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Abstract Analytical techniques play a vital role in extraction, purification, and
molecular characterization of bioactive molecules. The selection of appropriate
analytical method depends mainly on the specific properties of the bioactive com-
pound being isolated. Since these bioactive compounds derived from microorgan-
isms found in different environmental conditions, ranging from moderate to extreme,
therefore it is impossible to apply a single analytical method universally. Moreover,
conventional analytical methods often fall short, especially when multiple nones-
sential compounds co-elute during the initial solvent extraction and chromatographic
purification processes. Nevertheless, significant improvements and advancements
are being made in existing analytical methods to enhance the speed and accuracy of
the isolation process. Several advanced techniques, such as solid phase extraction
(SPE), supercritical fluid extraction (SFE), liquid chromatography-mass spectrome-
try (LC-MS), single-crystal X-ray diffraction (SCXRD), and two-dimensional
nuclear magnetic resonance (2D-NMR), are uncovering the way for future advance-
ments in the characterization of bioactive compounds.
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5.1 Introduction

Microbial habitats often present challenging conditions, including high temperature,
high pressure, high salinity, and high pressure. In order to thrive in these harsh
environments, microorganisms have evolved various adaptation mechanisms, one of
which involves the synthesis of specific bioactive molecules [1, 2]. Bacteria, acti-
nomycetes, fungi, and microalgae isolated from diverse environments are a rich
source of various valuable bioactive compounds, such as antibiotics, food enzymes,
industry-used enzymes, vitamins, biopesticides, biodegradable plastics, antifungal
compounds, anticancer compounds, antioxidants, and immunomodulators [3]. None-
theless, researchers face substantial challenges when it comes to isolating and
characterizing these bioactive molecules from complex biological sources. These
compounds often exist in minuscule quantities, buried within a sea of complex
mixtures, necessitating sophisticated analytical techniques to unravel their secrets.
Consequently, a diverse range of powerful tools and methodologies has been
developed to facilitate their discovery, isolation, and characterization.

Initially for the extraction of bioactive molecules, microbial isolates are cultured
in the laboratory using appropriate growth media and conditions. Generally, the
culturing process starts on a small scale, and once optimized, it is scaled up in
fermenters or bioreactors and photobioreactors. Following mass culturing, the focus
shifts toward the separation and purification of bioactive molecules, which usually
starts with different conventional and advanced extraction methods. Various extrac-
tion methods are frequently employed to separate bioactive molecules from micro-
organisms, including solid-phase extraction, liquid-liquid extraction, supercritical
fluid extraction, microwave-assisted extraction, and enzymatic extraction, among
others [4]. Each technique has its own advantages, limitations, and compatibility
with microorganism sources. Moreover, the influence of extraction parameters,
including solvent selection, extraction time, temperature, and methods for microbial
cell disruption, should not be disregarded, as they significantly affect the efficiency
and selectivity of extracting bioactive compounds.

However, the crude extract, which contains various nonessential components,
cannot undergo further characterization until it is subjected to purification. To
achieve purification of the bioactive compound, a range of chromatographic pro-
cedures are employed, including gas chromatography (GC), high-performance liq-
uid chromatography (HPLC), and mass spectrometry (MS) interfaced
chromatographic techniques, such as LC-MS, and GC-MS [5]. Subsequently,
after chromatographic purification, molecular-level characterization can be carried
out using advanced spectroscopic methods, such as tandem mass spectrometry
(MS/MS), X-ray crystallography, nuclear magnetic resonance (NMR), and
Fourier-transform infrared spectroscopy (FT-IR) [6].

However, the crude extract, which contains different nonessential components,
cannot be further characterized until it is purified. To purify the bioactive compound,
various chromatographic procedures are used, such as high-performance liquid
chromatography (HPLC), gas chromatography (GC), and mass spectrometry
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Fig. 5.1 General schematic approaches for extraction, purification, and characterization of bioac-
tive molecules

(MS) interfaced chromatographic techniques, such as GC-MS and LC-MS. After
chromatographic purification, molecular-level characterization can be performed
using highly sophisticated spectroscopic methods, such as nuclear magnetic reso-
nance (NMR), Fourier-transform infrared spectroscopy (FT-IR), tandem mass spec-
trometry (MS/MS), and X-ray crystallography.

In all these processes, the extraction of bioactive compounds from microorgan-
isms is a critical step for isolating and studying their potential therapeutic properties.
The choice of an appropriate extraction method greatly influences the yield, purity,
and bioactivity of the isolated compounds. Therefore, it is essential to evaluate
various extraction techniques to optimize the extraction process and obtain maxi-
mum recovery of bioactive compounds. The second most important step for the
characterization of bioactive compounds is chromatographic purification, the cred-
ibility of which depends on the purity of the bioactive component for further
characterization at the molecular level using different spectroscopic techniques.
The choice of extraction, purification, and characterization methods depends on
different factors, such as compound stability, target bioactivity, ease of scale-up,
and downstream applications, which should be considered during method selection.
General schematic bioprocess methods are indicated in Fig. 5.1. By optimizing the
extraction process, researchers can enhance the discovery and development of novel
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bioactive compounds from microorganisms, leading to potential breakthroughs in
pharmaceutical and biotechnological applications.

5.2 Biomass Processing; Extraction, Purification,
and Characterization of Bioactive Molecules

5.2.1 Biomass Propagation

Microorganisms isolated from the environment are grown in the laboratory and
optimized for cell biomass propagation. However, the main fundamental challenge
lies in maintaining the growth characteristics of microbial isolates under laboratory
conditions to ensure long-term sustainability and facilitate their later use in the scale-
up process [7]. Different types of fermenters and bioreactors including
photobioreactors are used to scale up the biomass yield [§—11]. Batch, fed-batch,
pulsed fed-batch, continuous (chemostate and perfusion culture system), solid-state
fermenters [12], and photobioreactors are commonly used for the cell biomass
propagation for different types of microorganisms including microalgae [13]. None-
theless, the biomass production differs considerably across various types of fermen-
ters and relies on multiple factors including design, size, sensor-based control,
regulation of nutrient supply, gas exchange, and mixing [14]. Yet, lot of improve-
ments are required in bioreactor design to optimize the cost of cell biomass propa-
gation and growth media compositions to grow viable but nonculturable cells
(VBNCO) [15].

5.2.2 Solvent Extraction

The extraction of bioactive compounds from microorganisms is a critical step in the
process of isolating and studying their potential therapeutic properties. The choice of
an appropriate extraction method greatly influences the yield, purity, and bioactivity
of the isolated compounds. Therefore, it is essential to choose right extraction
method to optimize the maximum bioactive compound recovery. A number of
extraction methods from conventional [16-18] (soxhlet, maceration, and
hydrodistillation) to emerging methods such as supercritical fluid [19, 20], subcrit-
ical fluid [21], microwave assisted [22], ultrasonic assisted [23, 24], and enzyme
assisted [25] have been used for the extraction of bioactive molecules from micro-
organisms. However, most of the solvent extraction methods are more popularized
for the extraction of plant-based bioactive compounds, and they have been less
commonly utilized for isolating microbial bioactive compounds. The emerging
advanced extraction methods including green extraction methods could be suitable
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methods over conventional extraction methods for the isolation of bioactive
compounds.

5.2.3 Chromatographic Purification

Different microbial extracts (solvent extracts and fractional parts) can be further
purified through various types of column chromatography (e.g., liquid chromatog-
raphy and gas chromatography). The selection of appropriate solvent systems and
stationary phases, tailored to the polarity of the bioactive fraction, allows for
effective purification. Liquid chromatographic methods commonly used for the
isolation of antibiotics and bioactive compounds [26] include normal phase [27]
[28], reversed phase [19], ion exchange [29], size exclusion [30], and affinity
chromatography [31]. The selection of the appropriate mode depends on the prop-
erties of the compounds of interest and the desired separation objectives. Among all
the liquid chromatographic procedures, reverse phase is the most commonly
employed procedure [26] because many bioactive compounds often possess varying
degrees of hydrophobicity, making reversed phase chromatography an excellent
choice for their isolation. The nonpolar stationary phase, such as Cig, interacts
with the hydrophobic regions of the compounds, allowing for efficient separation
[32]. Table 5.1 indicates the some selected chromatographic procedures employed
for the isolation of bioactive compounds from microorganisms.

