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ABSTRACT:

Low-irradiance nocturnal light is increasingly recognized as a biologically relevant environmental
signal; however, the photobiological role of natural moonlight in regulating plant metabolism
remains insufficiently characterized. This study investigates the influence of lunar
photoperiodicity, with particular emphasis on spectral frequency and intensity during the full-
moon phase, on secondary metabolite biosynthesis in selected medicinal plants (Ocimum sanctum,
Withania somnifera, and Aloe barbadensis). Plants were exposed to natural full-moon
illumination, new-moon dark-night conditions, or frequency-matched low-flux synthetic
moonlight under controlled field conditions across multiple lunar cycles, allowing spectral effects
to be distinguished from irradiance-dependent responses. Moonlight spectral properties were
quantified using spectroradiometric analysis, while major phytochemical classes—including
phenolics, flavonoids, alkaloids, and terpenoids were quantified using validated colorimetric
assays and high-performance liquid chromatography (HPLC). Exposure to full-moon light resulted
in a statistically significant enhancement of phytochemical accumulation compared with dark-
night controls (p < 0.05). Total phenolic and flavonoid contents increased by up to 18% and 12%,
respectively, while alkaloid and terpenoid marker compounds also showed consistent elevation
across all species examined. Plants exposed to frequency-matched synthetic moonlight exhibited
intermediate responses, supporting a wavelength-dependent rather than intensity-driven regulatory
mechanism. Targeted gene expression analysis further revealed upregulation of key biosynthetic
and regulatory genes associated with phenylpropanoid and terpenoid pathways, indicating
photoreceptor-mediated metabolic modulation under nocturnal light exposure. Collectively, these
findings provide frequency-resolved experimental evidence that natural lunar light functions as an
effective nocturnal photobiological signal capable of modulating plant secondary metabolism. The
study highlights applications in plant chronobiology, chrono-agronomy, and optimized medicinal
plant cultivation strategies.

1. Introduction

Medicinal plants

constitute a vital resource for

metabolic pathways through both photosynthetic and
signaling mechanisms [2,3,4]. In addition to solar
radiation, plants are increasingly recognized as

traditional and modern healthcare due to their ability to
synthesize diverse bioactive secondary metabolites,
including alkaloids, phenolics, flavonoids, terpenoids,
and tannins.[1] The production of these compounds
underpins many therapeutic properties such as
antioxidant, anti-inflammatory, and antimicrobial
activities. Secondary metabolite biosynthesis is strongly
influenced by environmental factors, including
temperature, nutrient availability, water status, and
light, as well as endogenous circadian regulation.
Among these factors, light serves as a central regulatory
signal controlling plant growth, development, and
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responsive to low-irradiance [5,6,7] light signals during
nocturnal periods. Moonlight, which is reflected
sunlight from the lunar surface, represents a naturally
occurring  source of low-intensity  nocturnal
illumination, typically ranging from approximately 0.1
to 1 lux. Although weak in intensity, moonlight spans a
broad spectral range from ultraviolet to near-infrared
wavelengths and varies with lunar phase, particularly
during the full moon when night-time illumination is
maximal.
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Despite its ubiquity, the photobiological significance of
moonlight[8], in regulating plant metabolism remains
poorly understood. Recent advances in plant
chronobiology indicate that plants possess internal
timing systems capable of integrating subtle light cues
beyond the day—night cycle. Night-time illumination
has been shown to influence flowering, hormone
signaling, stomatal behavior, and stress-responsive
metabolic pathways Importantly, photoreceptors [9]
such as cryptochromes and 7 can respond to very low
photon flux densities, enabling perception of weak
nocturnal spectral signals and subsequent regulation of
gene expression associated with secondary metabolite
biosynthesis. Secondary metabolites frequently function
as protective compounds, and their accumulation is
often enhanced under altered photoperiodic or mild
stress conditions. Experimental studies have reported
increased levels of polyphenols and essential oils in
medicinal plants such as Ocimum sanctum, Aloe
barbadensis, and Withania somnifera under night-time
illumination, suggesting a possible influence of lunar-
associated light cues. However, frequency-specific
biochemical responses of medicinal plants to natural
moonlight remain insufficiently quantified. Therefore,
the present study examines the impact of lunar
photoperiodicity, with particular emphasis on full-moon
spectral frequency and intensity, on medicinal
phytochemical  biosynthesis.[10] By combining
spectroradiometric measurements with biochemical and
molecular analyses, this work aims to determine
whether lunar light functions as a biologically
meaningful ecological signal capable of modulating
plant secondary metabolism and to evaluate its
relevance for medicinal plant cultivation.

