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The search for new Natural Products is one of the oldest interests for research in chemistry. The history of this discipline is very prolific, from its initial uses as medicine to advanced omics strategies to understand the mechanics of biological controls in living cells. The discoveries of morphine, penicillin, taxol and many other natural products revolutionized human health. During the last 40 years, excellent reviews published by Dr. David Newman and Dr. Gordon Crag have revealed that the pharmaceutical industry’s research into natural products has lost some of its steam. Nevertheless, new natural products for antimicrobials, antifungals, and anticancer drugs remained the main alternative. Furthermore, research institutes have seen great vigor, and several startup companies have emerged worldwide, seeking therapeutic alternatives based in natural products. Innovations on spectrometric hardware, allowing broader coverage of chemical classes and spatial mapping, and in software, enabling the interpretation of large volumes of data, afforded a renewed interest in natural products and are considered the most important enabling technology for the new companies. In this perspective article we give some historical context to exciting developments, on software and spatial resolution, that promise to pave the way for a bright future of Natural Products research.
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INTRODUCTION
Natural products chemistry (NPC) is one of the oldest areas of investigation in chemistry, and the use of plant and animal preparations dates back to civilizations before the Christian time (Lopes and Vieira, 2017). The isolation of morphine at the beginning of the 19th century marked the inception of the rational isolation of natural products and its use for medicine (David et al., 2015). Since then, natural products with multiple uses, such as antimicrobials, antiparasitics, lipid control, immunosuppressants, and anticancer agents, have been isolated from various natural sources, including microbes, plants, and animals (Li and Vederas, 2009). Newman and Cragg (2020) reviewed drugs approved by United States’ Food and Drug Administration (FDA) and similar organizations from 01/1981 to 09/2019, and 41.9% (787) were derived from natural sources, showing the continued importance of natural products research for human health. Despite the historical success of natural products drug based development, by the beginning of the 21st century, the pharmaceutical industry started to reduce the investment in NPC research, mainly due to its complex chemistry, with properties that are not desired for drugs, which slows the testing process and leads to problems in the production phase (Li and Vederas, 2009). Instead, the big pharma companies invested in high-throughput screening (HTS) of synthetic libraries. Even with a low hit rate, the industry believed that any lead would be easy to produce and adapt (Li and Vederas, 2009). Another challenge for the industry was the projected revenue for a new drug. For example, the low treatment duration of antimicrobials, when compared to a hyertensive, make the development less attractive (David et al., 2015). The growth of NPC, especially in the 20th century, was never linear, and two explanations can be directly related. The first would be the economic one. For example, after the expansion of cost-effective organic synthesis, with decreased interest in NPC, it seemed that the search for natural models could have gone down in history. In recent years, a tide change showed a renewed interest in NPC. The recent Nobel Prize divided by William C. Campbell and Satoshi O̅mura put NPC in the spotlight. The review carried out by Pye and co-workers describing NPC potential in numbers showed, once more, how much NPC is still relevant and occupies a prominent place in science (Pye et al., 2017). It can be argued that the renewed interest in NPC was made possible by developing new methodologies and tools for structure elucidation. The main advances enabled analysis of natural extracts, often composed of complex mixtures. The desired compound can be in a low concentration, complicating isolation, and rendering common pharma industry test and production phases a challenging task. To explore the complex mixtures, chromatographic fractionation and HTS like testing, in parallel to mass spectrometry measurement, has proven to be an effective method to find new leads (Bugni et al., 2008).
In the development context described above, we can assume that mass spectrometry influenced the growth of startups in the area of natural products on at least two occasions, thus reducing the risks of the large pharmaceutical and veterinary industries, expanding the entry of new assets into the market. The first, around the 2000s, with the possibility of isolating ions at high resolution, enabling knowledge of fragmentation pathways. These innovations empowered the analysis of new derivatives, for example, ionophores. The ionophores were key to combine mass spectrometry with the selection of new strains of microorganisms (Gates, et al., 1999; Lopes et al., 2002; Cortes et al., 2003). In a second moment, the advance of mass spectrometry based metabolomics, supporting technology-based companies in the field of natural products (Guaratini, 2016). In this perspective article, some advances in strategies for natural products characterization are contextualized, highlighting mass spectrometry, hinting the major challenges for the next decade of NPC research.
Advances in natural products identification
In 1991, Professor Nicolas C. Thomas writing on the history of spectroscopy, cited the effects of developments in magnetic fields on NMR, the impact of McLafferty and colleagues’ results on mass spectrometry (MS), and the less impactful but important, advances observed in Ultraviolet and Infrared spectroscopy (Thomas 1991). Each advance allowed researchers to open new doors in the Universe of chemical characterization and a number of significant results were obtained on an unanticipated scale. In 2016, Professor James Hanson presented a historical review of the last 100 years of structural determination, from the classic chemical reaction experiments to define the identity of materials in the early 20th century to the most modern advances in spectroscopy and spectrometry. The review focused on the analysis of isolated substances. For Hanson, 2017, the advances in NMR magnetic fields. and the greater access to high-resolution mass spectrometers were the main achievements at the end of the last century (Hanson, 2017). In 1995, the concept of metabolomics studies emerged, but only in 2005 the first metabolomics tandem mass spectrometry database (METLIN) became available for this purpose (Smith et al., 2005). The following years led to a frantic search for metabolomics tools, seeking to understand natural products as candidates that may modulate ecological interactions, physiological functions, or pharmacological effects (Lopes and Vieira, 2017). In the dawn of metabolomics Mass Spectrometry was highlighted as a tool of choice to investigate biological systems (Demarque, et al., 2020). For a more general overview, an outline of some important advance landmarks in NPC is presented (Figure 1).