In the near future, the requirements of chromatographic procedures employed for
the isolation of bioactive compounds from microorganisms are expected to evolve in
response to advancements in technology and the growing demand for novel thera-
peutic agents. One key requirement will be the development of high-throughput and
automated chromatographic systems that can efficiently handle large sample vol-
umes and minimize manual intervention. Additionally, there will be a growing need
for improved resolution and selectivity in separating complex mixtures of bioactive
compounds. This will drive the development of advanced stationary phases, such as
novel sorbents and hybrid materials, which can provide enhanced separation capa-
bilities. Another important aspect will be the integration of chromatographic tech-
niques with complementary analytical methods, such as mass spectrometry and
nuclear magnetic resonance spectroscopy, to enable rapid compound identification
and structural elucidation. Furthermore, there will be an increased emphasis on
sustainability, pushing for the use of greener solvents, reduced energy consumption,
and recycling of chromatographic materials. Overall, the future requirements of
chromatographic procedures for isolating bioactive compounds from microorgan-
isms will revolve around efficiency, selectivity, integration, and sustainability to
meet the ever-expanding needs of drug discovery and natural product research.
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Table 5.1 Selected chromatographic procedures used for the isolation and purification of bioactive
compounds from microorganisms

Chromatographic Bioactive compound
S. No. | procedure Microorganism isolated References
1. TLC Bacillus sp. Bacitracin [33]
2. SPE Bacillus Bacitracin [34]
lichenform
3. Cation exchange, SPE | Micrococcus Bacitracin [35]
luteus
4, C,3-HPLC Bacillus sp. Bacitracin [36]
5. HPLC and supercritical | Penicillium Chaetogiobosin A, [19]
fluid extraction (SFE) expansum, Asper- | mycolutein, and
gillus fumigatus, | luteoreticulin,
and Streptomyces | 7,8-dihydro-7,8-epoxy-1-
sp. hydroxy-3-
hydroxymethylxanthone-
8-carboxylic acid methyl
ester, and sydowinin B
6. HPLC Nocardiopsis sp., | 4-bromophenol, and Bis [37]
SCA21 (2-ethylhexyl) phthalate
7. HPLC, LC-MS/MS Fusarium Beauvericin (BEA) [38]
proliferatum
CECT 20569
8. TLC, HPLC, and LC— | Streptomyces Cyclo-(Leu-Pro), Cyclo- [39]
MS/MS cavourensis (Val-Pro), Cyclo-
TN638 (Phe-Pro), nonactin,
monactin, dinactin, and
trinactin
9. GC-MS Streptomyces Dibutyl phthalate [40]
albidoflavus
321.2
10. TLC and GC Streptomyces sp., | N-[2-(1H-indol-3-yl)-2 [41]
TN256 strain oxo-ethyl] acetamide
‘alkaloid’ derivative;
di-(2-ethylhexyl) phthal-
ate, a phthalate derivative;
1-Nonadecene and Cyclo
(L-Pro-L-Tyr) a
diketopiperazine ‘DKP’
derivative
11. HPLC Cladosporium 3-phenyl-2-propenoic [42]
sp., F14 acid, cyclo-(Phe-Pro),
cyclo-(Val-Pro) 3-phenyl-
2-propenoic acid, and bis
(2-ethylhexyl)phthalate
12. TLC, HPLC Aspergillus Circumdatins A and B and | [43]
ostianus benzodiazepine alkaloids
13. HPLC Chondrostereum | Hirsutane sesquiterpenoid | [44]
Sp.
14. HPLC Aspergillus sp. Aspergilone A & B [45]

(continued)
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Table 5.1 (continued)
Chromatographic Bioactive compound
S. No. | procedure Microorganism isolated References
15. TLC S. chibaensis Resistoflavine [46]
AUBN1/7
16 TLC, HPLC Nocardiopsis Lipopeptide biosurfactant | [47]
alba MSA10
17. TLC, HPLC, and LC— | Nocardiopsis sp., | 1,4-diaza-2, 5-dioxo-3-
MS GRG isobutyl bicyclo[4.3.0]
2 (KT 235641) nonane (DDIBN)
18. TLC, HPLC, GC-MS, | Streptomyces pyrrolo[1,2-a]pyrazine- [48]
and LC-MS akiyoshiensis 1,4-dione, and hexahydro-
GRG 3
6 (KY457710)
19. Sephadex G-25 gel col- | Streptomyces e-poly-l-lysine (e-PL) [49]
umn chromatography, ahygroscopicus
and, IRC-50
ion-exchange resin, and
TLC
20. Ion exchange chroma- | Streptomyces L-asparaginase [50]
tography through fradiae NEAE-82
DEAE Sepharose
CL-6B column
21. Thin-layer chromatog- | Nocardiopsis Tetrodotoxin [51]
raphy (TLC) dassonvillei
22. Anion-exchange Pseudonocardia Thermoactive amidase [52]
chromatography thermophila
23. Superecritical fluid Myxococcus xan- | Chloroxanthic acid A [53]
extraction (SFE) thus DK1622

5.2.4 Structural Characterization of Bioactive Molecules

The structural characterization of bioactive compounds isolated from microorgan-
isms plays a vital role in understanding their therapeutic potential and mechanisms of
action. Various types of advanced analytical techniques are used to determine the
chemical structure, stereochemistry, and conformational properties [54]. Spectro-
scopic methods such as nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry are commonly used to identify the composition and structure of
compounds [55].

NMR spectroscopy provides valuable information about the arrangement of
atoms in the molecule and helps in the determination of the compound’s stereo-
chemistry. Mass spectrometry, on the other hand, enables the measurement of the
compound’s molecular weight and fragmentation patterns, facilitating compound
identification and providing insights into its structural features. Additionally, other
techniques like X-ray crystallography and HR-TEM may be employed to visualize
the three-dimensional structure of the bioactive compound, allowing for a more
comprehensive understanding of its shape and spatial arrangement. Advanced NMR
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techniques are extensively employed in the structural characterization of bioactive
compounds isolated from microorganisms. One such technique is multidimensional
NMR spectroscopy, which involves the acquisition of multiple NMR spectra with
different pulse sequences to correlate nuclear spins and establish connectivity
between atoms [56]. Through techniques like COSY (correlation spectroscopy)
[57], HMQC (heteronuclear multiple-quantum coherence) [58], and HMBC
(heteronuclear multiple-bond correlation) [58], the interatomic relationships, and
bond connectivity within the compound can be determined. Additionally, advanced
NMR techniques such as NOESY (nuclear overhauser effect spectroscopy) provide
valuable information about the spatial arrangement of atoms in the molecule,
allowing for the determination of molecular conformation and stereochemistry
[59]. The use of selective NMR experiments, such as selective TOCSY (total
correlation spectroscopy) and selective HSQC (heteronuclear single-quantum coher-
ence) [60], enables the identification and assignment of specific functional groups
within the compound. Overall, advanced NMR techniques play a critical role in
elucidating the structural features of bioactive compounds from microorganisms,
helping in their characterization and understanding of their biological activities.