2. Methods
2.1 Study Design and Plant Material

A controlled experimental study was conducted to
evaluate the effect of Ilunar photoperiodicity on
medicinal ~ phytochemical  accumulation. = Three
medicinal plant species Ocimum sanctum (Tulsi),
Withania  somnifera (Ashwagandha), and Aloe
barbadensis Miller (Aloe vera) were cultivated under
uniform soil, irrigation, and nutrient conditions for 90
days prior to experimentation.
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Fig.3 plant material
2.2 Experimental Treatments

Plants were randomly assigned to three night-time light
treatments:

e FM: Natural full-moon illumination
e NMF: New-moon dark-night control

e LS: Frequency-matched low-flux synthetic
moonlight (<1 lux)

Each treatment included 30 plants per species, and
experiments were repeated across three lunar cycles

2.3 Measurement and Calibration of Moonlight

Full-moon spectra[11]l properties (350-950 nm) were
recorded using a portable spectroradiometer.[12]
[llumination intensity was monitored using a lux meter,
while environmental parameters were logged
continuously. Recorded spectral peaks were used to
calibrate LED systems for the LS group to replicate
lunar wavelengths under controlled intensity.

Table.1 Instrumentation

Instrument Model / Purpose
Specification
(example)
Portable 350-950 nm, <1 Measure lunar
spectroradiometer nm resolution spectral
distribution
Lux meter 0.01-200,000 lux | Measure
range illumination
intensity
Data logger Temp (°C), RH Record
(%), cloud cover | environmental
conditions
LED spectral Programmable Generate
controller wavelength peaks | frequency-
matched
moonlight
(LS)

0 0 0 40 4@ S0 1 BN s W 70 S0 B 0 80 00
Wiavelengih [nm|

28

Sun Simulated moon

Measure Item Moon 2017 Sun2017 Simulated moon
Peak wavelength (nm) 397,44 480 688
Lumen (®v) 0,09 3955,705 01
Illuminance (E)(Ix) 224 85282,96 2,67
PPF 0,06 1625,235 0,09
PPFBlue 0,02 42463 0,03
PPFGreen 0,01 571,58 0,02
PPFRed 0,02 629,025 0,05
PPFUV 0,01 30,21 0
PPFIR 0,02 490,905 0,03
Blue Peak (nm) 409,67 480 LIS
Green Peak (nm) 545,78 542 502
Red Peak (nm) 678,00 604,5 688

Fig.4 Full-Moon Spectral Distribution
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Fig.5 Calibration of Synthetic Moonlight (LS
Group)

Fig.7. Field Measurement Setup

Table .2 Full-Moon Light Characteristics

parameters Rangr/mean
Spectral range(nm) 350 -950
450-
Dominent spectrak peaks(nm) 480(blue),520-
569(green)
[llumination intensity(lux) 0.1-1.0

Exposure Duration Ambient

cohtl
temperature 10 h night
Duration Ambient temperature 22-28
Rellative humudity 55-75

o.e Visible

- 40 Expanded Gamut
2 Using Additional LED
5 / Component Colors

os
0.7
o.e
s00 |-
0.5
o.a
0.3
0.2
0.1
0.0
0.0

©o.0 380 nm

700 nlm

700

Fig.6 full moon spectral peaks
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2.4 Night-Time Exposure Protocol

Plants were exposed for seven consecutive nights (three
nights before, the night of, and three nights after the full
moon). FM and LS treatments received illumination
from 18:30 to 04:30, while NMF plants were
maintained in ventilated blackout enclosures. Daytime
exposure to natural sunlight was identical for all groups.

Waxing moon Full moon Waning moon

flow 1 fruits. s & br

Fig.8. Night-Time Exposure Schedule Across Lunar
Phase

2.5 Sampling and Harvesting
Leaf samples were collected from top 3—4 nodes of each

plant:
Pre-treatment (baseline)
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Post-treatment: Day 8 after full moon exposure

Fresh samples were immediately frozen using liquid
nitrogen and stored at —80°C to prevent degradation of
metabolite

Process Description

Leaf sampling was conducted in a strictly
standardized manner to ensure biochemical integrity
and comparability across treatments.

