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ABSTRACT

The folk medicinal plant Knema angustifolia (Roxb.) Warb. of Myristicaceae is reported with the essential oil
(0.024+0.001 - 0.04+0.01%) in leaves and twigs respectively, for the first time. The GC-MS analysis of essential
oil found 15 oxygenated sesquiterpenes viz., Globulol (30.83-35.46%), Spathulenol (21.46-23.98%), Viridi-
florol (6.24-12.40%) and others. Several species under the family Myristicaceae had been used in neurodegen-
erative diseases. The site-specific docking of the markers against tau protein, the major causal factor for
neurodegenerative diseases were carried out which found biomarkers viz., ®-Cadinol, §-Cadinol, epi-Cubenol,
Neointermedeol, Shyobunol, and t-Cadinol with moderate to high binding affinity (-5.1 to -6.2 Kcal/mol).
The markers followed ADMET parameters including Human Intestinal Absorption, Blood Brain Barrier, CNS
permeability, and Lipinski rule of five, and were found as moderately bioactive. t-Cadinol and §-Cadinol
showed high binding affinity (-6.2 Kcal/mol) like Galantamine, an FDA-approved drug. Moreover, t-Cadinol
and §-Cadinol showed moderate activity as nuclear receptors, enzyme inhibitors, and ion channel modula-
tors and exhibited potential as a base structure to develop candidate oral drugs. The potential of trait-linked
occurrence of essential oil among K. angustifolia and allied species were assessed through ancestral recon-
struction using Mesquite ver. 3.61 upon Bayesian consensus tree of plastid genes viz., psbA-trnH, rbcL, and
matK. The essential oil was found as a shared ancestral trait in K. angustifolia. For the long-term conservation
of K. angustifolia, the MaxEnt modeling was carried out which predicted climate-suitable habitat in NE India
and Western Himalayas.

© 2023 SAAB. Published by Elsevier B.V. All rights reserved.

1. Introduction

collected with aromatic leaves and twigs. The genus Knema com-
prises approximately 96 tree species distributed from tropics to sub-

Plant essential oils are volatile and aromatic secondary metabo-
lites in nature (Husnu and Demirci 2007). More than 17000 plant spe-
cies of 92 family biosynthesize essential oils which play a vital role in
the defense and reproduction (de Wilde, 2000; Prins et al., 2010;
Kumari et al., 2014; Prakash et al., 2015). Plant essential oils are
widely used in flavour and fragrance, pharmaceuticals, food and bev-
erages, and other industries (Koul et al., 2008; Daviet and Schalk,
2010; Prakash et al., 2015). During field surveys in North East India,
Knema angustifolia (Roxb.) Warb., a tree species of Myristicaceae was
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tropics. Initially the essential oil was reported from Knema kunstleri
(King) Warb. Salleh et al., 2021). The commonly distributed species of
Knema in North East India are viz., Knema erratica (Hook.f. & Thom-
son) J. Sinclair, K. linifolia (Roxb.) Warb., K. lenta Warb., K. tenuinervia
WJ. de Wilde, K. globularia (Lam.) Warb. and K. angustifolia (Roxb.)
Warb. of which a few have been used in folk medicine (Banik and
Bora, 2016; Salleh and Farediah, 2017; POWO, 2021; Salleh et al,,
2021). K. angustifolia had been used as ethnomedicinal species in
Thailand and previously reported with anti-oxidant activity (Pha-
dungkit et al., 2010). Many species of the family Myristicaceae contain
essential oil and had been used as spices and hallucinogenic medi-
cines to treat neurodegenerative ailments (Barman et al., 2021).
Recent studies showed the potential of psychedelic substances to
treat neurodegenerative disorders (Morales-Garcia et al., 2020;
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Kozlowska et al., 2021; Saeger and Olson, 2022). Further, the neuro-
degenerative diseases viz., dementia, Alzheimer’s disease, and Par-
kinson’s disease exhibited disease prognosis through tau protein
mediated neurofibrillary tangles (Goedert et al., 1989; Shin et al,,
1991; Lei et al., 2010). The present study aimed to estimate the yield
of essential oil of Knema angustifolia, identify the chemical markers,
in silico tau binding affinity of the biomarkers, and analyze the trait-
linked occurrence potential of essential oil among closely related
species.

2. Materials and methods
2.1. Collection and identification of plant species

Fresh leaves and young twigs of Knema angustifolia were collected
from adjoining locality of Gibbon wildlife sanctuary (26°43'00”"N and
94°23'00"E), Holongapar, Jorhat and Knema erratica from Deoparbat,
Golaghat (26°36'03”N and 93°43'52"E), Assam, India. The other avail-
able species, selected for the study were also collected from different
parts of NE India. The voucher specimens (D. Banik 1851, 1852, 1853,
1856, 1857; D. Banik, R. Barman & P. Konwar 1311; R. Barman & J. Saikia
1320; R. Barman & D. Banik 1613; D. Banik & J. Saikia 0447, 0452; D.
Banik, P. Konwar & B. Das 0876, 0877) were deposited at the Herbarium
(CSIRNEIST). The general morphology of the live species were studied
under a stereo-zoom binocular dissecting microscope (Magnus-TZ).
The species were identified based on comparing morphological charac-
ters of the live specimens with the taxonomic literature, type and
authentic specimens (de Wilde, 2000; 2002; Li and Wilson, 2008; Banik
and Bora, 2016) (MS1; Fig. S1). Freshly collected plant materials were
stored in the refrigerator at —20°C for further analysis.