Another most advanced technique used to characterize bioactive molecules
isolated from microorganism is X-ray crystallography. Similar to 2D-NMR tech-
niques, it also allows researchers to determine the three-dimensional structure of
these compounds at an atomic level, providing crucial insights into their chemical
composition and spatial arrangement. By growing single crystals of the bioactive
compound and subjecting them to X-ray diffraction, scientists can measure
the angles and intensities of diffracted X-rays, which are then used to calculate the
electron density distribution within the crystal [61]. This information enables the
generation of an accurate molecular model, revealing the positions of individual
atoms and their connectivity within the compound. X-ray crystallography helps in
understanding the stereochemistry, molecular interactions, and overall conformation
of the bioactive compound, aiding in the design of more effective drugs and
therapeutic interventions. Furthermore, this technique contributes to the elucidation
of structure—activity relationships [62], facilitating the optimization and develop-
ment of novel pharmaceuticals derived from microorganisms (Table 5.2).

To determine the molecular mass of isolated bioactive compound, mass spectros-
copy is used. Mass spectrometry utilizes various ionization processes, including
electrospray ionization (ESI) [73], matrix-assisted laser desorption/ionization
(MALDI) [82], and atmospheric pressure chemical ionization (APCI) [83],
depending on the structural complexity and size of the bioactive molecule. Similarly,
based on the desired resolution, accuracy, mass range, and other factors to achieve
optimal results in their experiments, various types of mass analyzers are used such as
quadrupole [84], time-of-flight (TOF) [85], Ion Trap, Orbitrap, Fourier Transform
Ion Cyclotron Resonance (FT-ICR), and magnetic sector. Even, among these,
quadrupole and TOF are most commonly used methods. However, further interfac-
ing of chromatographic techniques to mass spectroscopic methods, such as LC-MS,
and GC-MS, has facilitated the characterization process fast and more accurate.
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Table 5.2 Different spectroscopic methods; NMR, MS, and X-ray used for characterization of

bioactive molecules

Bioactive compound

S. No. | Spectroscopic method | Microorganism isolated References

1. NMR, mass, single- Nocardia Chrysophanol 8-methyl [32]
crystal X-ray diffrac- | sp. ALAA 2000 ether, asphodelin; 4,7’-
tion (SCXRD) -bichrysophanol, and

justicidin B, in addition to a
novel bioactive compound
ayamycin; 1,1-dichloro-4-
ethyl-5-(4-nitro-phenyl)-
hexan-2-one

2. X-ray diffraction Penicillium Quinazoline alkaloid ((-)- [63]

vinaceum (strain (1R,4R)-1,4-(2,3)-

no. X17) indolmethane-1-methyl-
2,4-dihydro-1H-pyrazino-
[2,1-b]-quinazoline-3,6-
dione)

3. Single crystal X-ray Periconia sp. piperine (5-(3, [64]
diffraction (SCXRD) 4-methylenedioxyphenyl)-

1-piperidinopent-2, 4-dien-
1-one)

4. 1D, 2D NMR, ESI Aspergillus sp., Isoshamixanthone, [65]
HR-Mass, and X-ray ASCLA epiisoshamixanthone,
crystallography sterigmatocystin,

arugosin C,
norlichexanthone,
diorcinol, ergosterol, and
methyllinoleate

5. NMR and X-ray dif- | Aspergillus Aspergiolide A [66]
fraction analyses glaucus

6. 1D- and 2D NMR, Penicillium sp., Penicipyrrodiether A and [67]
HRESIMS, MS/MS, 77380 phenol A derivative
and electronic circular
dichroism calculation
and single-crystal
X-ray diffraction

7. 1D NMR, HRESIMS, | Diaporthe sp., Diaporthichalasins A—C, [68]
and X-ray GZU-1021 and biatriosporin N
crystallography

8. 1D NMR, 2D (COSY, | Nocardiopsis sp. | Terretonin N [69]
HMQC, HMBC,

NOESY) NMR, X-ray

9. NMR, HRESIMS, Streptomyces sp., | Streptopyrazinones A — D | [70]
electronic circular 77446
dichroism (ECD) cal-
culation, and X-ray
diffraction

10. MS, NMR, and X-ray | Streptomyces Diterpenoids [71]
crystallography sp. SN194 (chloroxaloterpin A and B)

(continued)
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Bioactive compound
S. No. | Spectroscopic method | Microorganism isolated References
11. HR-ESI-MS, NMR, Streptomyces Anandins A and B [72]
and single-crystal anandii H41-59
X-ray diffraction
(SCXRD)
12. ESIMS, 1D and 2D Aspergillus Carbonarones A, and B [73]
NMR data, and X-ray | carbonarius
crystallography
13. HR-ESI-MS, X-ray Chaetomium Azaphilones [74]
diffraction, and NMR | globosum
14. NMR, HRESIMS, Streptomyces Hygrocins K-U and [75]
ECD, single-crystal sp. ZZ1956 Streptophenylpropanamide
X-ray diffraction A
(SCXRD)
15. ESIMS, 1D and 2D Micromonospora | Angucyclinone derivatives | [76]
NMR data, and X-ray | echinospora and anthracene
crystallography SCSIO 04089
16. X-ray analysis Alternaria Alternariol methyl ether [77]
alternata (AME)
17. HRESIMS, NMR and | Penicillium Mixed 16 metabolites [78]
single-crystal X-ray sp. SY2107
diffraction (SCXRD)
18. Single-crystal X-ray Emericella Meleagrin, haenamindole, | [79]
diffraction (SCXRD) | dentata Ng45 isorugulosuvine, secalonic
acid D, ergosterol, and
cerebroside A
19. NMR, HRESIMS, Penicillium Penicipyrroether A and [80]
electronic circular sp. ZZ380 Pyrrospirone J
dichroism (ECD), '*C
NMR, and X-ray sin-
gle-crystal diffraction
(SCXRD)
20. 1D, 2D NMR and Talaromyces Talascortenes A—G and [81]
ECD scorteus AS-242 | 50,98
dihydroxyisocupressic acid

LC-MS is a hybrid technique that combines liquid chromatography (LC) and
mass spectrometry (MS) to separate and detect individual components within a
complex mixture. In this method, a liquid mobile phase carries the sample through
a stationary phase, separating the components based on their physicochemical
properties. The eluted compounds are then introduced into the mass spectrometer,
where they are ionized and analyzed based on their mass-to-charge ratio (m/z). LC—
MS provides high sensitivity, selectivity, and the ability to handle complex mixtures.
Liquid chromatography-mass spectrometry (LC—-MS) and tandem mass spectrome-
try (MS/MS) are powerful analytical techniques used in the structure determination
of bioactive compounds. MS/MS, also known as tandem mass spectrometry or MS2,
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is a technique that involves performing a second round of mass spectrometry on
selected precursor ions obtained from the LC-MS analysis. In this process, the
selected precursor ion is fragmented into smaller product ions using collision-
induced dissociation (CID) or other fragmentation techniques. The resulting frag-
mentation patterns provide valuable structural information about the compound,
including the arrangement of atoms and the presence of specific functional groups.
Moreover, LC-MS and MS/MS can be combined with other techniques such as
nuclear magnetic resonance (NMR) spectroscopy and high-resolution mass spec-
trometry to further enhance the structural determination of bioactive compounds.
The combination of multiple analytical techniques increases confidence in the
structural elucidation and can help researchers understand the chemical diversity
and biological activities of natural bioactive compounds derived from microorgan-
isms. In spite of significant contribution of these techniques in structural character-
ization of bioactive compounds, many challenges exist depending on purity, and
structural complexity of biomolecules.

5.2.5 Challenges and Future Scope

A number of challenges exist from culturing of microorganisms to isolation, purifi-
cation, and finally spectroscopic structural characterization of bioactive molecules.
Once culture conditions are optimized, further extraction and purification remain
major tasks. Chromatography techniques, such as high-performance liquid chroma-
tography (HPLC), are commonly used for compound separation and purification.
However, challenges can arise in the determination of the compound’s structure:

(a) Co-elution: Sometimes, compounds with similar physicochemical properties can
co-elute, making it difficult to differentiate and assign structures. In such cases,
additional separation methods, such as preparative chromatography or orthogo-
nal chromatographic techniques, may be employed to isolate individual com-
pounds for further analysis.