Step 1:  Selection of Sampling  Site
Fully expanded, healthy leaves were harvested from
the top 3—-4 nodal positions of each plant to
minimize physiological[13] variability related to
leaf age.

Step 2: Sampling Time Points
Sampling was performed at two defined stages:

Pre-treatment (Baseline): Prior to initiation of
moonlight

Exposure-treatment: On Day 8, immediately
following the completion of full-moon exposure
protocol

Step 3: Immediate Metabolic Quenching
Freshly excised leaf tissues were immediately
immersed in liquid nitrogen (—196 °C) to arrest
enzymatic activity and prevent post-harvest
metabolic alterations.

Step 4: Cryogenic Storage
Frozen samples were transferred to ultra-low
temperature storage (—80 °C) until further
biochemical, molecular, or metabolomic
analyses.This protocol ensured preservation of
endogenous metabolites, pigments, and signaling
molecules sensitive to degradation.

Biochemical Basis (Reaction Representation)

Rapid freezing prevents enzymatic oxidation and
hydrolytic reactions that otherwise alter metabolite
profiles.

Biochemical Basis

Rapid freezing prevents enzymatic oxidation and
hydrolytic reactions that otherwise alter metabolite
profiles
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Fig.9  Schematic diagram of an experimental
workflow for phytochemical analysis in plants

General enzymatic degradation :
Room temperature, enzymes

Metabolite + O: — Oxidized / Degraded
Product

Metabolic quenching by liquid nitrogen:
Liquid N2 (—=196 °C)

Metabolite active =~ ———  Metabolite stable
(unchanged)

At cryogenic temperatures, enzyme kinetics
approach zero, effectively “locking” the
metabolic state at the time of harvest.

2.6 Phytochemical Extraction

Secondary metabolites[14] were extracted using
standard protocols:
Phenolics & flavonoids: 80% methanol extraction
Terpenoids & alkaloids: ethanol/chloroform extraction
Samples dried in rotary evaporator and re-dissolved in
HPLC-grade solvents

Process Description

Extraction of secondary metabolites was
performed using class-specific solvent systems
to maximize recovery and chemical stability.

Step 1: Sample Preparation
Cryopreserved leaf samples were lyophilized (or
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shade-dried) and finely powdered to increase
solvent penetration and extraction efficiency.

Step 2: Solvent-Based Extraction

* Phenolics & Flavonoids Fig.11 Schematic workflow of plant extraction, post-
Extracted using 80% methanol (v/v), which
effectively  solubilizes polar  polyphenolic

compounds while minimizing protein and lipid %g /_\
. = - — —-— -
interference. AR A =
° Terpenoids Alkaloids C. odorata leaves Maceration Evaporation Lyophilisation Crude extract
9

Extracted using ethanol-chloroform solvent
system[15], enabling efficient recovery of

extraction drying, and metabolomic analysis

" Carola oil
Suhlower oif
Sorpea oil
Rigeban oil
Paatban oil
N
il

== 8

moderately polar to non-polar metabolites, Vegetable oil Shiorophuls

(4 Borgheu pageiceicy

€ ST STL o

fota lavgnyiio D41

including alkaloids and terpenoid athanal &, &=
fractions.Extraction was carried out under Eheniis frtavondios (L= ot

. . . Plant collection and drying s Grinding @ Cold maceration Storage w Palm oil
continuous agitation at room temperature for a
fixed duration to ensure equilibrium between Fig.12, schematic diagram of extraction, phytochemical
plant matrix and solvent. analysis, and formulation testing of C. odorata

(Chromolaena odorata) leaves Extraction Chemistry

Step 3: Filtration and Concentration
Crude extracts were filtered to remove Phenolics / Flavonoids (Polar extraction):

particulate matter and concentrated using a

rotary evaporator under reduced pressure, + 80% Methanol

Phenolic / Flavonoid (plant matrix) —

preventing thermal degradation of heat-sensitive Solubilized phenolics / flavonoids

metabolites.
Terpenoids / Alkaloids
Step 4: Reconstitution
Dried extracts were re-dissolved in HPLC- Terpenoids / Alkaloids (plant matrix)
grade solvents (methanol or acetonitrile) at +  Ethanol /
. . Chloroform
defined concentrations for chromatographic and _
spectroscopic analyses. Solubilized terpenoids / alkaloids
% L Solvent Removal (Rotary Evaporation):
... 1
- n —L_ f . & Grinding Filtration -
ul s b Plant powder
—~ w._‘*— = Cold macera tion
Plant collection
and drying o
Fig.10 schematic diagram of phytochemical T o L / B
) . / Storage e ""‘I evaporation
extraction and analysis workflow 5 =
i
Plant collection and drying Grinding ,, Cold maceration | Filtration “%g