[image: Figure 1]FIGURE 1 | Road of NPC analysis advances from the 19th century to the present day.
This greater adoption of MS, based mainly on the development and improvement of MS hardware, for example, with introduction of electrospray ionization (Fenn, et al., 1990) led to a leap in the understanding of the physiological function of natural products from different sources (Brunetti, et al., 2019), a greater coverage of biosynthetic pathways (Brady and Clardy., 2005) and a greater rationalization in the search for new biologically active compounds (Wishart. 2016). All these advances observed along the road that brought us here beg the question: Could spectrometric methods be present in ordinary analytical routines? Sure, advanced spectrometry practitioners will recognize that spectrometry techniques are already applied in airports, forensics, medicine, and other standard validation processes that require high sensitivity and accuracy. However, chemists also know that a few barriers are stopping them from using these advanced methods on daily quality control or inspection routines. The first main challenge is the cost, making the use prohibitive for most applications. The second is the complexity of data analysis, which makes the data interpretation of medical or environmental samples, for example, time-consuming and renders the approach not applicable for time-limited tasks.
For the cost challenge, new advances in hardware are most likely required. When analyzed over time, the cost of mass spectrometry analysis is steadily decreasing (Aksenov, et al., 2017). Nevertheless, when compared with sequencing, where a breakthrough on instrumentation, with massive parallel sequencing using nanotechnology, allowed an exponential cost drop, the decrease in MS cost is still modest (Aksenov et al., 2017). While it is not possible to anticipate a similar breakthrough in spectrometry hardware, the complementarity between new advances, when associated with software improvements, can allow the expansion of applications.
Sensitivity and speed are among the most desired characteristics of spectrometry techniques. These advantages make mass spectrometers and NMR the tools of choice to research on biomedicine, chemistry, and environmental areas, just to mention a few. For an expansion to research or, especially, for industry setup, where faster and easily interpretable data analysis results are required, new improvements are still needed. Traditionally, most spectrometry techniques rely on database matching of previously characterized signals. The initial databases were mainly commercially available and presented a slow expansion. As an example, the NIST mass spectral database, on its 2017 version had >210 k spectra, representing only 15 k different compounds. The NIST 2020 version (https://www.nist.gov/programs-projects/nist20-updates-nist-tandem-and-electron-ionization-spectral-libraries) doubled the compound coverage, including 31 k compounds, which is a significant expansion for the time span. However, as a proxy for the chemicals known in Nature, we have more than 100 million compounds on PubChem or SciFidened databases. If we think the limiting factor for the expansion of spectrometry application is reliable data interpretation, this pace of increase would be insufficient for a timely expansion.
Fortunately, we are experiencing fast developments in software that holds the promise to optimize the data analysis, possibly enabling the tipping point of the spectrometry application expansion to research and beyond. The new developments in data analysis can be experienced in our daily lives with virtual assistants, self-driving cars and internet of things. These new developments were enabled by advances in many fields, such as hardware development, with ever-increasing processing and storing power, or new algorithmic innovations, with the widespread application of machine learning techniques. However, the main driver of all the evolution we are experiencing is the availability of large volumes of data to train the algorithms.
The main reference in science is the development of AlphaFold (Jumper et al., 2021), by Google’s DeepMind company. The tool uses machine learning to predict 3D protein structures, outperforming all existing models. This achievement was only possible because of the availability of large experimentally determined 3D structures, being described over decades of hard work of scientists, funded mainly by public funding.
The same revolution is being experimented with in the mass spectrometry field. The creation of large public databases such as MassBank (Horai et al., 2010), MetaboLights (Steinbeck et al., 2012), GNPS (Wang et al., 2016), and Metabolomics Workbench (Sud et al., 2015) is enabling the development of tools that can quickly characterize large datasets acquired in complex samples. The first impact of public data is the use of traditional database search to promptly annotate previously described compounds in a new sample. Currently, there are estimates of spectra for approximately 60,000 compounds in the public domain (Stravs et al., 2022), for ESI-MS2 alone. This number is still far from covering the known chemical space, but it shows the power of data sharing compared to vendor libraries, as mentioned above. Another layer of use of public data is the metadata. Sample source and spectral similarity can provide a powerful combination to annotate a completely unknown spectrum. The efforts led by Dorrestein lab have developed a number of tools that enable access to public raw data and compare with a query spectrum (Wang et al., 2020) or dataset (Jarmusch et al., 2020; Gauglitz et al., 2022).