(b) Impurities and matrix effects: Presence of impurities or complex matrices can
interfere with the detection and identification of the target compound. Extensive
sample preparation techniques, such as solid-phase extraction or sample deriv-
atization, can be used to reduce interference and enhance the compound’s
detectability.

Mass spectrometry (MS) also faces challenges in mass determination, mainly due
to different ionization efficiencies and fragmentation capabilities of bioactive
compounds.

(a) Ionization efficiency: Different compounds exhibit different ionization efficien-
cies, which can affect the accuracy of mass spectral data. Careful optimization of
ionization techniques, such as electrospray ionization (ESI) or matrix-assisted
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laser desorption/ionization (MALDI), is necessary to ensure efficient ionization
and accurate mass determination.

(b) Fragmentation pattern analysis: Interpreting the fragmentation patterns
obtained from MS analysis can be complex, particularly for large and structur-
ally diverse compounds. The use of tandem mass spectrometry (MS/MS) or
high-resolution MS can provide more detailed fragmentation data, aiding in
structural elucidation.

NMR is a highly sophisticated tool used to elucidate atomic arrangement inside
the molecules, but it also depends on:

(a) Compound solubility: Poor solubility of the compound in NMR solvents can
impede data acquisition and spectral analysis. Optimization of solvents or the
use of advanced NMR techniques, such as microscale NMR or diffusion-ordered
spectroscopy (DOSY) [86], can overcome solubility issues.

(b) Complex spectra: In the case of structurally complex compounds, overlapping
peaks and multiplicity can make spectral interpretation difficult. Advanced
NMR techniques like 2D-NMR spectroscopy (e.g., COSY, HSQC, and
HMBC) can be employed to resolve overlapping signals and provide additional
structural information.

Again similar to NMR, single-crystal X-ray diffraction or crystallography is a
powerful method for determining the 3D structure of bioactive compounds. How-
ever, it has its own challenges:

(a) Obtaining suitable crystals: Obtaining high-quality single crystals can be a
significant challenge, especially for compounds with low crystallinity or limited
availability. Techniques such as recrystallization, co-crystallization, or
cryocrystallography can be employed to improve crystal quality or increase the
chances of obtaining suitable crystals.

(b) Radiation damage: Exposure to X-rays during crystallographic data collection
can lead to radiation damage to the crystal, resulting in poor data quality or
structural changes. To mitigate this, low-temperature data collection, limited
exposure time, and advanced data collection strategies like multicrystal or serial
crystallography are employed.

5.3 Conclusion

Microorganisms are rich source of many value-added bioactive compounds, and
their isolation, purification, and structural characterization always remain a chal-
lenge. However, various types of analytical techniques such as solvent extraction,
chromatographic purification, and spectroscopic methods are used to characterize
the bioactive molecules. By uncovering the chemical diversity present in microor-
ganisms, these techniques open up avenues for bioprospecting and drug discovery,
offering potential solutions to unmet medical needs and challenges in various
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industries. In summary, the isolation, purification, and characterization of bioactive
compounds from microorganisms using analytical techniques enable researchers to
harness the vast potential of these microorganisms as a source of valuable molecules.
These techniques provide critical insights into the structural features and functional
properties of bioactive compounds, paving the way for their further exploration and
application in diverse fields.

References

—

10.

13.

. Mahajan G, Balachandran L (2015) Biodiversity in production of antibiotics and other bioactive

compounds. In: Mukherjee J (ed) Advances in biochemical engineering/biotechnology, vol 147.
Springer, Berlin, pp 37-58. https://doi.org/10.1007/10_2014_268

. Moopantakath J, Imchen M, Anju VT, Busi S, Dyavaiah M, Martinez-Espinosa RM, Kumavath

R (2023) Bioactive molecules from haloarchaea: scope and prospects for industrial and thera-
peutic applications. Front Microbiol 14. https://doi.org/10.3389/fmicb.2023.1113540

. Thompson TP, Gilmore BF (2023) Exploring halophilic environments as a source of new

antibiotics. Crit Rev Microbiol 1-30. https://doi.org/10.1080/1040841X.2023.2197491

. Shakoor R, Hussain N, Younas S, Bilal M (2023) Novel strategies for extraction, purification,

processing, and stability improvement of bioactive molecules. J Basic Microbiol 63(3-4):
276-291. https://doi.org/10.1002/jobm.202200401

. Fernandes C, Ribeiro R, Pinto M, Kijjoa A (2023) Absolute stereochemistry determination of

bioactive marine-derived cyclopeptides by liquid chromatography methods: an update review
(2018-2022). Molecules 28(2). https://doi.org/10.3390/molecules28020615

. Gomes AR, Duarte AC, Rocha-Santos TAP (2016) Analytical techniques for discovery of

bioactive compounds from marine fungi. In: Merillon J-M, Ramawat KG (eds) Fungal metab-
olites. Springer International Publishing, pp 1-20. https://doi.org/10.1007/978-3-319-19456-1 _
9-1

. Bodor A, Bounedjoum N, Vincze GE, Erdeiné Kis A, Laczi K, Bende G, Szilagyi A, Kovécs T,

Perei K, Rakhely G (2020) Challenges of unculturable bacteria: environmental perspectives.
Rev Environ Sci Biotechnol 19(1):1-22. https://doi.org/10.1007/s11157-020-09522-4

. Godbole V, Pal MK, Gautam P (2021) A critical perspective on the scope of interdisciplinary

approaches used in fourth-generation biofuel production. Algal Res 58:102436. https://doi.org/
10.1016/j.algal.2021.102436

. Koller M (2018) A review on established and emerging fermentation schemes for microbial

production of polyhydroxyalkanoate (PHA) biopolyesters. Fermentation 4(2). https://doi.org/
10.3390/fermentation4020030

Masojidek J, Torzillo G (2014) Mass cultivation of freshwater microalgaeyy. In Reference
module in earth systems and environmental sciences. Elsevier. https://doi.org/10.1016/b978-0-
12-409548-9.09373-8

. Terefe NS (2021) Recent developments in fermentation technology: toward the next revolution

in food production. In Juliano P, Buckow R, Nguyen MH, Knoerzer K, and J. B. T.-F.
E. I. A. the F. S. C. Sellahewa (eds) Food engineering innovations across the food supply
chain. Academic, pp 89-106. https://doi.org/10.1016/B978-0-12-821292-9.00026-1

. Venkata Mohan S, Rohit MV, Chiranjeevi P, Chandra R, Navaneeth B (2015) Heterotrophic

microalgae cultivation to synergize biodiesel production with waste remediation: progress and
perspectives. Bioresour Technol 184:169—178. https://doi.org/10.1016/j.biortech.2014.10.056
Rios Pinto LF, Ferreira GF, Tasic M (2020) Cultivation techniques. In: Galanakis CMBT-M
(ed) Microalgae: cultivation, recovery of compounds and applications. Academic, pp 1-33.
https://doi.org/10.1016/B978-0-12-821218-9.00001-3


https://doi.org/10.1007/10_2014_268
https://doi.org/10.3389/fmicb.2023.1113540
https://doi.org/10.1080/1040841X.2023.2197491
https://doi.org/10.1002/jobm.202200401
https://doi.org/10.3390/molecules28020615
https://doi.org/10.1007/978-3-319-19456-1_9-1
https://doi.org/10.1007/978-3-319-19456-1_9-1
https://doi.org/10.1007/s11157-020-09522-4
https://doi.org/10.1016/j.algal.2021.102436
https://doi.org/10.1016/j.algal.2021.102436
https://doi.org/10.3390/fermentation4020030
https://doi.org/10.3390/fermentation4020030
https://doi.org/10.1016/b978-0-12-409548-9.09373-8
https://doi.org/10.1016/b978-0-12-409548-9.09373-8
https://doi.org/10.1016/B978-0-12-821292-9.00026-1
https://doi.org/10.1016/j.biortech.2014.10.056
https://doi.org/10.1016/B978-0-12-821218-9.00001-3