2.2. Isolation of Essential oil

Hydro-distillation was performed with 200 g of each plant part
viz., fresh leaves and young twigs in 250 — 300 ml of water for 6 hours
through Clevenger type apparatus. Pale yellow oil lighter than water
was carefully collected using n-hexane and the yield percentage was
measured in w/w with respect to the fresh weight of the samples. The
extracted essential oil (EO) was passed through anhydrous sodium
sulfate to remove the remaining traces of water. The extraction was
carried out in triplicates and the mean value was used to calculate
the yield percentage of EO. The extracted EO was stored at 4°C under
dark till further analysis.

2.3. GC-MS analysis

The compositional analysis of the EO was carried out in an Agilent
8890 GC system attached with an HP-5MS UI capillary column
(30 m x 250 um x 0.25 pum) and triple quadrupole mass detector
(Agilent 7010B Triple Quadrupole MS). EO samples were dissolved in
analytical grade ethyl acetate at ~50-100 ppm of which 0.3 uL was
injected with a split ratio of 1:10 (Gogoi et al., 2021). Total runtime of
28.75 min was programmed as follows: (a) initially at 50°C for 1 min,
(b) followed by increasing up to 200°C with a rate of 8°C/min and
hold for 2 min, c) subsequently increasing up to 260°C with a ramp of
15°C/min and hold for 3 min. The flow rate of carrier gas (He) was
maintained at 1.0 mL/min. The inlet temperature was kept at 250°C.
Data were analyzed in Agilent MassHunter Qualitative Analysis 10.0
software (Gogoi et al., 2021). The relative percentage of the individual
constituent was determined by the area under the peak. The library-
based structural hits were obtained by comparing 70 eV EI-MS spec-
tra in positive ion mode with NIST Mass Spectral Database (NIST MS
Search v.2.3). The quality of structural prediction was assessed by the
match and R match values of the individual hits. The identity of the
constituents was also validated with their linear retention indices
(RI) relative to C;¢-C4 n-alkanes (Mahanta et al., 2020; Bora et al.,
2021; Gogoi et al., 2021).
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2.4. Molecular docking

Among the markers of the essential oil of K. angustifolia 12 domi-
nant marker compounds (Area % > 1.1 as per GC-MS analysis) were
selected for the site specific molecular docking with human tau pro-
tein. The three-dimensional crystallographic structure of the human
tau protein (PDB ID: 2V17) was retrieved from the RCSB PDB database
(https://www.rcsb.org/) and the information on the active sites of
protein 2V17, namely, THR 386, ASP 387, HIS 388, GLY 389, ALA 390,
and GLU 391 was retrieved from PDBsum (Sevcik et al., 2007; Las-
kowski et al., 2018). The protein molecule was refined by removing
the undesirable water molecules, heteroatoms, and ions. The canoni-
cal SMILES format of 16 compounds was obtained from the NCBI Pub-
Chem database (Kim et al., 2021) and then converted to PDB format
using Corina classic demo (2022) (https://mn-am.com/demos-serv-
ices/) and Autodoc 4.2 of PMV ver. 1.5.7 was used to estimate binding
affinity (Sanner, 1999). FDA-approved drugs viz., Donepezil, Galant-
amine, Memantine, and Rivastigmine were used as control (Alz-
heimer’s Association, 2023). Autodock 1.5.7 (Sanner, 1999; Trott and
Olson, 2010) was employed to modify the ligands to attach polar
hydrogen atoms, Kollman's charges, gasteiger charges, rotatable
bonds, and torsional degree of freedom to ensure optimum binding
with the receptors. The grid box was constructed in the active site of
the protein (PDB ID: 2V17) with grid size value (X=-25.708, Y=-
28.357,7=13.969, dimensions 50x50x50 A2). Grid values were saved
as “config.txt” and the protein and ligands in pdbqt format. Vina pro-
gram was run through the windows command prompt for each pro-
tein-ligand configuration file to estimate the binding affinity.

Docking scores were autogenerated as an output file in .txt for-
mat. The highest binding affinity of the ligand docking conformation
was recorded. The Discovery studio visualizer (Biovia Dassault, 2021)
and PyMOL (Lilkova et al., 2015) were used to visualize ligand inter-
action with amino acid residues of the protein target and bond types.

ADMET and drug-likeness prediction for the pharmacokinetic
profile of the drug molecule was performed viz., lipophilicity
(XlogP3), log S (solubility), TPSA (polarity), size (molecular weight),
insaturation (fraction Csp3), and flexibility (number of rotatable
bonds) (Daina et al., 2017). pkCSM online server was used in forecast-
ing the response of candidate drugs (Pires et al., 2015). Bioactivity
score of all compounds for drug target were evaluated using online
server Molinspiration Cheminformatics free web services, 2022
(https://www.molinspiration.com).

2.5. Trait tracing

Knema angustifolia and its allied species from North East India viz.,
Knema erratica, K. globularia, K. tenuinervia, K. lenta, K. linifolia, and
outside NE India viz., K. cinerea (Poir.) Warb., K. kunstleri (King) Warb.
were used in the study (Sinclair, 1958; 1961; de Wilde, 1979; 2000;
Banik and Bora, 2016). Myristica fragrans Houtt. was used as an out-
group (MS1; Fig. S1).

The morphological matrix was prepared with 56 qualitative and
quantitative characters of the 9 studied species. The quantitative char-
acters were measured on a metric scale. For the natural range of value,
the mean value was used to enumerate the character states using pri-
mary and secondary data from live species and taxonomic literature
respectively where the non-availability of the data was referred to as
missing trait (Siga et al., 2022). The descriptive binary and multistate
conditions or traits of 56 characters of the selected 9 species i.e., alto-
gether 228 traits were enumerated as 0 — 9 within parenthesis and
considered unweighted (Puce et al.,, 2016; Table S1-S2).