The second layer of public data contribution is the training of machine learning based methods. One group of methods is based on internal similarities contained in the data, and does not require human labeling of spectral identity, also known as unsupervised learning. Methods like MS2LDA (van der Hooft et al., 2017) and Spec2Vec (Huber et al., 2021) draw inspiration from text mining to detect recurring patterns of fragmentation in mass spectra and describe structural motifs from fragmentation patterns, for the first. For the second, similar recurring fragmentation patterns are also used to infer spectral similarities inside experimental sample(s), creating spectral networks that can speed structural elucidation, by leveraging connections to spectra that can be annotated by data in spectral databases.
Another layer of advances is enabled by supervised learning methods, which make use of publicly characterized data, by using the structural information associated with spectra. Given a spectrum, can we predict the structure? Not quite yet, but we are getting closer. The CASMI (Critical Assessment of Small Molecule Identification) context has been comparing computational structural elucidation methods for 10 years. Among the best-performing methods in the last contests is the SIRIUS (Böcker et al., 2017) (including CSI-FIngerID) tool. SIRIUS was first released in 2009, performing formula prediction from isotope patterns (Dührkop et al., 2019). The tool evolved over the last decade, in its fourth version, SIRIUS integrates isotopic pattern and fragmentation trees to predict structures (e.g. assign a structural annotation to a given spectrum) from large mass spectrometry fragmentation datasets.
The last, but certainly not the least, group of methods to cite are computational methods that do not rely on labeled or previously characterized structures and can potentially predict completely new 2D structures. As for unsupervised (Spec2vec) and supervised (components of SIRIUS), the deep learning algorithms have been applied in many spectrometry-related fields, for example, using Recurrent Neural Network (RNN) and Reinforcement Learning to predict new structures, without necessarily being present in the training set. Stravs et al. (2022) presented MSNovelist, combining fingerprint prediction performed by SIRIUS with a machine learning method, to perform de novo structural prediction, without the labeled data for training phase of the algorithm. The tool is an excellent addition for hypothesis generation, especially for new classes of compounds, poorly represented in spectral libraries. Soon, the combination of all these computational advances will exponentially increase the ability to annotate natural products and will take us one more step towards understanding the metabolome, which will be important to support even better resolved NPC studies from environment to single cell analysis.
Single cell analysis, the next step for NPC
Along with the advances obtained with metabolomics supported by LC-MS/MS techniques, the first images of natural products using the MALDI-MS technique allowed a much greater understanding of the function of these low molecular weight substances (Esquenazi, et al., 2009). Imaging of small molecules helped to leverage the interest in mass spectrometry as a tool for spatial metabolomics studies, such as, for example, in the study of tumor cell distribution in a tissue (Mittal et al., 2021), in the interface of chemical interaction in microbial co-cultures searching for new antibiotics, understanding chemical signaling in ecological relationships, among others (Buchberger et al., 2018). Imaging studies of natural products allow for the spatial mapping of the production and distribution of natural products in situ. It facilitates the description of chemical barriers for protection against UV radiation (Silva, et al., 2014), chelation of phenolics with metals to act as antimicrobials (Soares, et al., 2015), in addition, of course, to have given another strong boost to the discovery of new bioactive molecules for human use (Spraker, et al., 2020).
As highlighted, the generation of images from simple MALDI spectra (m/z versus intensity) helped to leverage the interest in mass spectrometry as a tool for metabolomics studies (Buchberger et al., 2018). These advances have changed the way we look at the distribution of chemicals in tissues. Let us now dig deeper with analytical techniques, adapted for targeted or non-targeted metabolomics studies (covering all chemical classes, such as lipids, polysaccharides, and secondary metabolites, among others) directly on a tissue, but with cellular resolution (Figure 2). The technological advancement, in terms of equipment, is already available, and recent publications allow us to dream with this new resolution to the chemistry of natural products. In a recent article, Tans and co-workers use spatial metabolomics where an image and MS/MS data are simultaneously generated, leading to the possibility of annotating the substances present in regions of 5 μm (Tans R. et al., 2021), something never thought of before. The addition of a third dimension provided by ionic mobility in imaging systems opens up enormous potential for the same studies in single-cell analysis. This application has been called “Spatialomics” since, in addition to annotating the compound in the 4D call (m/z, isotopic ratio, CCS, and fragmentation), it is also possible to show its location in a given tissue with a focus on the magnitude of 5 μm (Soltwisc et al., 2020). This possibility of understanding the function of a certain natural product in the cellular environment will surely open up new questions to be investigated and will give new strength to NPC.
[image: Figure 2]FIGURE 2 | Different resolutions that a natural product can be detected. Advance in MALDI imaging allow analyte ionization at cell resolution.
CONCLUSION
Will this technological advance, associated with the new computational tools described above, be the necessary support for us to gain to a deeper understanding on the natural products’ function within cells? The road ahead in the next decade is full of wonders and excitement, so put on your lab coat and goggles and hop on for this new adventure to the unknown depths of the cell.
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