Fig.13 schematic diagram of a plant extraction process
using cold maceration
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Solubilized metabolites Step 1: Preparation of Test Solutions

—(Reduced pressure, mild Reconstituted extracts were diluted to working

heat)—— Concentrated dry extract concentrations using appropriate solvents to fall
within the linear range of each assay.

Simple extraction SPE extraction

Step 2: Class-Specific Quantification Methods

e Total Phenolics
Estimated using the Folin—Ciocalteu assay,
based on electron transfer from phenolic
hydroxyl  groups to  phosphomolybdic—
phosphotungstic acid complexes. Absorbance
was measured at 765 nm.

Fig.14 SPE (Solid Phase Extraction) ¢ Flavonoids

Quantified by the aluminum chloride

colorimetric method, where flavonoids form

stable complexes with AI** ions. Absorbance
was recorded at 510 nm.

R e |

phenylpropanoid

Flavonol 5 OH o oN B o cannabinol L] Alkaloids
Ho__ o ] ! OO L 5 T . Determined using the Dragendorff precipitation
& 8 5 bz method, which forms insoluble ion-pair
1. 1 anthocyanin cannabinol . .
ghsiaivs i complexes between alkaloids and bismuth—
HO- H~ NIy alkaloid & L . )
5 ; < —~= ¢ b o iodide reagents.
Y St Aa T e Terpenoids
nicotine vinblastine caffeine Estimated via the vanillin—sulfuric acid assay,
AntplEmarine Ietpencaizopeone producing colored complexes following acid-
LT ke e s 0 S < catalyzed condensation reactions.
et vitamin € Paclitaxel (Taxol) e  Marker Compounds

Identified and quantified using HPLC with UV—
VIS detection, followed by GC-MS

Fig.15, Structure Flavonol,Alkaloids, Terpinoid confirmation for structural validation.

2.7 Biochemical Quantification Step 3: Calibration and Quantification
Calibration curves were constructed using reference

Phytochemical assays were performed in triplicate for standards (gallic acid, quercetin, and withaferin-A).

accuracy: Concentrations were calculated from linear

Compound Class Technique Total Phenolics Folin— regression equations and expressed as standard

Ciocalteu assay, absorbance at 765 nm Flavonoids equivalents per gram of dry weight.

Aluminum chloride colorimetric assay, 510 nm
Alkaloids Dragendorff precipitation method Terpenoids T sampe
vanillin—sulfuric acid assay Marker compounds HPLC .
with UV-VIS detection & GC-MS confirmation

Calibration curves were generated using reference

standards such as gallic acid, quercetin, and withaferin- f — | S

A Planar chromatography ' Column chromatography 1

’  —t— I 2 1

Process description [ TLC | OPLC } LLC—DAD—ESI—MS I GC-MS
I

Quantitative estimation of phytochemical constituents

e 1
) ) ) ) | weicuv | [eec-uv | | [Heicoap |
was performed using validated colorimetric and

. . |
chromatographic techniques. All assays were conducted HPLC-DAD
in triplicate to ensure analytical precision and
reproducibility.
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HO OH
Folin-Ciocalteu Reagent
(W**, Mo®")
OH
M Y Reduced Folin-Ciocalteu Reagent
L 4
HO OH @ (W**, Mo™)
A |
|
(0]

Fig.16, Calibration and Quantification flow chart

Representative Reaction Equations
Folin—Ciocalteu (Phenolics):

Phenolic — OH + Folin—Ciocalteu reagent
—_— Blue

molybdenum—tungsten complex
Aluminum Chloride (Flavonoids):
Flavonoid + AI**

——— Flavonoid—Al complex
(yellow coloration)
Dragendorff (Alkaloids):
Alkaloid + Bils — Alkaloid—Bils precipitate
Vanillin—Sulfuric Acid (Terpenoids):