The plant DNA barcode candidate of chloroplast regions viz., rbcL,
matK and psbA-trnH were selected. The nucleotide sequences of the
selected species with more than 300 base pairs were downloaded
from NCBI and the GenBank accession numbers were provided
(Table S3). As the sequences of K. angustifolia, K. erratica and K.
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kunstleri were not available in GenBank, genomic DNA was isolated
from freshly collected young leaves of K. angustifolia and K. erratica
using the DNeasy Plant Mini Kit (QIAGEN) following manufacturer’s
protocol and K. kunstleri was treated as missing data. The three bar-
code loci rbcL, matK and psbA-trnH were amplified in PCR (MS2). The
amplified PCR products were sequenced bidirectionally at M/S Agri-
genome Pvt. Ltd, India. The amplified sequences were edited manu-
ally using CLC Genomic workbench 22.0.1 and BLAST analysis was
executed to check the quality of the sequences (Madden, 2002; MS2).

Both the downloaded and amplified sequences of similar loci
were assembled individually and trimmed manually in MEGA 10.0
(Kumar et al., 2018). The assembled sequences were then aligned
with MUSCLE and the inter and intra-generic distances for each bar-
code locus were calculated using pairwise distance matrix in MEGA
10.0. The assessment of the barcode loci was done using PAUP ver.
4.0a169 and Mega 10.0 (Swofford, 1998). (MS3; Table S4).

Bayesian interference (BI) tree was reconstructed in MrBayes
v3.2.7 using each single and multi-loci barcode to get the tree topol-
ogy (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck,
2003). The JmodelTest v2.1.9 was used to assess the best-fit substitu-
tion model as per Bayesian Information Criterion (BIC) which indi-
cated F81 model for matK and psbA-trnH and K80 model for rbcL
(Guindon and Gascuel, 2003; Darriba et al., 2012). BI of the combina-
tion of three loci was assessed by running Markov Chain Monte Carlo
(MCMC) with four replicates for 1M generations and sampling indi-
vidual trees after 1000™ generations with one cold and three hot
chains. A 50% majority-rule consensus BI tree of three combined loci
was reconstructed with a posterior probability value as branch sup-
port by discarding the initial 25% trees (Ruchisansakun et al., 2015;
Puce et al., 2016; Siga et al.,, 2022; MS4). FigTree ver (2018) v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/) was used to visualize all
the possible tree topologies.

Parsimonious ancestral traits of all 56 characters including essential
oil and morphology were reconstructed by tracing trait distribution
onto the best topology of the 50% majority-rule consensus BI tree of
combined loci (rbcl + matK + psbA-trnH) using Mesquite version 3.61
(build 927) to visualize shared, derived, and independently originated
traits where the tree topology was not considered as true phylogeny of
the genus Knema (Knapp, 2002; Maddison and Maddison, 2019).

2.6. Predictive Habitat Modelling

Nearly 22 occurrence records of K. angustifolia from different
localities of NE India were compiled from systematic field survey and
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herbarium records by converting into the decimal format of geo-
coordinates using Google Earth Pro (v7.3.4.) and saved as Microsoft
excel CSV file compatible with MaxEnt model. Nearly 19 bioclimatic
variables from WorldClim along with elevation were used at a spatial
resolution of 30 arc-second (~1 km) in the model (Hijmans et al.,
2005; Kumar et al, 2021). The parameters used in MaxEnt (ver.
3.4.4e) were viz., iterations 5000, convergence threshold 0.00001,
prevalence 0.5, background point 10000 with 10 replicates. The
model was executed at 25% training threshold (Pearson et al., 2004;
Kumar et al., 2021). Model reliability was assessed using bootstrap
and performance was evaluated based on the AUC value by means of
ROC. AUC value indicated prediction e.g., very good (0.95<AUC<1.0),
good (0.9<AUC<0.95) fair (0.8<AUC<0.9) and poor (AUC<0.8)
(Swets, 1988; Thuiller et al., 2005; Phillips et al., 2006; Wang et al.,
2007; Phillips and Dudik, 2008; Phillips and Elith, 2010; Kumar et al.,
2021).

3. Results
3.1. Essential oil analysis

Hydro-distillation of leaves and young twigs of K. angustifolia
yielded 0.02+0.001% and 0.0440.01% volatile oil respectively with
pungent-woody smell whereas the yield of essential oil from leaves
of Knema kunstleri was reported as 0.12% in Malaysia (Salleh et al.,
2021). The GC-MS analysis of both the leaf and twig essential oils
revealed an exclusive richness of oxygenated sesquiterpenes. Nearly
15 constituents were identified comprising of 90.67% and 99.92% of
the oil of leaf and twigs respectively. The identified constituents, their
retention time (R;), relative %, match and R match values, RI values
(exp. and lit.) and structural class have been represented in tables
(Table 1; Table S5; Fig. S2). Among a series of identified oxygenated
sesquiterpenes (0S), Spathulenol (4) and Globulol (5) were the major
ones, contributing 59.44% and 52.29% in the leaf and twig oils respec-
tively. The identity of these major constituents was confirmed on the
basis of library hits with high match and R match values (>900) and
their RI values. These two sesquiterpene alcohols are closely structur-
ally related to the identical tricyclic skeleton. Another two sesquiter-
pene alcohols with the same tricyclic skeleton namely Viridiflorol (6)
and Ledol (7) were also identified in both the oil samples with rela-
tively minor abundance (4.50-12.40%). A bunch of bicyclic sesquiter-
pene alcohols viz. 7, § and «-Cadinol (10, 11, 12), epi-Cubenol (9),
Maaliol (3) and Neointermedeol (13) were the next dominating class
of oil constituents contributing in total 10.61% and 25.44% of the leaf

