore, it was needed for a convenient, simple, low-cost, real-time, nondestructive, rapid, and accurate detection method.



Interaction mechanism between spectral data and quality factors was not clear enough

Spectral analysis was used to predict quality mainly through the correlation between spectral features and quality, but it was greatly affected by the variety and environment of samples, and the relationship between the molecular structure of quality factors and spectral information has not been solved from the mechanism.




Possibility of other rapid nondestructive detection methods for Dendrobium candidum quality detection


Quality detection by endophytic bacteria

Endophytic bacteria were microbial groups that survive in healthy plant tissues for a certain period or all periods without causing obvious infection symptoms in host plants. It mainly includes fungi, bacteria, and actinomycetes. A large number of studies have shown that plant endophytes can form a mutually beneficial symbiotic relationship with host plants, play an important role in their growth, and were one of the important factors affecting their drug properties (Xu, 2015). Gong et al. (2017) summarized in detail on the diversity of endophytic bacteria of DC and the effect of endophytic bacteria on the host. At present, a variety of fungi and bacteria have been isolated from DC in different environments, and some strains have significant growth-promoting effects on plants. Liu (2017) believed that the endophytic bacteria of DC promoted active components accumulation by inducing key enzymes expression in the synthesis pathway of Dendrobium polysaccharides and alkaloids, DC has a unique eco-type and health care due to long-term adaptation to various stresses, and therefore, the quality can be determined by endophytic bacteria. Chen et al. (2017) found that Pseudomonas and Acidovorax were dominant bacteria in roots, stems, and leaves. Ruminococcus, fecal bacterium, methylobacterium, and Shewanella showed tissue specificity, and the top 10 genera in relative abundance at the genus level were selected, to generate a species relative abundance distribution map. Abundance cluster and principal component analysis showed that the community structure of endophytic bacteria in roots and leaves was the most similar. Leaves were easier to collect and experiment with than roots; therefore, leaves could be detected directly.

Dendrobium candidum plants were rich in bacterial resources, and their distribution was affected by tissue structure and composition factors. This also showed that there was a great correlation between the content of endophytic bacteria and the quality of DC.



Relationship between macromolecules and spectra

As a macromolecule, endophytic bacteria widely exist in a variety of traditional herbal medicinal plants. Chen (2016) studied the antitumor and immune activities of saffron with the structure of endophytic bacteria polysaccharide. After biological macromolecules absorb energy, the energy of the whole macromolecule was increased to a new energy state. The energy state of molecules was closely related to the form of molecular motion, including the electron's motion, the atomic nuclei vibration, and molecule rotation. The excited state is the change in the electronic energy level. The excited state of a biological macromolecule was the electronically excited state after the biological macromolecule absorbs energy, and it was an important part of molecular biophysics. Biological macromolecules can produce various changes after absorbing energy. Therefore, according to these changes, the internal substances of DC can be analyzed qualitatively or quantitatively. The whole process was mainly divided into two steps: one was the absorbing energy process and the second was releasing energy process. The former was mainly visible/near-infrared absorption spectrum, and this technology allows atoms or molecules in the ground state and low excited state to absorb light in a certain wavelength and transmit it to each excited state to form a dark line or dark band spectrum arranged. These dark band spectra can be used as a basis for qualitative and quantitative analyses of a certain substance. This was also a technology that has been studied more at present. The latter was typically represented by fluorescence or phosphorescence spectrum, that was, the spectrum formed by releasing excess energy from atoms or molecules when they were transferred from high-energy level to low-energy level. At higher energy levels, the excited atoms and molecule transition to lower energy levels emit photons at a certain frequency.

Compared with the absorption spectrum, the emission spectrum has higher sensitivity in the detection of traditional Chinese herbal medicine. For example, the detection limit of fluorescence analysis was at least two orders of magnitude lower than that of absorbance analysis; that was, the sensitivity was more than two orders of magnitude higher.



Fluorescence and phosphorescence in Dendrobium candidum quality detection

There was a competitive relationship between phosphorescence and fluorescence. According to the spin forbidden transition rule, fluorescence was easier to produce than phosphorescence. If a substance emits both fluorescence and phosphorescence, it was easier to identify them according to their respective spectral features, attenuation dynamics, and properties of singlet and triplet states (Jin, 2018).