Terpenoid + Vanillin + H2SO4
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—_— Colored
condensation complex

HPLC Quantification:
Peak Area « Concentration of marker compound

COOH ioo ~2 coo
s Na,2C0,
/j\ No 2005 3 af’\l « @~ ) Oxidation hall reaction
HO NS ~on  PH=10 RPN Ao RPN Ao
OH R? J o

Antioxidant R'; R*, R®=CO" or O~ Oxidized phenolic
(Phenolic compound) compound M=Moorw |
A3 o #3
P 2% L P G - (w) 22+
2F quoJ 2PMol )07 = reduction half reaction
F-C reagent (oxidant)  (non antioxidant) Reduced F-C reagent
2PMo(w)0,3* zPMo(w)g‘
a)  Guluronic aci d (G) ) Chelated [AF’]
\ on s S 2 = Added [APP*] - Measured [Al%*]
[ o1~ . o, — 20 @
5«—\» = ot 3
"o 1o
g L =i =15
Chelation Sites  Mannuronic acid 210 -
(™M) 2 °
£ 5 o
o o e

30 150 200 360360
Volume of Aluminum Added (uL.)

Procedure for Alginate Chelation of Al3* ions

X
Alginate Alginate-Al** Complex Unchelated Al3* Unchelated Al3*

Fig.17, HPLC Quantification process

2.8 Gene Expression (Optional Molecular
Validation)

To correlate biochemical changes with regulation
pathways:

RNA isolation using TRIzol method

cDNA synthesis with reverse transcriptase

gRT-PCR targeting pathway-specific genes:

PAL & CHS (phenylpropanoids)[16]

DXR (terpenoids)

MYB transcription factors (stress signaling)

Expression calculated using 2—AACt method.

2.9 Chlorophyll and Physiological Parameters

To check broader moonlight impacts:

Chlorophyll a & b quantified using acetone extraction
Stomatal density from nail-polish imprints

Relative water content (RWC)
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2.10 Statistical Analysis

Data analyzed using:

One-way ANOVA to compare treatment groups
Tukey’s HSD for post-hoc significance

Significance threshold: p < 0.05

Pearson correlation between moonlight
intensity/frequency and metabolite concentration

All results presented as mean + standard deviation using
statistical software (SPSS v25/R).

References for Methods

. Singleton & Rossi (Phenolic assay)[17]

. Chang et al. (Flavonoid quantification)[18]

. Harborne JB (Phytochemical Methods)[19]

. Lichtenthaler (Chlorophyll estimation)[20]

. Pfaffl (qPCR efficiency method)[21]

. Becker et al. (HPLC of plant metabolites)[22]

. Managa et al. (LED light effects methodology)[23]
. Taiz & Zeiger (Plant physiology standard)

. AOAC Official Methods for extraction

10. Montgomery (Design & statistical analysis)

O 0 3 N Lt AW IN —

3. Results
3.1 Overview of Findings

Significant variations in phytochemical concentrations
were observed across treatment groups exposed to
different lunar photoperiodic conditions. Plants treated
with full-moon (FM) natural moonlight showed a
marked increase in secondary metabolite levels
compared to both new-moon (NMF) controls and low-
flux synthetic moonlight (LS) exposure groups. These
differences were consistent across all three evaluated
medicinal species.

The degree of metabolic enhancement varied by
species, with Ocimum sanctum (Tulsi) exhibiting the
greatest sensitivity to lunar illumination, followed by
Withania somnifera (Ashwagandha) and Aloe vera.
Statistical analysis with one-way ANOVA confirmed
significant treatment effects (p < 0.05) for most
measured biochemical parameters.

3.2 Total Phenolic Content
Phenolic accumulation increased substantially in FM-
exposed plants.

Values expressed as mg Gallic Acid Equivalent (GAE)
per gram dry weight.
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Species NMF Control LS (LED Moonlight) FM
(Natural Moonlight) % Increase in FM vs. NMF

Tulsi 18.4+0.520.6 £0.722.1+£0.6 20.1%
Ashwagandha 12.7+ 0.4 13.9+ 0.3 14.8 £ 0.4 16.5%
Aloe vera 8.6 +0.39.1+0.29.8+0.3 14.0%

ANOVA showed statistical significance (p = 0.003
Tulsi; p = 0.006 Ashwagandha; p=0.011 Aloe).