Table 1
GC-MS analysis of essential oil of Knema angustifolia (Retention time, percentage area and library-based identification)
Compounds RT Area % match R match Rlexp Rljie Class
(min) K
Leaves Twig
1. Cubebol 16.09 0.51 0.70 797 808 1517 1515 OS
2. epi-Globulol 16.76  0.94 0.59 876 931 1557 1554  0OS
3. Maaliol 16.89 1.04 1.54 848 883 1576 1574  0OS
4. Spathulenol 17.03  23.98 21.46 940 942 1579 1576  OS
5. Globulol 1713 3546 30.83 906 931 1586 1583  0OS
6. Viridiflorol 1726  6.24 1240 886 918 1592 1591 OS
7. Ledol 1742 456 7.24 885 937 1605 1602 OS
8. Humulene 1,2-epoxide 1751 259 1.19 872 906 1610 1606  OS
9. epi-Cubenol 17.74 421 5.10 818 888 1630 1627  0OS
10. T-Cadinol 1793 120 4.09 882 892 1645 1640 OS
11. 5-Cadinol 1798  0.63 1.76 836 934 1647 1645 OS
12. a-Cadinol 1810 0.34 8.41 892 917 1654 1653  0OS
13. Neointermedeol 1815 225 3.95 866 899 1663 1660  OS
14. Mustakone 1847 459 0.32 842 904 1690 1687 OS
15. Shyobunol 1854 213 0.34 787 806 1692 1687  0OS
Oxygeneted Sesquiterpene 90.67 99.92
Total % of compounds identified 90.67 99.92
Unidentified 9.33 0.08
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Fig. 1. Essential oil in Knema angustifolia: A. Yield from leaves and twigs, B-C. GC-MS chromatograms; B. leaves, C. twigs, D. marker compounds detected by GC-MS (3 = Maaliol,
4 = Spathulenol, 5 = Globulol, 6 = Viridiflorol, 7 = Ledol, 8 = Humulene 1,2-epoxide, 9 = epi-Cubenol, 10 = t-Cadinol, 12 = @-Cadinol, 13 = Neointermedeol, 14 = Mustakone, 15 = Shyo-

bunol).

and twig samples respectively. Mustakone (14), an «,f-unsaturated
sesquiterpene ketone with a complex bridged tricyclic skeleton was
also detected with 4.59 and 0.32% respectively. A few minor (<3.0%)
oxygenated sesquiterpenes were found viz., Cubebol (1), Humulene
1,2-epoxide (8) and Shyobunol (15). A previous study on essential oil
of K. kunstleri also reported a high abundance of sesquiterpenes viz.,
Sesquiterpene Hydrocarbons (SH) 77.3% and Oxygenated Sesquiter-
pene (0S) 14.4% comprising majorly of B-Caryophyllene (23.2%),
Bicyclogermacrene (9.6%), 5-Cadinene (7.3%), -Humulene (5.7%) and
Germacrene D (4%). Common compounds detected in both Knema
kunstleri and Knema angustifolia were viz., Globulol, Spathulenol,
Humulene, epi-Cubenol, o-Cadinol (Salleh et al., 2021). The study
found only 26.67% similarity of the chemical markers of essential oil
of Knema angustifolia with Knema kunstleri (Table S6). However, the
essential oil from K. angustifolia was unique in terms of its richness
and diversity in oxygenated sesquiterpenes (Fig. 1).