The horizontal black lines show the energy levels of a molecule (Figure 2), and the energy level is increasing along the vertical axis in the diagram. The bold lines show the lowest vibrational level of each electronic state, with the higher vibrational levels represented by thinner lines. The vibrational levels become more closely spaced as energy increases and eventually form a continuum; for clarity, only a subset of these vibrational levels was represented on the diagram (Ke and Dong, 1998).


[image: Figure 2]
FIGURE 2
 A typical Jablonski diagram showing the possible radiative and non-radiative transitions (IUPAC, 1997).


The naming of electronic states is based on the spin angular momentum configuration of each state. Singlet states (a total spin angular momentum of zero) are denoted by an S and triplet states (a total spin angular momentum of one) by T:

• S0 is the singlet ground state of the molecule.

• S1 is the first excited singlet state and Sn is the nth excited singlet state.

• T1 is the first excited triplet state and Tn is the nth excited triplet state.

Because the endophytic bacteria in DC contain a lot of organic substances, such as proteins, carbohydrates, and lipids, these substances contain a large number of chromophore structures, such as C=C, C=O, C=C, C-H, –N=O, –N=N–, and C=N, which provides a theoretical basis for the emission spectrum analysis quality of DC.


Fluorescence spectroscopy for quality detection

Fluorescence spectroscopy has the characteristics of high sensitivity, strong selectivity, less sample dosage, simple method, and more physical parameters. These characteristics determine that fluorescence analysis is a very effective spectrochemical analysis method and will play an important role in the field of spectral analysis (refer to Table 5). At present, there are few kinds of the literature on rapid nondestructive detection of DC by fluorescence.

Fluorescence qualitative analysis: different fluorescent substances have different excitation spectra and emission spectra, so fluorescence can be used to detect a certain substance. Compared with absorption spectroscopy, the fluorescence method has higher selectivity.

Fluorescence quantitative analysis: using the relationship, the fluorescence intensity is directly proportional to the material contained at a lower concentration. It is commonly used to detect the content of amino acids, proteins, and nucleic acids. One advantage of fluorescence quantitative determination is its high sensitivity. For example, the determination limit of vitamin B2 can reach 1 ng/ml, which greatly reduces the amount of sample required for detection.

The influencing factors of fluorescence intensity: (1) the influence of solvent. They are polarity, hydrogen bonds, and the formation of coordination bonds; (2) the influence of temperature. Fluorescence is sensitive to temperature, and the probability of inactivation increases with the increase of temperature; (3) the pH value of the solution has a great influence on the acid-base compounds; (4) internal filtering and self-absorption. In internal filtering, there are exciting or fluorescent substances in the solution, such as potassium dichromate; (5) self-absorption phenomenon: the short wavelength end of the fluorescence emission spectrum of compounds overlaps with the long wavelength end of their absorption, resulting in self-absorption, such as anthracene compounds (Gao, 1979; Edinburgh Instruments, 1997).