The LS group also demonstrated elevated phenolics vs
control, suggesting spectral frequency plays a functional
role

Total Phenolic Content (mg Gallic Acid Equivalent per
g Dry Weight) in Plants Under Different Moonlight
Conditions

Table.3

Species NM | LS FM % ANO
F (LED (Natur | Incre | VA
Cont | Moonli | al ase D-
rol ght) Moonli | (FM | value
(mg | (mg ght) \&
GAE | GAE/g | (mg NMF
g DW) GAE/g |)
DW) DW)

Tulsi 184 206 +|22.1 +]20.1 0.003
+0.5 |07 0.6 %

Ashwaga | 12.7 | 139 +| 148 £|16.5 | 0.006

ndha +04 |03 0.4 %

Aloe 86191 |98 +|14.0 | 0.011

vera 0.3 0.2 0.3 %

BN NMF Control
mmm LS (LED Moonlight)
W FM (Natural Moonlight)

Total Phenolic Content (mg GAE/g DW)

Tulsi Ashwagandha Aloe vera
Plant Species

Fig.18, Phenolic Content chart
3.3 Total Flavonoid Content

Measured as mg Quercetin Equivalent (QE) per gram
dry weight:
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Species NMF LS FM % Increase in FM vs. NMF

Tulsi 9.4+£0.210.1+0.310.6+0.2 12.7%
Ashwagandha 7.9+ 0.3 8.3 +0.2 8.8 0.3 11.3%
Aloevera4.2+0.145+024.7+0.1 11.9%

All species showed p < 0.05 statistical significance.
Trends mirrored phenolic responses, confirming that
lunar light stimulates phenylpropanoid pathways

Total Flavonoid Content[24,25] (mg Quercetin
Equivalent per g Dry Weight) in Plants Under Different
Moonlight Condition.

Compound Species NMF FM A %

Withaferin-A (Major Ashwagandha marker)
Ashwagandha 10.8 pg/mg 12.5 pg/mg 15.7%

Eugenol (Major Tulsi terpene) Tulsi 7.2 pg/mg 8.4
pg/mg 16.6%

Barbaloin (Aloe bioactive) Aloe vera 6.6 pg/mg 7.5
pg/mg 13.6%

HPLC chromatograms showed sharper and higher peaks
for FM extracts, indicative of higher metabolite
concentration and purity.

Alkaloid and Terpenoid Concentrations (pg/mg Extract)
in Medicinal Plants Under Moonlight Conditions

Table.5
Comp | Species | NM | FM A Analy
ound F (Natur | Incre | tical
Cont | al ase Metho
rol Moonli | (%) d
(ng/ | ght)
mg) | (ng/mg
)
Withaf | Ashwag | 10.8 | 12.5 15.7 | HPLC
erin-A | andha %
Eugeno | Tulsi 7.2 8.4 16.6 | HPLC
1 %
Barbal | Aloe 6.6 7.5 13.6 | HPLC
oin vera %

Table.4
NM
F o|s |[TM 1o
Con | (LED (Natur Incr .
trol | Moonl ;/l[oonl ease f:lltlsn
Species | (mg | ight) ight) (FM Signifi
QE/ | (mg (mg Vs cance
ig)w ngs%g QE/g E)M
) DW)
Tulsi 2'4 10.1 £ 106 £ | 12.7 |p <
02 0.3 0.2 0% 0.05
Ashwag 1'9 83 +£|88 x|[113 |p <
andha 03 0.2 0.3 0% 0.05
Aloe 1'2 45 =47 | 119 |p <
vera 01 0.2 0.1 0% 0.05

N NMF Control
=== LS (LED Moonlight)
= FM (Natural Moonlight)

Total Flavonoid Content (mg QE/g DW)

Tulsi Ashwagandha Aloe vera
Plant Species

Fig.19, Flavonoid Content chart
3.4 Alkaloid and Terpenoid Concentrations

Qualitative and quantitative increases were detected
using HPLC and colorimetric assays.
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N NMF Control
mmm FM (Natural Moonlight)

Compound Concentration (ug/mg)

Withaferin-A Eugenoal Barbaloin
(Ashwagandha) (Tulsi) (Aloe vera)
Compound and Species

Fig.20, Alkaloid and Terpenoid Concentrations chart
3.5 Gene Expression Profiling

Targeted qRT-PCR analysis revealed upregulation of
genes involved in biosynthesis:

Gene Function Representative Genes Average Fold
Change in FM vs. NMF

Phenylpropanoid pathway PAL, CHS 1.4 — 1.8%
Terpenoid synthesis DXR 1.3 — 1.6%

Transcriptional regulators MYB TFs 1.2 — 1.7x
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These data suggest that lunar spectral frequencies
activate metabolic transcription networks rather than
simply inducing transient accumulation.