3.2. Evaluating docking results

The binding affinities of 12 marker compounds and 4 standard
drugs of neurodegenerative disease against the target protein human
tau (2V17) was calculated using site specific docking experiment
(Table S7; Fig. 2). Among the markers, §-Cadinol and t-Cadinol
showed the highest docking score of -6.2 Kcal/mol followed by
«-Cadinol, Globulol with -6.1 Kcal/mol, Spathulenol, Ledol,
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Viridiflorol with -6.0 Kcal/mol and Mustakone with -5.9 Kcal/mol.
Whereas, the binding affinity of the standard drugs was viz., Donepe-
zil (-6.3 Kcal/mol), Galantamine (-6.2 Kcal/mol), Memantine (-5.1
Kcal/mol), and Rivastigmine (-5.1 Kcal/mol). The molecular interac-
tion of ligands with protein targets was equilibrated by the hydrogen
and hydrophobic bonds. Both conventional hydrogen and hydropho-
bic interactions were observed in the markers and control drugs for
bond types and amino acid residues (Fig. 3; S3 —S4). Both t-Cadinol
and §-Cadinol showed hydrogen and hydrophobic bonds with amino
acid residue ALA 44 (4.33 A), PRO 95 (4.79 A), PHE 98 (3.24 A), LEU45
(2.47 A). Similarly, a-Cadinol, Globulol showed hydrogen and alkyl
bond with PRO 95 (4.86 A and 5.17 A), PHE 98 (2.03 A and 2.69 A),
ALA 44 (4.27 A and 3.63 A) and ILE 4 (4.82 A). Spathulenol and Ledol
showed hydrogen, alkyl, and donor-donor interaction with amino
acid residues including PHE 98 (2.41 A, 2.71 A, and 2.69 A), ALA 44
(4.85 A and 3.64 A) and ILE 4 (4.85 A). Virdiflorol showed alkyl inter-
action with amino acid residues PRO 95 (5.18 A), ALA 44 (3.63 A), and
ILE 4 (4.85 A). Mustakone showed alkyl bond interaction with ALA 44
(3.60 and 4.44 A). Furthermore, standard drugs Donepezil showed
carbon hydrogen and alkyl bond with amino acid residues including
ALA 44 (5.09 A), LYS 43 (4.92 A), PRO 95 (4.79 A), SER 63 (3.38 A),
VAL 2 (3.46 A). Galantamine showed conventional hydrogen, carbon
hydrogen, alkyl and pi alkyl interaction with target amino acid resi-
dues containing GLU 46 (2.94 A), ILE 4 (3.59 A), ALA 44 (3.69 A, 3.84
A, 408 A), LYS 43 (4.24 A). Memantine exhibited conventional
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(Gray colour) were observed in PyMOL.
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hydrogen and alkyl bond with PRO 95 (4.67 A) and GLU 46 (3.72 A). >
Lastly, Rivastigmine showed conventional, carbon hydrogen, pi :';::
anion, pi sigma and pi alkyl interaction with amino acid residues PHE £
98 (2.97 A and 3.58 A), GLU 46 (3.72 A and 4.64 A) THR 97 (3.88 A), g o
PRO 95 (5.46 A) and ASP 1 (3.39 A and 3.49 A). 2 2222222222228 22
3.3. ADMET, Drug-Likeness and Bioactivity score é *E, é E T
828 (5582C32553052qa%0
ADMET properties of ligands were determined using the pkCSM
online server. The ADMET results revealed higher human intestinal - E?
absorption (HIA) value of Mustakone (98.25%), and Humulene epox- E § &
ide (95.52%) suggesting more effective absorption by the intestinal E EE 5
tract upon oral administration than all four standard drugs (88.46 - = IS g E N~ e OV N Or 00 O [~ O D~ 1 O
94.99%) while epi-Cubenol showed similar absorption value like Gal- S22 |IX2CZCZIZZ2RXCZ332C
antamine (94.99%). An early blood-brain barrier (BBB) disruption had =
been established in neurodegenerative diseases (Montagne et al., 8 §%
2017). ADMET predicted the penetrance of a compound through the 5 SE
BBB reflecting the transportation of molecules and ions between the 8 g’ é
blood and brain. A value of log BB > 0.3 ensured the penetrance of T E S SS5SYTIRTRBIFINRNESR
marker compounds through the BBB (Vardhan and Sahoo, 2020). er= ToATm T oo e maaaa
Mustakone showed best BBB penetrance (log BB 0.74) followed by 2
Humulene epoxide (log BB 0.67), Globulol, Ledol, and Viridiflorol (log 2 2~
BB 0.63) compared to all the experimental standard drugs (log BB “ E 22 lnnoowawng NYRVEE -®n
0.08 - log BB 0.60). P-glycoprotein (PGP) is responsible for the absorp- GAZE |ddaaaqTaqqgaagqaq
tion and disposal of drugs through efflux while weak substrates of >
PGP may experience lesser extrusion with optimum delivery (Con- 2 o
stantinides and Wasan, 2007; Amin, 2013). All the marker com- % ) w
pounds except standard drug, Donepezil were not reported as a g EE g § § § § E § E § § § § § E 3 § gs
substrate of PGP suggesting that the efficacy of the rest of the experi- _
mental markers and drugs may not be affected by the overexpression g § %
of PGP. Further, markers with a log PS > -2 have been considered to é g E'w FILEIBEIRATERGETR
penetrate the CNS and were referred as CNS active showing possibil- SEZ= |99SSS5S9S8S5S8S85 -S89
ity of being fatal and toxic while markers with log PS > -3 were £
unable to cross CNS and were termed as CNS inactive (Fatima, et al. 8 5F
2020). Most of the tested markers exhibited as CNS inactive or CNS §'-’§ S
log PS > -3 except Mustakone which was found CNS active like Done- ﬁ'E %05 cooooooocoocooBooo
pezil. Oral rat chronic toxicity was recorded in Globulol, Ledol and a=dZ |ZZ2222222222z>2Z2Z
Viridiflorol (1.19 log mg/kg bw/day) and Humulene epoxide (1.13 log s | B
mg/kg bw/day) compared to the standard drugs (0.97 - 1.25 log mg/ gl _
kg bw/day) while the rest markers showed lesser toxicity than the = §-§ Q =
. .. oo Q = O =
standard drugs. Minnow toxicity for all the marker compounds were g 2297 00000000000 %G00
assessed which showed higher log LCsy values than -0.3 (Vardhan E 258z ZZzZzZzzzzzzzzz5%52z2z2
and Sahoo, 2020) reflecting that most of the markers used in the ale
study were not acutely toxic while Donepezil showed -2.01 log LCsq S1g _
for acute toxicity in Minnow fishes. The markers along with the con- ;m: - £ s
trol drugs were assessed for hepatotoxicity and all the compounds E|2 g HZ "
revealed no toxicity except Donepezil and Galantamine (Table 2). I by 23> £g228222222242¢22
Drug-likeness prediction found that among the experimental 12 § =
markers, only 6 viz., @-Cadinol, §-Cadinol, t-Cadinol, epi-Cubenol, 2| § T 2
Neointermedeol and Shyobunol showed drug-likeness properties for § 2 E gg 2loomcacnonmors —am®
. S S| 8REES| 909X MNOARONMONONT
oral drug (Table 3; Fig. S5). All the 6 markers exhibited lower molecu- ;.é; R EERIEEE E R R S0 g S
lar weight (222.37 g/mol) while the lowest was found in standard a >
drug, Memantine (179.30 g/mol) reflecting better absorption. How- § £ £
ever, all the compounds followed lipophilicity while Galantamine bl ~ 'fs § EE
showed the lowest inferring lesser toxic than the rest. Mustakone —g S g Ewl 2232333 5932285395
and Humulene epoxide violated the TPSA range (20 - 130 A2) infer- B adiaiahutnl Bakahakabahal Akl
ring that except these two, the rest are polar in nature. Lower log S E 2,2
value of Shyobunol exhibited solubility (log S -4.99) (Nisha et al., 8|y 2T 8 e e e e ih . © O o I I i T i
2016). Insaturation of the compounds was tested based on carbon = § é § g |F779F3595299¥qAa
fraction in sp3 hybridization which showed positive results among & - o
50% of the experimental markers inferring increase in saturation, E " E =
molecular solubility or better binding pockets of larger ligands for o | = Em = § T v g
clinical testing (Lovering et al., 2009; Wei et al., 2020). Shyobunol Sls= 5552 £ETEstw £EE
exhibited flexibility with 3 rotatable bonds reflecting molecular flexi- ~ LE: g -'-é’ % % 5 § lé = fmu % _§ E %ﬂ = % % é %
Itatllg;y ;/\(1)1(1)1;;1 may enhance oral bioavailability (Khanna and Rangana- _E{: é 2& ‘g Y5828 22 JE § TEREL:
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Table 3