A fixed wavelength light is selected to irradiate the sample, which absorbs the excitation light and emits fluorescence, and detected fluorescence intensity at different emission wavelengths. Through the fluorescence emission spectrum, the emission wavelength corresponding to the strongest fluorescence can be obtained under a fixed wavelength excitation. Xu et al. (2002) observed the spontaneous fluorescence of hyphae, conidia, and fruiting bodies of three different fungi. The results showed that the spontaneous fluorescence of fungi was species-specific and affected by factors such as culture medium, while the culture time had no significant effect on fluorescence intensity and category. The chemical reagent test showed that the structure and composition of spontaneous fluorescence substances in different fungal cells could lead to a change in fluorescence properties. The occurrence of cotton verticillium wilt is closely related to endophytes, to understand the temporal and spatial dynamic changes for the number of cotton verticillium wilt endophytic fungi and its relationship with the number of verticillium wilt pathogens. Shi et al. (2018) measured endophytic fungi number of cotton verticillium wilt by TaqMan probe real-time fluorescence quantitative PCR and analyzed the relationship between cotton endophytic fungi number and the number of verticillium wilt pathogens. Ma et al. (2017) found that fungi spontaneous fluorescence during the real-time observation of citrus leaves infected by ulcer bacteria. Yu (2010) found that when arbuscular mycorrhizal fungi infect the roots of camptothecin acuminata seedlings to form arbuscular mycorrhiza, there was camptothecin spontaneous fluorescence in the vascular bundle, epidermis, root tip, root hair, and other parts, and there was also camptothecin spontaneous fluorescence in the parts where the arbuscular mycorrhizal structure was formed (hyphae, arbuscles and vesicles). After the formation of arbuscular mycorrhizal, the spontaneous fluorescence of camptothecin in the formation area of arbuscular mycorrhizal increased with the increase of arbuscular structure. To a certain extent, this proves the correlation between fungi and alkaloids. A fungus of DC may have a similar correlation with dendrobine; Jiang et al. (2015) labeled endophytic bacteria of corn with green fluorescent protein, under the fluorescence microscope, and it can be observed that a single cell emits strong green fluorescence. Cui et al. (2019) studied the response of DC ingredients by UV-B continuous radiation under different carbon and nitrogen ratios, and the results showed that UV-B radiation increased the defoliation rate, the content of carotenoids, total polysaccharides, total alkaloids, and the activity of antioxidant enzymes. Wu (2009) detected the fluorescence spectrum of Lactobacillus Plantarum, which was a kind of bacteria, and it was found that the strain emits fluorescence after absorbing ultraviolet light. In the range of 300–650 nm, the fluorescence spectrum of Lactobacillus Plantarum has four peaks, which were located near 338, 387, 465, and 538 nm, respectively. These four peaks correspond to the fluorescence peaks of the main substances in the cell and provide relevant information inside the cell.

Since the chemical reaction is related to the concentration of reactants and, in some cases, the concentration of catalysts (sometimes including activators, inhibitors, or demulsifiers), the content of the substance can be detected by measuring the reaction rate, which is the basis for the legal measurement of kinetic analysis, so this method is also called reaction rate. With the research deepening, people gradually realize that there is a wealth of information in the fluorescence induction kinetic curve. There were many studies on fluorescence in agricultural products. Yuan et al. (2018) used four wheat varieties with different drought resistances as materials and systematically studied the effects of dry matter quality and chlorophyll fluorescence parameters of wheat at seedling stage of normal, mild drought, severe drought, and rewatering after drought using indoor hydroponic culture method. The results showed that the dry matter quality of each wheat variety decreased significantly under drought stress, drought stress changed the rapid chlorophyll fluorescence kinetic curve, and the minimum fluorescence intensity increased. Huang et al. (2019) carried out double factor control experiment on soil water and nitrogen level with the grape variety “Hongti” as the test material, and the results showed that the dynamic change curve of rapid fluorescence induction in different observation stages of grape leaves at the seedling stage was significantly different at different characteristic point positions (OJIP) with the decrease of soil water and nitrogen level, the higher the water and nitrogen level, the greater the maximum fluorescence value of grape leaves. Marques da Silva et al. (2020) used chlorophyll fluorescence dynamics to classify grape gene types, when dark adapted leaves were irradiated with saturated light, a rapid multiphase rise of fluorescence emission (Kautsky effect) was observed, and the curve shape depends on the molecular structure of the photochemical device, which is an interaction function between genotype and environment. Wyber et al. (2018) used high-time-resolution photoinduced fluorescence dynamic technology to evaluate the effect of photosynthesis monitoring of mature potted Perseus outer crown leaves. The results show that under high dynamic light conditions, fluorescence dynamics can monitor photosynthesis remotely, which may improve the canopy photosynthesis model and estimate crop yield.

Photosynthetic phenotypes require a rapid description of dynamic characteristics when measuring the number of a large number of plants in a fluctuating environment; Keller et al. (2019) evaluated the ability of the light-induced fluorescence transient (LIFT) method to quickly generate fluorescence parameters within a distance of 0.6 m, under hypoxia or chemical inhibitors, and spinach leaves and thylakoids showed the same result with chlorophyll fluorescence parameters under controlled conditions. Stirbet et al. (2018) used another way to extract the information from fluorescence transients, which was to synthesize biomarker reactions, and this method can be used to combine chlorophyll A fluorescence data with other characterizations of CO2, which was convenient for a more plant performance comprehensive evaluation.