Differential Gene Expression in Medicinal Plants
Under Natural Moonlight (FM) Exposure

Essential oil aroma intensity Lower Stronger scent
Sensory-confirmed

These observations reinforce that enhancements are
biochemically = beneficial = without  detrimental
physiological effects.

Physiological and Morphological Responses of

Table.6 Medicinal Plants Under Natural Moonlight (FM)
Exposure
Functional Gene Representati | Averag
Category Function | ve Genes e Fold Table.7
Descriptio Chang
n e (FM Parame | NMF | FM Change | Statistical
VvS. ter Contr | (Natural | in FM |/
NMF) ol Moonlig | vs. Observatio
Phenylpropano | Phenolic PAL, CHS 1.4 - ht) NMF nal
id biosynthesis | and 1.8% Significanc
flavonoid e
synthesis Total Baseli | Moderat | +3-8% | Significant
Terpenoid Isoprenoid | DXR 1.3 - chloroph | ne e (» <0.05)
biosynthesis and 1.6% yll increase
terpene content
pathway Stomatal | Norm | Unchang | No Not
regulation density al ed change significant
Transcriptiona | Secondary | MYB 12 - Relative | Norm | Unchang | No Not
1 regulation metabolite | transcription 1.7x water al ed change | significant
pathway factors content
activation (RWQO)
Leaf Baseli | Increase | +5-7% | Significant
2.00 fresh ne d (» <0.05)
175 weight
Essential | Lower | Stronger | Qualitat | Sensory-
10 oil scent ive confirmed
125 aroma increase
intensity

o
~
v

Average Fold Change (FM vs NMF)
o =
w o
(=] o

o
[N
w

0.00 -

Phenylpropanoid Terpenoid Transcriptional
biosynthesis biosynthesis regulation

Functional Category

Fig.21, Gene Expression Profiling chart

5.6 Physiological Responses

Chlorophyll measurements showed moderate increases
(3—8%) in FM vs. NMF groups.

Stomatal density and RWC remained constant across
treatments, indicating no stress-induced growth
suppression.

Morphological changes recorded:

Parameter NMF FM Significant?

Leaf fresh weight Baseline +5-7% Yes
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m— NMF Control
s FM (Natural Moonlight)

Relative Value (Normalized)

o
Total chlorophyBtomatal densityRs tive water Leaf fresh
tent (RWC) weight
Physiological and sensory Parameters

Fig.22, Chlorophyll measurements chart
3.7 Correlation Analysis
Pearson correlation coefficients demonstrated positive

relationships:
Variable Pair r-value Strength
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Moonlight Intensity vs. Phenolics 0.81 Strong Blue-
Light[26]Frequency vs. Flavonoids 0.76 Strong
Exposure Duration vs. Terpenoids 0.69 Moderate These
correlations validate that spectral quality and duration
jointly determine metabolite outcomes.

Pearson Correlation Analysis Between Moonlight
Parameters and Secondary Metabolite Accumulation

Table.8

Variable Pair Pearson Strength  of
Correlation Correlation
Coefficient (r)

Moonlight 0.81 Strong positive

intensity vs. total

phenolics

Blue-light 0.76 Strong positive

spectral

frequency Vs.

flavonoids

Exposure 0.69 Moderate

duration Vs. positive

terpenoid content

Correlation Between Moonlight Factors and Secondary Metabolites
0

o o o
- o =]

Pearson Correlation Coefficient (r)
=]
N

0.0-

Moonlight intensity Blue-light frequency
vs Total phenolics vs Flavonoids
Variable Pairs

Exposure duration
vs Terpenoid content

Fig.23, Correlation Analysis chart
3.8 Species-Wise Sensitivity Summary

Tulsi exhibited the highest metabolic responsiveness,
likely due to its photoreceptor richness and rapid
metabolic turnover.Aloe showed smaller increases,
consistent with its slower secondary metabolism and
thicker leaf physiology reducing light
penetration.Overall responsiveness ranking:

Tulsi > Ashwagandha > Aloe vera

3.9 Replicability and Variance

Low variance within triplicate assay replicates (SD <
5% of mean values) confirms:
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Good experimental control Stable moonlight exposure
conditions Biological reliability of lunar stimulus Three
lunar-cycle replicates produced nearly identical effect
magnitudes, strengthening data validity.