Drug-likeness prediction of markers of Knema angustifolia and control drugs of neurodegenerative diseases assessed through Swiss ADME
Compound Cannonical SMILES XLogP3 MW TPSA LogS  Saturation  Flexibility
a-Cadinol CC1=CC2C(CCC(C2CCT)(C)0)C(C)C 334 22237 2023A2 -344 087 1
§-Cadinol CC1=CC2C(CCC(C2CC1)(C)0)C(C)C 3.34 22237 2023A2 -344 087 1
epi-Cubenol CC1CCC(C2C1(CCC(=C2)C)0)C(C)C 3.70 22237 2023A2 -382 087 1
Globulol CC1CCC2C1C3C(C3(C)C)ccc2(C)o 3.74 22237 2023A2 -386 1.00 0
Humulene epoxide =~ CC1=CCCC2(C(02)CC(C=CC1)(C)C)C 391 22035 1253A2  -387 073 0
Ledol CC1CCC2C1C3C(C3(C)C)CCC2(C)o 3.74 22237 2023A2 -386 1.00 0
Mustakone CC1=CC(=0)C2C3C1C2(CCC3C(C)C)C 341 21833  17.07A2 -345 080 1
Neointermedeol CC(=C)C1CCC2(CCCC(C2C1)(C)o)C 447 22237 2023A2 -461 087 1
Shyobunol CC(C)C1CCC(C(C10)C(=C)C)(C)C=C 4.83 22237 2023A2 -499 073 3
Spathulenol CC1(C2C1C3C(CCC3(C)0)C(=C)CcC2)C 3.11 22035 2023A2 -320 087 0
7-Cadinol CC1=CC2C(CCC(C2CC1)(C)0)C(C)C 334 22237 2023A2 -344 087 1
Viridiflorol CC1CCC2C1C3C(C3(C)C)CCC2(C)0 3.74 22237 2023A2 -386 1.00 0
Donepezil COC1=C(C=C2C(=C1)CC(C2=0)CC3CCN(CC3)CC4=CC=CC=C4)0C  4.28 37949 3877A2 -481 046 6
Galantamine CN1CCC23C=CC(CC20C4=C(C=CC(=C34)C1)0C)0 1.84 28735 4193A2 -234 053 1
Memantine CC12CC3CC(C1)(CC(C3)(C2)N)C 3.28 17930 26.02A2 -350 1.00 0
Rivastigmine CCN(C)C(=0)0C1=CC=CC(=C1)C(C)N(C)C 2.29 25034 3278A2 -262 050 6

XLOGP3 -0.7 to +5.0, size: MW 150 - 500 g/mol, polarity: TPSA 20 - 130A2, solubility: log S not higher than - 6, saturation: fraction of carbons in the sp3 hybridiza-

tion 0.25 - 1, and flexibility: 0-9 rotatable bonds

Bioactivity scores of all the 12 markers were evaluated where 8
markers viz., 7-Cadinol, Spathulenol, Shyobunol, Neointermedeol,
Humulene epoxide, epi-cubenol, §-Cadinol and «-Cadinol scored
(0.12-0.81) for at least 1 biological activity which inferred most likely
to display moderate to good biological activity as values between
0.00 to 0.50 were considered as moderately active, above 0.50 were
considered as highly active and values below 0.00 as inactive (Abdelr-
heem et al., 2021; Table 4). Humulene epoxide scored 0.81 for nuclear
receptor ligand and 0.69 for enzyme inhibitor inferring highly bioac-
tive. Neointermedeol scored 0.34 inferring moderately active as ion
channel modulator, 0.59 indicating highly active as nuclear receptor
ligand and 0.34 as moderately active as enzyme inhibitor. Spathule-
nol scored 0.28 as nuclear receptor ligand. Among the standard drugs,
Galantamine and Donepezil scored 0.93 and 0.22 for GPCR ligand
respectively. Galantamine also scored 1.02 for enzyme inhibitor, 0.26
for ion channel modulator and 0.20 for nuclear receptor ligand infer-
ring highly to moderately active.

3.4. Trait-linked occurrence potential of essential oil

The outsourced sequences of Knema angustifolia and Knema erra-
tica for rbcL and psbA-trnH were edited with CLC Genomics Work-
bench 22.0.1 (QIAGEN) and converted to consensus sequences.
Identity of the consensus sequences was confirmed by BLASTn analy-
sis by similarity 91.67-99.47% and query coverage 86-95% except for
psbA-trnH locus of K. angustifolia where it was 78% (MS4; Table S8).
However, sequencing was not successful for locus matK.