In addition to molecules that can excite fluorescence, they can also excite fluorescence on ions; Sun et al. (2019) successfully realized continuous, reversible, wide range, and high stability luminescence color regulation in single CsPbCl3 perovskite microcrystal doped with positive divalent manganese ion (Mn2+) by changing excitation conditions and found the fluorescence kinetic regulation mechanism of manganese ion-doped perovskite single crystal.

It can be seen from the above literature that endophytic bacteria of DC are macromolecules and have the conditions to produce fluorescence. Therefore, the quality of DC can be analyzed quantitatively and qualitatively by inducing endophytic bacteria to stimulate fluorescence.



Phosphorescence spectroscopy for quality detection

Molecular phosphorescence originates from the lowest triplet state of molecules. We can understand the molecular triplet information by observing the triplet energy transfer or electron transfer between molecules and establish a sensitive sensor system. At present, few kinds of literature have found that phosphorescence is used to detect DC quality or other herbal medicines, and it was more used for material analysis, such as Zhang et al.'s (2003) research on a certain luminescent material. Xu and Zhu (2009) conducted quantitative analysis on plant hormones. Du (1997) studied room temperature phosphorescence spectral properties of 1-bromonaphthalene induced by linear fatty alcohol in β-cyclodextrin solution, which showed that n-pentanol has the greatest sensitization to phosphorescence, then, the phosphorescence intensity gradually decreased from n-hexanol to n-octanol, the composition and stability constant of inclusion complex were measured, it was found that the binding strength of 1-BrN and A:β-CD inclusion complex was the decisive factor for the phosphorescence intensity of ternary inclusion complex, and the effect of alcohol molecular size on room temperature phosphorescence was explained from the possible structure of ternary inclusion complex.

Most of the research work focuses on the development of quantum dot-fluorescent sensors, but there is less research on the phosphorescence characteristics and potential phosphorescence detection ability of quantum dots. He et al. (2008) studied phosphorescence characteristics of Mn-doped ZnS quantum dots and established a simple, rapid, economic, sensitive, and selective room temperature phosphorescence (RTP) method for enoxacin detection in biological solution. Weinberger et al. (1982) studied the effectiveness of micellar stabilized room temperature phosphorescence (MSRTP) in aromatic molecule detection and quantification by high-performance liquid chromatography (HPLC). Although the sensitivity in this article is lower than that of classical fluorescence detection, by carefully selecting the excitation and emission wavelength according to the “total” luminescence curve, the selectivity has been significantly improved in the analysis of β-naphthol, biphenyl, and phenanthrene mixtures. Traviesa-Alvarez et al. (2007) designed a fast and simple flow optical sensor with online coupling phosphorescence for the direct screening of tetracycline antibiotics (tetracycline, oxytetracycline, aureomycin, and doxycycline) in water and milk samples. Rojas-Duran et al. (2006) introduced a visual screening method of aspergillus flavus strains based on room temperature phosphorescence (RTP), methyl β-cyclodextrin and bile salt (0.6% sodium deoxycholate) were added to the medium widely used in food mycology, and after incubation at 28°C for 3 days, the production of aflatoxin can be easily detected by RTP emission of aflatoxin mycelium observed under UV irradiation. After an experiment on 32 aspergillus samples by this method, it can be found that this phosphorescence phenomenon was reproduced in vitro after aflatoxin B1 was immobilized on ion exchange resin microspheres.

It can be seen from the above literature that phosphorescence is feasible for molecule detection, especially for macromolecules in DC flavonoids and polysaccharides. However, at present, there is no case of phosphorescence spectrum used in the detection of traditional herbal medicine from the existing literature.




Terahertz for quality detection

Terahertz (THz) is a new and important cross-cutting-edge technology with many outstanding advantages (Dhillon et al., 2017). In recent years, with the rapid development of ultrafast THz laser hardware, a stable THz radiation source has gradually formed, which makes THz technology an effective spectral detection technology and has considerable development potential and application prospects in the field of biological detection (Mittleman, 2017).