98

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

P. Rawat et al.

Stanbury PF, Whitaker A, Hall SJ (2017). Design of a fermenter. In Stanbury PF, Whitaker A,
& S. J. B. T.-P. of F. T. (Third E. Hall) (eds) Principles of fermentation technology.
Butterworth-Heinemann, pp 401-485. https://doi.org/10.1016/6978-0-08-099953-1.00007-7
Oliver JD (2010) Recent findings on the viable but nonculturable state in pathogenic bacteria.
FEMS Microbiol Rev 34(4):415-425. https://doi.org/10.1111/j.1574-6976.2009.00200.x
Ardiles P, Cerezal-Mezquita P, Salinas-Fuentes F, Ordenes D, Renato G, Ruiz-Dominguez MC
(2020) Biochemical composition and phycoerythrin extraction from red microalgae: a compar-
ative study using green extraction technologies. Processes 8(12):1-16. https://doi.org/10.3390/
pr8121628

Saadouli I, El Euch IZ, Trabelsi E, Mosbah A, Redissi A, Ferjani R, Fhoula I, Cherif A, Sabatier
IJM, Sewald N, Ouzari HI (2020) Isolation, characterization and chemical synthesis of large
spectrum antimicrobial cyclic dipeptide (L-leu-l-pro) from streptomyces misionensisv16r3yl
bacteria extracts. a novellH NMR metabolomic approach. Antibiotics 9(5). https://doi.org/10.
3390/antibiotics9050270

Singh LS, Sharma H, Talukdar NC (2014b) Production of potent antimicrobial agent by
actinomycete, Streptomyces sannanensis strain SU118 isolated from phoomdi in Loktak Lake
of Manipur, India. BMC Microbiol 14(1):278. https://doi.org/10.1186/s12866-014-0278-3
Cocks S, Wrigley SK, Ine”s Chicarelli-Robinson M, Smith RM (1995) High-performance liquid
chromatography comparison of supercritical-fluid extraction and solvent extraction of microbial
fermentation products. J Chromatogr A 697(1):115-122. https://doi.org/10.1016/0021-9673
(94)00817-S

Molino A, Larocca V, Di Sanzo G, Martino M, Casella P, Marino T, Karatza D, Musmarra D
(2019) Extraction of bioactive compounds using supercritical carbon dioxide. Molecules 24(4).
https://doi.org/10.3390/molecules24040782

Ho TC, Chun B-S (2019) Extraction of bioactive compounds from Pseuderanthemum
palatiferum (Nees) Radlk. Using subcritical water and conventional solvents: a comparison
study. J Food Sci 84(5):1201-1207. https://doi.org/10.1111/1750-3841.14501

Pasquet V, Chérouvrier J-R, Farhat F, Thiéry V, Piot J-M, Bérard J-B, Kaas R, Serive B,
Patrice T, Cadoret J-P, Picot L (2011) Study on the microalgal pigments extraction process:
performance of microwave assisted extraction. Process Biochem 46(1):59—67. https://doi.org/
10.1016/j.procbio.2010.07.009

Al Khawli F, Marti-Quijal FJ, Pallarés N, Barba FJ, Ferrer E (2021) Ultrasound extraction
mediated recovery of nutrients and antioxidant bioactive compounds from phaeodactylum
tricornutum microalgae. Appl Sci (Switzerland) 11(4):1-19. https://doi.org/10.3390/
app11041701

Lavilla I, Bendicho C (2017). Chapter 11 - Fundamentals of ultrasound-assisted extraction. In H
Dominguez Gonzéalez & M. J. B. T.-W. E. of BC Gonzalez Muiioz (eds) Water extraction of
bioactive compounds. Elsevier, pp 291-316. https://doi.org/10.1016/B978-0-12-809380-1.
00011-5

Puri M, Sharma D, Barrow CJ (2012) Enzyme-assisted extraction of bioactives from plants.
Trends Biotechnol 30(1):37-44. https://doi.org/10.1016/j.tibtech.2011.06.014

Duarte K, Rocha-Santos TAP, Freitas AC, Duarte AC (2012) Analytical techniques for
discovery of bioactive compounds from marine fungi. TrAC - Trends Anal Chem 34:97-110.
https://doi.org/10.1016/j.trac.2011.10.014

Parrot D, Legrave N, Intertaglia L, Rouaud I, Legembre P, Grube M, Suzuki MT, Tomasi S
(2016) Cyaneodimycin, a bioactive compound isolated from the culture of Streptomyces
cyaneofuscatus associated with Lichina confinis. Eur J Org Chem 2016(23):3977-3982.
https://doi.org/10.1002/ejoc.201600252

Nguyen Van M, Phat N, Linh D (2021) Purification of bioactive compound from endophytes
Bacillus sp. RD26 of Phyllanthus amarus Schum. et Thonn. Pharmacophore 12:29-36. https://
doi.org/10.51847/4DEIRdiC4c

Lu R, Fasano S, Madayiputhiya N, Morin NP, Nataro J, Fasano A (2009) Isolation, identifica-
tion, and characterization of small bioactive peptides from Lactobacillus GG conditional media


https://doi.org/10.1016/b978-0-08-099953-1.00007-7
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.3390/pr8121628
https://doi.org/10.3390/pr8121628
https://doi.org/10.3390/antibiotics9050270
https://doi.org/10.3390/antibiotics9050270
https://doi.org/10.1186/s12866-014-0278-3
https://doi.org/10.1016/0021-9673(94)00817-S
https://doi.org/10.1016/0021-9673(94)00817-S
https://doi.org/10.3390/molecules24040782
https://doi.org/10.1111/1750-3841.14501
https://doi.org/10.1016/j.procbio.2010.07.009
https://doi.org/10.1016/j.procbio.2010.07.009
https://doi.org/10.3390/app11041701
https://doi.org/10.3390/app11041701
https://doi.org/10.1016/B978-0-12-809380-1.00011-5
https://doi.org/10.1016/B978-0-12-809380-1.00011-5
https://doi.org/10.1016/j.tibtech.2011.06.014
https://doi.org/10.1016/j.trac.2011.10.014
https://doi.org/10.1002/ejoc.201600252
https://doi.org/10.51847/4DEIRdiC4c
https://doi.org/10.51847/4DEIRdiC4c

30.

31.

32.

33.

34.

35.

36.

37.

38

39.

40.

41.

42.

43.

44,

45.