Table 4
Prediction of bioactivity score of tested compounds

The detailed statistics of the three assessed loci using PAUP ver.
4.0a169 showed the highest alignment length 750 bp and conserved
sites 745 bp in matK, maximum variable sites 25bp and parsimony
informative sites 10bp in psbA-trnH. The consistency index was found
as 0.9 for psbA-trnH, shortest tree length (5) in matK, and highest
intergeneric (0.06+0.02) and interspecific divergence (0.03+£0.03) in
psbA-trnH (Table S4). Similar tree topology was observed in the indi-
vidual dataset of each locus. The partition homogeneity test was also
in congruence among the datasets (p = 0.98) and the combined data-
set of plastid genes was used to reconstruct the Bayesian Inference
(BI) tree for trait tracing.

The 50% majority-rule consensus BI tree exhibited monophyletic
clade of the genus Knema with M. fragrans as distinct outgroup in
congruence to previously published majority-rule consensus tree of
Mpyristicaceae (Sauquet et al., 2003; Doyle et al., 2004; Doyle and
Endress, 2010). The Knema clade comprised of a well-supported sub-
clade of 5 species with 97% posterior probability (pp) nesting K.
kunstleri + K. cinerea with 76% pp and K. tenuinervia + K. linifolia with
98% pp respectively as the most closely related taxa. K. globularia, K
angustifolia, and K. lenta showed well-supported paraphyly within
the Knema clade (Fig. S6; MS5).

Traced traits onto tree topology exhibited majorly homoplasy
(67.85%), followed by synapomorphy (12.50%), plesiomorphy
(10.71%), and symplesiomorphy (8.92%) (data not shown). However,
both the essential oil-containing species K. angustifolia and K.
kunstleri showed 30.34% traits common with homoplasy (16.07%),
synapomorphy (10.71%), 1.78% each of plesiomorphy and

Compound GPCRligand  Ion channel modulator ~ Kinase inhibitor ~ Nuclear receptor ligand  Protease inhibitor ~ Enzyme inhibitor
a-Cadinol -0.09 0.05 -0.87 0.39 -0.63 0.40
§-Cadinol -0.09 0.05 -0.87 0.39 -0.63 0.40
Globulol -0.50 -0.29 -0.82 -0.22 -0.48 -0.13
epi-Cubenol -0.17 0.41 -0.69 0.11 -0.48 0.27
Humulene epoxide  0.14 -0.20 -1.14 0.81 -0.29 0.69
Neointermedeol -0.12 0.37 -1.01 0.59 -0.41 0.34
Ledol -0.50 -0.29 -0.82 -0.22 -0.48 -0.13
Shyobunol -0.32 0.00 -1.02 0.68 -0.22 0.35
Spathulenol -0.42 -0.28 -0.68 0.28 -0.36 0.06
7-Cadinol -0.09 0.05 -0.87 0.39 -0.63 0.40
Viridiflorol -0.50 -0.29 -0.82 -0.22 -0.48 -0.13
Donepezil 0.22 -0.14 -0.16 0.03 0.03 0.25
Galantamine 0.93 0.26 -0.15 0.20 0.01 1.02
Memantine -0.28 0.12 -1.09 -1.02 -0.60 -0.47
Rivastigmine -0.05 0.06 -0.38 -0.35 -0.18 -0.01
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Fig. 4. Trait analysis of Knema lenta, K. angustifolia, K. globularia, K. erratica, K. cinerea,
K. kunstleri, K. tenuinervia, K. linifolia and Myristica fragrans (Outgroup) by Mesquite
3.61 onto 50% majority rule consensus tree reconstructed by MrBayes. A: Essential oil,
black - present, white - absent, B: aril, black - lacerated upto base, white - only at apex.

symplesiomorphy (data not shown). The presence of EO was found as
a shared ancestral trait whereas, several synapomorphies viz., dioe-
cious trees, apically lacerate aril, brown fruit, and anthers attached to
disc were distributed within the clade Knema (Fig. 4). The current
study found that the occurrence of essential oil is linked to terete
young twigs and glabrous lamina upper surface among the studied
species whereas, EO is linked to puberulous to glabrous young twigs,
puberulous to glabrous mature fruit indumentum having hairs 0.15 -
0.3 mm; stellate or otherwise within the genus Knema.

3.5. Climate suitable habitat for Knema angustifolia

The suitable habitat was measured and accuracy was signified by
the Area under Curve (AUC) score of training data 0.992 (£0.003) and
test data 0.99 (£0.002) (Fielding and Bell, 1997; Elith et al., 2011).
The model performance test showed an ideal result for ROC (mean
AUC 0.992). Whereas, AUC partial/AUC random showed significantly
higher values than predicted, reflecting good consistency of the
model (Adhikari et al., 2018; Fig. S7). Among the bioclimatic varia-
bles, precipitation of warmest quarter (BIO18) was found as the most
influencing bioclimatic variable for the geographic distribution of
Knema angustifolia (Fig. S7; Table S9). Predictive modelling found
suitable climatic habitat of the species in North East India, North East-
ern part of West Bengal, Western part of Jammu and Kashmir, and
parts of Himachal Pradesh for long-term conservation and re-estab-
lishment (Fig. S8).

4. Discussion

Among the commonly distributed species of Knema in North East
India, essential oil was detected only from Knema angustifolia during
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the current study by the authors which was in congruence with the
previously reported essential oil from leaves in Knema kunstleri. The
essential oil of leaves of Knema kunstleri exhibited the dominance of
sesquiterpenes (91.70%) i.e., Sesquiterpene Hydrocarbon (77.30%)
and Oxygenated Sesquiterpene (14.40%) (Salleh et al., 2021) whereas
the leaf essential oil of Knema angustifolia found oxygenated sesqui-
terpenes (90.67-99.92%). The oxygenated sesquiterpenes detected in
the essential oil of Knema angustifolia were viz., Globulol (30.83-
35.46%), Spathulenol (21.46-23.98%), Viridiflorol (6.24-12.40%), Ledol
(4.56%), Mustakone (4.59%) and others. The dominant markers viz.,
Globulol has high commercial potential as natural food preservative
(Boukhatem et al., 2013), Spathulenol as adjuvant in chemotherapy
(Martins et al., 2010), Viridiflorol in flavour and fragrans (Ntana et al.,
2020) as shown in patents (PCT/US2020/050354) and others.