The application of THz technology in the field of biological detection mainly stems from its penetrability, which can penetrate plastics, ceramics, and other substances, and can also detect the biological tissue information under the epidermis; it has very low photon energy, will not produce ionization effect like X-ray, and will not damage the body and biological tissue; high sensitivity to polar substances; THz signal not only has better time resolution but also has better spatial resolution compared with microwave and millimeter wave.

Terahertz is sensitive to the interaction and structural changes of biological macromolecules. The absorption spectrum of biological macromolecules, such as proteins, has no obvious absorption peak and is not easy to identify directly. However, the structural information of different molecules is detected through the overall absorption change or phase change, so as to show the material law of the interaction between macromolecules and cells from the microbiological field and finally explain the life phenomenon (Bowen, 2018; Hao et al., 2018; Qu et al., 2018). THz spectroscopy has unique advantages in studying the molecular spatial structure, intermolecular reactions and interactions, and the interaction between molecules and the environment. It provides fingerprint features for identifying the physical properties of molecules, such as configuration, conformation, and environmental impact, and provides a theoretical basis for the application of THz spectroscopy in biological information detection.

Terahertz radiation frequency has a certain correlation with the weak interaction between molecules, such as hydrogen bonds, and lattice low-frequency vibration (El Haddad et al., 2013). Based on the fingerprint spectrum, we can study the structural features of substances. The fingerprint spectrum here is the spectral features of molecules with different polarities exposed to THz radiation, which is mainly related to the absorption characteristics of molecules in this band. More scholars have joined the research in this field (Pliński and Plińska, 2012). In addition, the feature absorption peaks of peptide molecules in THz band are typical. Based on this, we can effectively identify the fingerprint features, which is also an important research direction. THz spectroscopy can be applied to the detection and quality control of impurities in food. The research confirmed that THz spectrum can be applied to the fields of environment and food detection, which has obvious advantages over traditional detection technology (Dorney et al., 2001). Jordan realized the detection of sundries in food based on this technology. During the experiment, glass slag and small metal blocks were added to food, detected by THz spectroscopy technology, and obtained more accurate detection results (Scheller et al., 2008). Double pulses are detected in the THz pulse waveform with impurities. Based on this, the THz image is processed and analyzed to accurately detect the glass slag impurities mixed in it, and then, the effectiveness of this method is verified.

This technology can also be applied to the detection of food corruption, which can detect the moisture contained in food. Some scholars have confirmed its detection effect through experiments. Chua et al. (2005) realized the effective detection of wheat flour moisture based on THz in their research. For milled wheat flour, in the range of 0.1–2.0 THz, the model is constructed based on the THz wave attenuation caused by wheat flour. The wheat flour is mainly divided into four groups, and the water content has obvious differences, which are set as dry, 12, 14, and 18%, respectively. The adulteration of vegetable oil has a long history, and some researchers have put forward different detection methods. Yu et al. (2018) conducted a lot of research on the problem of oil adulteration, carried out detection and analysis based on THz spectrum, obtained the corresponding parameters combined with the measured pulse time-domain waveform, built a model on this basis, and predicted and obtained more accurate detection results. At present, there are residual pesticides in many agricultural products. The application effect of THz technology has been confirmed in some studies. Yan et al. (2008) measured and analyzed the refractive index spectra of different pesticides (mancozeb and imidacloprid) at 0.2–2.0 THz based on THz TDS technology. It was found that there were great differences in refractive index between them.

In addition to the above research and application, THz technology has also been adopted in the field of microdetection, which can detect viruses and other microorganisms, showing great application value in food detection and disease diagnosis and treatment. Choi et al. (2002) obtained the reflection coefficient and other information of Bacillus powder in the research process. In the experiment, the reflection and projection methods were mainly used. The research results show that a variety of substances can be effectively identified. Globus et al. (2004) focused on the identification and analysis of a variety of bacteria. Lu et al. (2005) realized the detection of molecules based on THz spectrum. In their research, they integrated this technology with biochip technology, made full use of their advantages, and obtained relatively reliable detection results. Later, the drug components such as amphetamine were detected and analyzed, and it was found that the corresponding feature spectrum could still be obtained in the case of a small number of drugs. Therefore, the above research verifies the application value of THz technology in the field of microdetection and can effectively detect harmful components, viruses, and biomolecules. Therefore, terahertz technology also has great application prospects in the quality detection of traditional Chinese medicine, such as DC.