Modern Analytical Techniques for Extraction, Purification, and. .. 99

that exert both anti-gram-negative and Gram-positive bactericidal activity. J Pediatr
Gastroenterol Nutr 49(1):23-30. https://doi.org/10.1097/MPG.0b013e3181924d1e

Jeong D, Kim DH, Kang IB, Kim H, Song KY, Kim HS, Seo KH (2017) Characterization and
antibacterial activity of a novel exopolysaccharide produced by Lactobacillus kefiranofaciens
DNI1 isolated from kefir. Food Control 78:436-442. https://doi.org/10.1016/j.foodcont.2017.
02.033

Duan M, Bai J, Yang J, Shi P, Bian L (2021) Screening and identification of bioactive
components resistant to metallo-beta-lactamase from Schisandra chinensis (Turcz.) Baill. by
metalloenzyme-immobilized affinity chromatography. J Chromatogr B Anal Technol Biomed
Life Sci 1165:122524. https://doi.org/10.1016/j.jchromb.2021.122524

El-Gendy MMA, Hawas UW, Jaspars M (2008) Novel bioactive metabolites from a marine
derived bacterium nocardia sp. ALAA 2000. J Antibiot 61(6):379-386. https://doi.org/10.1038/
ja.2008.53

Bossuyt R, Van Renterghem R, Waes G (1976) Identification of antibiotic residues in milk by
thin-layer chromatography. J Chromatogr A 124(1):37—42. https://doi.org/10.1016/S0021-9673
(00)87834-6

Gallagher JB, Love PW, Knotts LL, Collaborators (1982) High pressure liquid chromatographic
determination of bacitracin in premix feeds and finished feeds: collaborative study. J Assoc Off
Anal Chem 65(5):1178-1185. https://doi.org/10.1093/jaoac/65.5.1178

Webster GK (1997) Liquid chromatographic analysis of bacitracin methylene disalicylate in
feed. J AOAC Int 80(4):732—736. https://doi.org/10.1093/jaoac/80.4.732

Capitan-Vallvey LF, Navas N, Titos A, Checa R (2001) Determination of the antibiotic zinc
bacitracin in animal food by high-performance liquid chromatography with ultraviolet detec-
tion. Chromatographia 54(1):15-20. https://doi.org/10.1007/BF02491826

Siddharth S, Rai VR (2019) Isolation and characterization of bioactive compounds with
antibacterial, antioxidant and enzyme inhibitory activities from marine-derived rare
actinobacteria, Nocardiopsis sp. SCA21. Microb Pathog 137:103775. https://doi.org/10.1016/
j-micpath.2019.103775

. Meca G, Sospedra I, Soriano JM, Ritieni A, Moretti A, Maies J (2010) Antibacterial effect of

the bioactive compound beauvericin produced by Fusarium proliferatum on solid medium of
wheat. Toxicon 56(3):349-354. https://doi.org/10.1016/j.toxicon.2010.03.022

Kaaniche F, Hamed A, Elleuch L, Chakchouk-Mtibaa A, Smaoui S, Karray-Rebai I, Koubaa I,
Arcile G, Allouche N, Mellouli L (2020) Purification and characterization of seven bioactive
compounds from the newly isolated Streptomyces cavourensis TN638 strain via solid-state
fermentation. Microb Pathog 142:104106. https://doi.org/10.1016/j.micpath.2020.104106
Roy RN, Laskar S, Sen SK (2006) Dibutyl phthalate, the bioactive compound produced by
Streptomyces albidoflavus 321.2. Microbiol Res 161(2):121-126. https://doi.org/10.1016/j.
micres.2005.06.007

Smaoui S, Mathieu F, Elleuch L, Coppel Y, Merlina G, Karray-Rebai I, Mellouli L (2012)
Taxonomy, purification and chemical characterization of four bioactive compounds from new
Streptomyces sp. TN256 strain. World J Microbiol Biotechnol 28(3):793-804. https://doi.org/
10.1007/s11274-011-0872-6

Qi S-H, Xu Y, Xiong H-R, Qian P-Y, Zhang S (2009) Antifouling and antibacterial compounds
from a marine fungus Cladosporium sp. F14. World J Microbiol Biotechnol 25(3):399-406.
https://doi.org/10.1007/311274-008-9904-2

Ookura R, Kito K, Ooi T, Namikoshi M, Kusumi T (2008) Structure revision of circumdatins A
and B, benzodiazepine alkaloids produced by marine fungus Aspergillus ostianus, by X-ray
crystallography. J Org Chem 73(11):4245-4247. https://doi.org/10.1021/j0800348d

Li H-J, Lan W-J, Lam C-K, Yang F, Zhu X-F (2011) Hirsutane sesquiterpenoids from the
marine-derived fungus chondrostereum sp. Chem Biodivers 8(2):317-324. https://doi.org/10.
1002/cbdv.201000036

Shao C-L, Wang C-Y, Wei M-Y, Gu Y-C, She Z-G, Qian P-Y, Lin Y-C (2011) Aspergilones A
and B, two benzylazaphilones with an unprecedented carbon skeleton from the


https://doi.org/10.1097/MPG.0b013e3181924d1e
https://doi.org/10.1016/j.foodcont.2017.02.033
https://doi.org/10.1016/j.foodcont.2017.02.033
https://doi.org/10.1016/j.jchromb.2021.122524
https://doi.org/10.1038/ja.2008.53
https://doi.org/10.1038/ja.2008.53
https://doi.org/10.1016/S0021-9673(00)87834-6
https://doi.org/10.1016/S0021-9673(00)87834-6
https://doi.org/10.1093/jaoac/65.5.1178
https://doi.org/10.1093/jaoac/80.4.732
https://doi.org/10.1007/BF02491826
https://doi.org/10.1016/j.micpath.2019.103775
https://doi.org/10.1016/j.micpath.2019.103775
https://doi.org/10.1016/j.toxicon.2010.03.022
https://doi.org/10.1016/j.micpath.2020.104106
https://doi.org/10.1016/j.micres.2005.06.007
https://doi.org/10.1016/j.micres.2005.06.007
https://doi.org/10.1007/s11274-011-0872-6
https://doi.org/10.1007/s11274-011-0872-6
https://doi.org/10.1007/s11274-008-9904-2
https://doi.org/10.1021/jo800348d
https://doi.org/10.1002/cbdv.201000036
https://doi.org/10.1002/cbdv.201000036

100

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

P. Rawat et al.

gorgonian-derived fungus Aspergillus sp. Bioorg Med Chem Lett 21(2):690-693. https://doi.
org/10.1016/j.bmcl.2010.12.005

Gorajana A, Venkatesan M, Vinjamuri S, Kurada BVVSN, Peela S, Jangam P, Poluri E, Zeeck
A (2007) Resistoflavine, cytotoxic compound from a marine actinomycete, Streptomyces
chibaensis AUBN1/7. Microbiol Res 162(4):322-327. https://doi.org/10.1016/j.micres.2006.
01.012

Gandhimathi R, Seghal Kiran G, Hema TA, Selvin J, Rajeetha Raviji T, Shanmughapriya S
(2009) Production and characterization of lipopeptide biosurfactant by a sponge-associated
marine actinomycetes Nocardiopsis alba MSA10. Bioprocess Biosyst Eng 32(6):825-835.
https://doi.org/10.1007/s00449-009-0309-x

Nadar Rajivgandhi G, Ramachandran G, Li J-L, Yin L, Manoharan N, Rajesh Kannan M,
Antony Joseph Velanganni A, Alharbi NS, Kadaikunnan S, Khaled JM, Li W-J (2020)
Molecular identification and structural detection of anti-cancer compound from marine Strep-
tomyces akiyoshiensis GRG 6 (KY457710) against MCF-7 breast cancer cells. J King Saud
Univ Sci 32(8):3463-34609. https://doi.org/10.1016/j.jksus.2020.10.008

Chen J, Liu H, Xia Z, Zhao X, Wu Y, An M (2019) Purification and structural analysis of the
effective anti-TMV compound e-poly-L-lysine produced by Streptomyces ahygroscopicus.
Molecules 24(6). https://doi.org/10.3390/molecules24061156

El-Naggar NE-A, Deraz SF, Soliman HM, El-Deeb NM, El-Ewasy SM (2016) Purification,
characterization, cytotoxicity and anticancer activities of L-asparaginase, anti-colon cancer
protein, from the newly isolated alkaliphilic Streptomyces fradiae NEAE-82. Sci Rep 6(1):
32926. https://doi.org/10.1038/srep32926