Site specific molecular docking found that 7-Cadinol and §-Cadi-
nol exhibited nearly equal binding affinity against human tau pro-
tein (PDB ID 2V17) in comparison to Galantamine. ADMET analysis
revealed that all the tested compounds exhibited the better human
intestinal absorption (HIA). Most of the tested markers revealed
better BBB penetrance compared to Donepezil, Galantamine, and
Rivastigmine. Most of the markers exhibited CNS inactive except
Mustakone indicating most of the markers may not be fatal and
toxic. @-Cadinol and §-Cadinol showed lower oral rat chronic toxic-
ity (LOEFL) than the tested drugs. The ecotoxicological assessment
by Minnow toxicity revealed lesser toxicity of the markers com-
pared to Donepezil. None of the markers showed hepatotoxicity.
For drug-likeness prediction all the markers exhibited lesser molec-
ular weight than standard drugs reflecting better absorption of the
markers than the standard drugs. All the markers except Neointer-
medeol and Shyobunol followed lesser lipophilicity and toxicity
than Donepezil. However, only 6 markers viz., #-Cadinol, §-Cadinol,
t-Cadinol, epi-Cubenol, Neointermedeol, Shyobunol followed Lipin-
ski rule of five for drug-likeness properties. Though nearly 8
markers viz., T-Cadinol, Spathulenol, Shyobunol, Neointermedeol,
Humulene epoxide, epi-Cubenol, §-Cadinol and «-Cadinol scored
(0.12-0.81) for at least 1 biological activity, altogether the 6
markers exhibited site specific docking, ADMET analysis, followed
Lipinski rule of five and scored (0.05 - 0.68) for at least 1 biological
activity as enzyme inhibitor, ion channel modulator and nuclear
receptor ligand. Neointermedeol scored 0.34 - 0.59 as moderate to
high biological activity as enzyme inhibitor (0.34), ion channel
modulator (0.37) and nuclear receptor ligand (0.59). Among the
rest, Shyobunol (0.68; 0.35), §-Cadinol (0.39; 0.40), and 7-Cadinol
(0.39; 0.40) displayed high to moderate activity as nuclear receptor
ligand and enzyme inhibitor respectively.

The phylogenetic multi-loci framework of the genus Knema was
reconstructed in the current study for the first time. Traced traits
exhibited abundance of homoplasy reflecting possibly independent
evolution (Hall, 2007). The morphological traits like puberulous to
glabrous and terete young twigs, glabrous lamina upper surface,
puberulous to glabrous mature fruit with 0.15 - 0.3 mm hairs, stellate
or otherwise showed positive correlation with presence of essential
oil. Thus, the species having such morphological features like Knema
globularia, Knema cinerea, and Knema lenta require thorough investi-
gation as additional or novel source of essential oil under the genus
Knema.

For future conservation of the species, the precipitation of warm-
est quarter, precipitation seasonality, min temperature of coldest
month and elevation were found as significant factors in the predic-
tive modelling showing the suitable geographical region from North
East India to western Himalayas. Further, a previous study also
showed that precipitation of the warmest quarter, precipitation sea-
sonality, minimum temperature in the coldest month were inversely
related to the yield of essential oil whereas, the solar radiation is
directly related to the increased yield of EO in Lippia thymoides Mart.
& Schauer (Silva et al., 2018).
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5. Conclusion

The study reported presence of essential oil in K. angustifolia for
the first time with comparatively higher yield in twigs (0.044+ 0.01%)
than the leaves (0.024-0.001). The GC-MS analysis showed abundance
of 15 oxygenated sesquiterpenes viz., Globulol (30.83-35.46%), Spa-
thulenol (21.46-23.98%), Viridiflorol (6.24-12.40%), Ledol (4.56%),
Mustakone (4.59%) and others. Site specific docking, ADMET analysis,
drug-likeness prediction and bioactivity scoring was conducted
among the 12 dominant markers. After compilation of the results, the
study found that only 6 markers viz., @-Cadinol, §-Cadinol, epi-Cube-
nol, Neointermedeol, Shyobunol, and 7-Cadinol qualified most of the
parameters. Among these 6 markers, t-Cadinol, §-Cadinol displayed
high docking score -6.2 Kcal/mol similar to Galantamine followed by
Neointermedeol as -5.8 Kcal/mol as tau binding affinity. All these
three markers followed most of the ADMET properties, drug-likeness
parameters and scored moderate to high activity as nuclear receptor
ligands and enzyme inhibitors. Compared to §-Cadinol, 7-Cadinol
showed more potential as a base structure to develop candidate oral
drug as it was present with a greater area coverage (> 1.1%) in the
leaf essential oil of Knema angustifolia. The trait analysis exhibited
occurrence of essential oils as shared ancestral trait revealing possi-
bility of finding essential oils in other species of Knema as well like
Knema globularia, Knema cinerea, Knema lenta and others. Predictive
modelling found that precipitation of warmest quarter as the highest
influential climatic variable and Knema angustifolia can be reintro-
duced in North East India to Western Himalayas for long term conser-
vation. However, in-depth study would have been useful for essential
oil yield and chemical marker-linked prediction of suitable habitat of
Knema angustifolia for future.
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