Molecular dynamics calculation and simulation

Nondestructive detection of optical properties of DC and other similar agricultural products is a new technology in recent years. It is an integrated technology of light, machinery, and electricity. At present, the rapid nondestructive detection of internal quality mainly adopts the methods of the spectrum or hyperspectral image. Optical detection technology is used in the appearance of agricultural products (surface defects, color, and the like) and internal components (soluble solid sugar, firmness, acidity, dry matter content, and so on). External quality inspection is easy to understand, and for internal quality detection, there are three main methods: regular reflection light, diffuse reflection light, and transmission light method. In practice, the rapid nondestructive detection effect is good at a few material elements, but the detection result is disturbed under more material elements by many factors, such as environment, the interaction between substances, light intensity, and band range. The current practice was to analyze spectra and establish a correlation between spectra and measured substances according to empirical and statistical methods; however, due to the influence of spectral superposition, the effect is not good in the practical application of agricultural products. Therefore, it is very necessary to explain the direct influence of spectrum on various substances from a molecular basis, that is to find the eigen spectrum and determine the substance to be detected according to the eigen spectrum.

Molecular dynamic simulation (MDS) has been developed for more than 50 years since 1966. With the continuous improvement in computational methodology and rapid development of computer computing power, MDS technology has continuously penetrated into biology, chemistry, pharmacy, and other related fields and has been widely used in recent years; at present, it has become the third analysis method besides theoretical analysis and experimental research (Li and Liu, 2001; Ouyang et al., 2005; Li et al., 2020; Zhang B. et al., 2021).

Computational simulation has become an important means of chemical and biology research. On the one hand, the existing methods are often indirect detection, which needs theoretical and computational interpretations. On the other hand, due to the limitation of experimental conditions, the ideal experimental conditions cannot be truly realized. By means of molecular chemistry calculation and simulation, we can understand the structure performance relationship, kinetic properties, and reaction characteristics of chemical substances at the molecular level, which are difficult to achieve through the traditional laboratory at the macrolevel.

Molecular dynamic simulation can not only get trajectory of atoms but also carry out various observations, such as experiments, especially microscopic details related to atoms that cannot be obtained in actual experiments. It can be observed conveniently in MDS. Compared with the experiments, MDS has the following advantages: (1) low cost; (2) reduces the incidence of experimental accidents and has high safety; (3) it is helpful to better understand and obtain some molecular level structural and kinetic data that are difficult to obtain experimentally and effectively supplement the experimental data (Zhou et al., 2020).

At present, there are few studies on the combination of MDS and spectral characteristics. Lv et al. (2019) measured spectral changes of myoglobin (MB) by UV absorption spectroscopy, fluorescence spectroscopy, and circular dichroism and analyzed the secondary structure, content of MB, protein carbonyl, sulfhydryl group, and surface hydrophobicity of MB. Based on this, combined with MDS, the structural changes of MB under the action of ozone were explored to provide a theoretical basis for raw meat color protection technology. The simulation results are consistent with real results.

Liu (2020) searched for potential type II 5α-reductase (5αR2) inhibitors from active components of traditional herbal medicine based on molecular docking and MDS methods and verified biological activity through in vitro micro-enzyme reaction system, indicating that MDS results are consistent with the docking results (as shown in Figure 3).
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FIGURE 3
 Textile predictions of CaM. Top left: PC2 vs PC1 plot from the 2D RMSD matrix constructed from two MDS (blue and red circles), with points a–g (black dots) used for testing. The black crosses belong to the starting textiles for each simulation. For each textile, testing only included the MD simulation that the textile was not taken from (MD2 for a–d, MD1 for e–g). Overlays of the original textile (green) with the predicted textile (red) are shown for each point (A–G), with the RMSD shown below.


Jin et al. (2021) presented a proof-of-principle method of combining MDS with machine learning to explore protein conformational space. For seven predicted structures, the average RMSD relative to the target structure was 1.89 ± 0.81, and even for the worst predictions, the overall gross structural features were successfully predicted. We can find that the authenticity of MDS is very accurate. According to this mechanism, there can be a good prediction between the molecular structure of DC and its possible characteristic spectrum.