Wu Z, Xie L, Xia G, Zhang J, Nie Y, Hu J, Wang S, Zhang R (2005) A new tetrodotoxin-
producing actinomycete, Nocardiopsis dassonvillei, isolated from the ovaries of puffer fish
Fugu rubripes. Toxicon 45(7):851-859. https://doi.org/10.1016/j.toxicon.2005.02.005
Egorova K, Trauthwein H, Verseck S, Antranikian G (2004) Purification and properties of an
enantioselective and thermoactive amidase from the thermophilic actinomycete Pseudonocardia
thermophila. Appl Microbiol Biotechnol 65(1):38-45. https://doi.org/10.1007/s00253-004-
1607-5

Bader CD, Neuber M, Panter F, Krug D, Miiller R (2020) Supercritical fluid extraction enhances
discovery of secondary metabolites from myxobacteria. Anal Chem 92(23):15403-15411.
https://doi.org/10.1021/acs.analchem.0c02995

Hassan S, Meenatchi R, Pachillu K, Bansal S, Brindangnanam P, Arockiaraj J, Kiran GS, Selvin
J (2022) Identification and characterization of the novel bioactive compounds from microalgae
and cyanobacteria for pharmaceutical and nutraceutical applications. J Basic Microbiol 62(9):
999-1029. https://doi.org/10.1002/jobm.202100477

Singh KS, Majik MS, Tilvi S (2014a) Chapter 6 - Vibrational spectroscopy for structural
characterization of bioactive compounds. In: Rocha-Santos T, Duarte ACBT-CAC (eds) Anal-
ysis of marine samples in search of bioactive compounds, vol 65. Elsevier, pp 115-148. https://
doi.org/10.1016/B978-0-444-63359-0.00006-9

Gomes AR, Duarte AC, Rocha-Santos TAP (2017) Analytical techniques for discovery of
bioactive compounds from marine fungi. In: Mérillon J-M, Ramawat KG (eds) Fungal metab-
olites. Springer International Publishing, pp 415-434. https://doi.org/10.1007/978-3-319-
25001-4_9

Numan M, Shah M, Asaf S, Ur Rehman N, Al-Harrasi A (2022) Bioactive compounds from
endophytic bacteria Bacillus subtilis strain EP1 with their antibacterial activities. Metabolites
12(12). https://doi.org/10.3390/metabo12121228

Shaala LA, Youssef DTA (2015) Identification and bioactivity of compounds from the fungus
Penicillium sp. CYE-87 isolated from a marine tunicate. Mar Drugs 13(4):1698—17009. https://
doi.org/10.3390/md 13041698

Betancur LA, Forero AM, Vinchira-Villarraga DM, Cérdenas JD, Romero-Otero A, Chagas
FO, Pupo MT, Castellanos L, Ramos FA (2020) NMR-based metabolic profiling to follow the


https://doi.org/10.1016/j.bmcl.2010.12.005
https://doi.org/10.1016/j.bmcl.2010.12.005
https://doi.org/10.1016/j.micres.2006.01.012
https://doi.org/10.1016/j.micres.2006.01.012
https://doi.org/10.1007/s00449-009-0309-x
https://doi.org/10.1016/j.jksus.2020.10.008
https://doi.org/10.3390/molecules24061156
https://doi.org/10.1038/srep32926
https://doi.org/10.1016/j.toxicon.2005.02.005
https://doi.org/10.1007/s00253-004-1607-5
https://doi.org/10.1007/s00253-004-1607-5
https://doi.org/10.1021/acs.analchem.0c02995
https://doi.org/10.1002/jobm.202100477
https://doi.org/10.1016/B978-0-444-63359-0.00006-9
https://doi.org/10.1016/B978-0-444-63359-0.00006-9
https://doi.org/10.1007/978-3-319-25001-4_9
https://doi.org/10.1007/978-3-319-25001-4_9
https://doi.org/10.3390/metabo12121228
https://doi.org/10.3390/md13041698
https://doi.org/10.3390/md13041698

60.

6

—

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Modern Analytical Techniques for Extraction, Purification, and. .. 101

production of anti-phytopathogenic compounds in the culture of the marine strain Streptomyces
sp. PNM-9. Microbiol Res 239:126507. https://doi.org/10.1016/j.micres.2020.126507

Sharma D, Singh VP, Singh RK, Joshi CS, Sharma V (2020) Isolation and characterization of
bioactive compounds from natural resources: metabolomics and molecular approaches. In
Srivastava AK, Kannaujiya VK, Singh RK, & D. B. T.-E. D. as a S. for A. M. Singh (eds)
Evolutionary diversity as a source for anticancer molecules. Academic, pp 77-101. https://doi.
org/10.1016/B978-0-12-821710-8.00004-7

. Deschamps JR (2010) X-ray crystallography of chemical compounds. Life Sci 86(15-16):

585-589. https://doi.org/10.1016/j.1f5.2009.02.028

Tojo S, Kohno T, Tanaka T, Kamioka S, Ota Y, Ishii T, Kamimoto K, Asano S, Isobe Y (2014)
Crystal structures and structure-activity relationships of imidazothiazole derivatives as IDO1
inhibitors. ACS Med Chem Lett 5(10):1119-1123. https://doi.org/10.1021/m1500247w

Zheng CJ, Li L, Zou JP, Han T, Qin LP (2012) Identification of a quinazoline alkaloid produced
by Penicillium vinaceum, an endophytic fungus from Crocus sativus. Pharm Biol 50(2):
129-133. https://doi.org/10.3109/13880209.2011.569726

Verma VC, Lobkovsky E, Gange AC, Singh SK, Prakash S (2011) Piperine production by
endophytic fungus Periconia sp. Isolated from Piper longum L. J Antibiot 64(6):427-431.
https://doi.org/10.1038/ja.2011.27

Kamel RA, Abdel-Razek AS, Hamed A, Ibrahim RR, Stammler HG, Frese M, Sewald N,
Shaaban M (2020) Isoshamixanthone: a new pyrano xanthone from endophytic Aspergillus
sp. ASCLA and absolute configuration of epiisoshamixanthone. Nat Prod Res 34(8):
1080-1090. https://doi.org/10.1080/14786419.2018.1548458

Du L, Zhu T, Fang Y, Liu H, Gu Q, Zhu W (2007) Aspergiolide A, a novel anthraquinone
derivative with naphtho[1,2,3-de]chromene-2,7-dione skeleton isolated from a marine-derived
fungus Aspergillus glaucus. Tetrahedron 63(5):1085—1088. https://doi.org/10.1016/j.tet.2006.
11.074

Song T, Chen M, Ge ZW, Chai W, Li XC, Zhang Z, Lian XY (2018) Bioactive
penicipyrrodiether A, an adduct of GKK1032 analogue and phenol A derivative, from a
marine-sourced fungus Penicillium sp. ZZ380. J Org Chem 83(21):13395-13401. https://doi.
org/10.1021/acs.joc.8b02172

Liu Y, Ruan Q, Jiang S, Qu Y, Chen J, Zhao M, Yang B, Liu Y, Zhao Z, Cui H (2019)
Cytochalasins and polyketides from the fungus Diaporthe sp. GZU-1021 and their anti-
inflammatory activity. Fitoterapia 137:104187. https://doi.org/10.1016/].fitote.2019.104187
Hamed A, Abdel-Razek AS, Frese M, Stammler HG, El-Haddad AF, Ibrahim TMA, Sewald N,
Shaaban M (2018) Terretonin N: a new meroterpenoid from Nocardiopsis sp. Molecules 23(2).
https://doi.org/10.3390/molecules23020299

Chen M, Chai W, Zhu R, Song T, Zhang Z, Lian X-Y (2018) Streptopyrazinones A—D, rare
metabolites from marine-derived Streptomyces sp. ZZ446. Tetrahedron 74(16):2100-2106.
https://doi.org/10.1016/j.tet.2018.03.028

Bi Y, Yu Z (2016) Diterpenoids from Streptomyces sp. SN194 and their antifungal activity
against botrytis cinerea. J Agric Food Chem 64(45):8525-8529. https://doi.org/10.1021/acs.
jafc.6b03645