Some scholars (Qu et al., 2018) compared the results of theoretical spectra and experimental spectra of several pesticides in the detection of pesticide residues and found that the theoretical spectra and experimental spectra have high consistency in peak position matching except for slight frequency shift and less loss of absorption peaks (as shown in Figure 4).
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FIGURE 4
 Comparison of experimental and theoretical spectra of three pyrethroid pesticides. (A–C) Density functional theory (DFT) spectrum of deltamethrin, fenvalerate and beta-cypermethrin, respectively. (D–F) THz spectrum of deltamethrin, fenvalerate, and beta-cypermethrin respectively.


In this way, we can also see that it is very convenient to explain the significance of the spectrum through the dynamic simulation of molecular structure.

Because of the characteristics of molecular dynamics, the intrinsic spectrum of each index to be measured can be obtained, which can provide a theoretical basis for other spectral detection methods, such as fluorescence spectrum, phosphorescence spectrum, and terahertz spectrum.



Multimodal (cross-modal) method for Dendrobium candidum quality detection
 
Research status of multimodal technology

Multimodal detection refers to the integration or fusion of two or more detection technologies, making use of its unique advantages of multiple detection technologies and combining data fusion technology to make the authentication and detection process more accurate.

Multimodal technology is applied earlier in medicine because there are many kinds of images in medicine, such as magnetic resonance imaging (MRI), ultrasound, and computed tomography (CT). There is great complementarity between different imaging modes. For example, X-ray computed tomography (XCT) and MRI can provide structural information, but cannot be used for pathological diagnosis; single photon emission computed tomography (SPECT), positron emission tomography (PET), and optical imaging technology can provide changes in cell function and metabolism, but cannot accurately locate diseased tissue. Lu (2012) studied these methods, and they were calibration methods of XCT geometric parameters based on the multimodal imaging system, XCT accurate reconstruction algorithm, and XCT/DOT dual-mode tomography technology. In addition to medical image technology, there was also sequence detection, such as electrocardiograph (Schulte et al., 2014; Johnson et al., 2015; Pimentel et al., 2015).

In terms of agricultural products, Lin et al. (2019) proposed a method of soybean appearance quality detection based on a low-rank sparse representation framework of visible spectrogram multimodal dictionary features, so as to accurately determine soybean quality grade. Wang et al. (2015) developed a multimodal machine vision system to comprehensively and nondestructive evaluate onions' quality factors. The system integrates hyperspectral imaging, 3D, and X-ray imaging sensors, obtaining color image, spectral image, depth image, and X-ray image of onion and detecting the weight. Based on collected multimodal data, an algorithm was developed for calculating the maximum diameter, volume, and density and detecting potential defects of onions. Finally, three groups of sweet onions were tested with good results.

In agricultural remote sensing, multisource data fusion was carried out with multiple data of satellite, UAV, and ground remote sensing detection (Jia et al., 2000). Because satellite remote sensing focuses on macro- and large-scale information, and the detailed information should be supplemented by UAV and ground remote sensing, it was also more and more used in practice (Shan et al., 2019; Wang H. et al., 2019; Zhang Z. et al., 2021; Zhao et al., 2021). It can be seen from Figure 5 that multimodal data are the very important prerequisite for obtaining accurate ground object information.
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FIGURE 5
 Analysis of multi-source remote sensing data (Robert FitzRoy, 2010).


There are some methods for rapid and nondestructive quality detection of DC, but each method has its focus. Under multimodal technology, one mode can supplement the weakness of another mode, such as micro-image is sensitive to the variety and growth time of DC, fluorescence spectrum is sensitive to molecular structure, and near-infrared spectrum is sensitive to hydrogen-containing groups. The combination of these modes can form complementarity, eliminate ambiguity and uncertainty, integrate the information of multiple modes, and obtain more accurate results. If the modes are complementary, the quality of DC can be perceived quickly, accurately, and effectively.



Key points of multimodal fusion technology

Similar to traditional data analysis, multimodal data have high capacity, diversity, and different structures. The diversity of multimodal data is more prominent as it composes several modes. These modes contain partial descriptions of the same things involved in the distribution independent of each mode, and there are complex correlations between modes. The complete model of fusion representation hidden in modes and cross-modes can further improve the performance of various multimodal applications. Also, multimodal data cannot be processed directly and can produce different datasets connected with each other.

Deep learning is a new research direction in the field of machine learning. Deep learning is learning the intrinsic rules and representation levels of sample data and deriving information from them. This information is useful for the interpretation of data, such as text, images, and sounds. Deep learning neural networks mimic the human brain through a combination of data inputs, weights, and biases. These elements work in concert to accurately identify, classify, and describe objects in the data. Deep neural networks consist of multiple layers of interconnected nodes, with each layer building on top of the previous one to refine and optimize predictions or classifications. This computational process performed through the network is called forward propagation. The input and output layers of a deep neural network are called visible layers. The input layer is where the deep learning model ingests data for processing, and the output layer is where the final prediction or classification is made. Another process called backpropagation uses algorithm, such as gradient, descent to calculate the error in the prediction and then adjusts the weights and biases of the function by moving the layers backward to train the model. Together, forward and backward propagation enable neural networks to make predictions and correct any errors accordingly. Over time, the algorithm gradually becomes more accurate (Hao et al., 2016). Ashtiani et al. (2021) using convolutional neural networks for the classification of mulberry fruit ripening stages demonstrates high accuracy of deep learning.

With the development of deep learning technology, there are also some pioneering deep learning models in the field of multimodal data fusion, such as cross-pattern retrieval, image annotation, and auxiliary diagnosis. Yang (2019) designed the structure of a multimodal target detection network, proposed a step-by-step network training method, and achieved good detection results.

Although some progress has been made in the deep learning model of multimodal data fusion, it is still in the preliminary stage. Zhang et al. (2020) reviewed the relevant literature on data fusion methods based on deep learning in recent years and analyzed the data fusion methods based on deep learning from three aspects: data fusion methods based on deep learning feature extraction, deep learning fusion, and the whole process of deep learning. There are many methods and scales for multimodal integration, mainly including stage-based and integration strategy, feature-based and semantic-based model fusion (Yu et al., 2020). Table 8 summarized the comparison of different model fusion methods.


TABLE 8 Comparison of model fusion methods.
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However, there are also the following problems in multimodal data fusion:

• Heterogeneous data fusion. How to complete the association and intersection of heterogeneous data and finally obtain the correlation between data is the focus of heterogeneous data fusion research.

• Complex methods have good data processing ability (such as deep learning methods), but they also bring a series of problems. For example, the training model needs a lot of data, the training model has high requirements for the computing power of the equipment, and the training model takes a long time.

• Data fusion evaluation system. At present, most data fusion methods are evaluated based on simulation or idealized assumptions, which makes it difficult to evaluate the practical application effect of the model. Evaluating the model from the actual scene will make researchers pay more attention to the performance of the model under ideal conditions and ignore the performance of the model in the actual application scene, which will hinder the development and application of data fusion technology.

• Data fusion model security. In the special application field of data fusion, such as the military field, there is an urgent need for a secure model to complete the fusion of military data.

• Sensor limitations. At present, much data are limited by the performance of sensors, so the collected data cannot meet actual production requirements, such as response sensitivity, environmental adaptability, data accuracy, response speed, and the like.

Therefore, to make detection results credible, we should work hard on software and hardware at the same time.





Conclusion

With the deepening of agricultural artificial intelligence, there are a variety of methods for traditional herbal medicine quality detection using fast nondestructive quality perception technology. This review summarized and combed the application of various methods in the quality detection of DC from traditional methods, DNA methods, sensory methods, and near-infrared spectroscopy and puts forward the development direction in the future. At present, the quality of DC is uneven in the market, and there are a variety of detection methods, but there is still a long way from practical application. Affected by the complexity of planting environment and varieties, the reliability of monitoring results is low, and the accuracy is difficult to ensure. To solve these problems, we need to effectively integrate agronomy and planting experience knowledge, new and innovative detection methods, and multimodal information and detection methods, Which makes the technology and method mature in the application.
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