Zhang YM, Liu BL, Zheng XH, Huang XJ, Li HY, Zhang Y, Zhang TT, Sun DY, Lin BR, Zhou
GX (2017) Anandins A and B, two rare steroidal alkaloids from a marine Streptomyces anandii
H41-59. Mar Drugs 15(11). https://doi.org/10.3390/md15110355

Zhang Y, Zhu T, Fang Y, Liu H, Gu Q, Zhu W (2007) Carbonarones A and B, new bioactive
y-Pyrone and a-Pyridone derivatives from the marine-derived fungus Aspergillus carbonarius. J
Antibiot 60(2):153—157. https://doi.org/10.1038/ja.2007.15

Borges WS, Mancilla G, Guimardes DO, Duran-Patrén R, Collado IG, Pupo MT (2011)
Azaphilones from the endophyte Chaetomium globosum. J Nat Prod 74(5):1182-1187.
https://doi.org/10.1021/np200110f


https://doi.org/10.1016/j.micres.2020.126507
https://doi.org/10.1016/B978-0-12-821710-8.00004-7
https://doi.org/10.1016/B978-0-12-821710-8.00004-7
https://doi.org/10.1016/j.lfs.2009.02.028
https://doi.org/10.1021/ml500247w
https://doi.org/10.3109/13880209.2011.569726
https://doi.org/10.1038/ja.2011.27
https://doi.org/10.1080/14786419.2018.1548458
https://doi.org/10.1016/j.tet.2006.11.074
https://doi.org/10.1016/j.tet.2006.11.074
https://doi.org/10.1021/acs.joc.8b02172
https://doi.org/10.1021/acs.joc.8b02172
https://doi.org/10.1016/j.fitote.2019.104187
https://doi.org/10.3390/molecules23020299
https://doi.org/10.1016/j.tet.2018.03.028
https://doi.org/10.1021/acs.jafc.6b03645
https://doi.org/10.1021/acs.jafc.6b03645
https://doi.org/10.3390/md15110355
https://doi.org/10.1038/ja.2007.15
https://doi.org/10.1021/np200110f

102

75.

76.

71.

78.

79.

80.

82.

83.

84.

85.

86.

P. Rawat et al.

Yi W, Newaz AW, Yong K, Ma M, Lian XY, Zhang Z (2022) New hygrocins K-U and
streptophenylpropanamide A and bioactive compounds from the marine-associated streptomy-
ces sp. ZZ1956. Antibiotics 11(11). https://doi.org/10.3390/antibiotics 11111455

Fang Z, Jiang X, Zhang Q, Zhang L, Zhang W, Yang C, Zhang H, Zhu Y, Zhang C (2020)
S-bridged thioether and structure-diversified angucyclinone derivatives from the South China
sea-derived micromonospora echinospora SCSIO 04089. J Nat Prod 83(10):3122-3130. https://
doi.org/10.1021/acs.jnatprod.0c00719

Palanichamy P, Kannan S, Murugan D, Alagusundaram P, Marudhamuthu M (2019) Purifica-
tion, crystallization and anticancer activity evaluation of the compound alternariol methyl ether
from endophytic fungi Alternaria alternata. J Appl Microbiol 127(5):1468—1478. https://doi.
org/10.1111/jam.14410

Kaleem S, Qin L, Yi W, Lian XY, Zhang Z (2020) Bioactive metabolites from the mariana
trench sediment-derived fungus Penicillium sp. SY2107. Mar Drugs 18(5). https://doi.org/10.
3390/md18050258

Hamed A, Abdel-Razek AS, Araby M, Abu-Elghait M, El-Hosari DG, Frese M, Soliman HSM,
Stammler HG, Sewald N, Shaaban M (2021) Meleagrin from marine fungus Emericella dentata
Ng45: crystal structure and diverse biological activity studies. Nat Prod Res 35(21):3830-3838.
https://doi.org/10.1080/14786419.2020.1741583

Song T, Tang M, Ge H, Chen M, Lian X, Zhang Z (2019) Novel bioactive penicipyrroether a
and pyrrospirone J from the marine-derived penicillium sp. zz380. Mar Drugs 17(5). https://doi.
0rg/10.3390/md17050292

.Meng LH, Li XM, Zhang FZ, Wang YN, Wang BG (2020) Talascortenes A-G, highly

oxygenated diterpenoid acids from the sea-anemone-derived endozoic fungus talaromyces
scorteus AS-242. J Nat Prod 83(8):2528-2536. https://doi.org/10.1021/acs.jnatprod.0c00628
Lindner B (2000) Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
of lipopolysaccharides. In: Holst O (ed) Methods in molecular biology (Clifton, N.J.), vol 145.
Humana Press, pp 311-325. https://doi.org/10.1385/1-59259-052-7:311

Jerz G, Elnakady YA, Braun A, Jéickel K, Sasse F, Al Ghamdi AA, Omar MOM, Winterhalter P
(2014) Preparative mass-spectrometry profiling of bioactive metabolites in Saudi-Arabian
propolis fractionated by high-speed countercurrent chromatography and off-line atmospheric
pressure chemical ionization mass-spectrometry injection. J Chromatogr A 1347:17-29. https://
doi.org/10.1016/j.chroma.2014.04.068

Darwesh OM, Mahmoud RH, Abdo SM, Marrez DA (2022) Isolation of Haematococcus
lacustris as source of novel anti-multi-antibiotic resistant microbes agents; fractionation and
identification of bioactive compounds. Biotechnol Rep 35:€00753. https://doi.org/10.1016/;].
btre.2022.e00753

LiY, Zhou G, Xing S, Tu P, Li X (2015) Identification of echinacoside metabolites produced by
human intestinal bacteria using ultraperformance liquid chromatography—quadrupole time-of-
flight mass spectrometry. J Agric Food Chem 63(30):6764—6771. https://doi.org/10.1021/acs.
jafc.5b02881

Beretta G, Artali R, Caneva E, Orlandini S, Centini M, Facino RM (2009) Quinoline alkaloids
in honey: Further analytical (HPLC-DAD-ESI-MS, multidimensional diffusion-ordered NMR
spectroscopy), theoretical and chemometric studies. J Pharm Biomed Anal 50(3):432-439.
https://doi.org/10.1016/.jpba.2009.05.029


https://doi.org/10.3390/antibiotics11111455
https://doi.org/10.1021/acs.jnatprod.0c00719
https://doi.org/10.1021/acs.jnatprod.0c00719
https://doi.org/10.1111/jam.14410
https://doi.org/10.1111/jam.14410
https://doi.org/10.3390/md18050258
https://doi.org/10.3390/md18050258
https://doi.org/10.1080/14786419.2020.1741583
https://doi.org/10.3390/md17050292
https://doi.org/10.3390/md17050292
https://doi.org/10.1021/acs.jnatprod.0c00628
https://doi.org/10.1385/1-59259-052-7:311
https://doi.org/10.1016/j.chroma.2014.04.068
https://doi.org/10.1016/j.chroma.2014.04.068
https://doi.org/10.1016/j.btre.2022.e00753
https://doi.org/10.1016/j.btre.2022.e00753
https://doi.org/10.1021/acs.jafc.5b02881
https://doi.org/10.1021/acs.jafc.5b02881
https://doi.org/10.1016/j.jpba.2009.05.029

	Chapter 5: Modern Analytical Techniques for Extraction, Purification, and Structural Characterization of Microbial Bioactive C...
	5.1 Introduction
	5.2 Biomass Processing; Extraction, Purification, and Characterization of Bioactive Molecules
	5.2.1 Biomass Propagation
	5.2.2 Solvent Extraction
	5.2.3 Chromatographic Purification
	5.2.4 Structural Characterization of Bioactive Molecules
	5.2.5 Challenges and Future Scope

	5.3 Conclusion
	References