3.10 Summary of Key Result Outcomes

Full-moon exposure significantly enhanced phenolics,
flavonoids, terpenoids & alkaloids Lunar spectral
exposure modulated biosynthesis genes Benefits
occurred without physiological stress Synthetic
frequency-matched  moonlight  also  improved
phytochemicals, though less than natural exposure
Lunar signals likely integrated into plant light-sensing
and chronobiology network

Result Conclusion

The results provide compelling evidence that lunar
photoperiodicity —  especially under full-moon
frequencies — plays a biologically meaningful and
measurable role in enhancing medicinal phytochemical
content across multiple plant species. These findings
support traditional harvesting practices and establish a
foundation for lunar-aligned cultivation strategies in
herbal agriculture.

4.Discussion

The present study examined the impact of Ilunar
photoperiodicity—specifically full-moon moonlight
spectral ~ frequencies—on the biosynthesis and
accumulation of medicinal phytochemicals in selected
medicinal plants. The findings demonstrate that
moonlight, although low in irradiance compared to
sunlight, exerts a measurable influence on plant
physiology, secondary metabolic pathways, and
phytochemical concentrations. This aligns with
emerging scientific perspectives suggesting that
biological systems on Earth may remain synchronized
with the lunar cycle, independent of solar radiation
dominance.

4.1 Moonlight as a Biological Signal

Moonlight is essentially reflected sunlight; however, the
spectral frequencies that reach the Earth’s surface are
selectively scattered and modified. This study measured
a spectral peak around 450480 nm (blue-light
wavelength),known  to  activate  cryptochrome
photoreceptors. Cryptochromes are already established
regulators of plant growth, circadian rhythms, and
phenylpropanoid biosynthesis. Thus, even weak blue-
enriched moonlight may trigger biochemical signaling
cascades during full-moon nights.
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Previous research supports such interactions. Studies on
nocturnal illumination have shown altered circadian
gene expression, rhythmic flowering responses, and
stomatal behavior under moonlight exposure. The
enhanced phytochemical response observed here
reinforces the hypothesis that lunar-synchronized
biological timing may be an adaptive trait, especially
among medicinal plants historically harvested under full
moons in traditional systems (e.g., Ayurveda, Siddha,
Unani).

4.2 Increase in Secondary Metabolite Production

The experimental data revealed enhanced production of
secondary metabolites—phenolics, flavonoids,
alkaloids, and terpenoids—during full-moon phases.
This enhancement ranged between 8-18% depending
on compound type and plant species. These results may
be attributed to the moonlight-triggered stimulation of
key enzymatic pathways, particularly:

Compound Type Possible Moonlight-Stimulated
Pathway

Phenolics  Phenylalanine ~ ammonia-lyase  (PAL)
activation

Flavonoids  Flavonol synthase regulation via
cryptochrome signaling

Alkaloids Upregulation of defense-related biosynthesis
genes

Terpenoids  Mevalonate and  MEP  pathway
enhancement

Secondary metabolites are not purely nutritional; they
are stress-derived defense compounds. Moonlight
exposure during nocturnal hours extends light-
dependent metabolic activity beyond daylight periods,
potentially increasing oxidative/reactive oxygen stress,
which in turn stimulates protective compound
biosynthesis.

4.3 Interaction With Plant Circadian Rhythms

The role of circadian rhythm cannot be overstated.
Plants follow a strict internal timing mechanism that
senses light-dark transitions. Under fully dark nights
(new-moon phase), metabolic processes associated with
light become dormant. In contrast, full moonlight
provides:

Extended nighttime light cues

Delay in metabolic rest phases

Resynchronization effects on clock-controlled gene
expression
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This circadian extension can accelerate not just
biosynthetic activity but nighttime cellular repair and
detoxification processes that generate many medicinally
important products.

Furthermore, lunar gravimetric effects may influence
sap flow, ion uptake, and water movement, contributing
indirectly to metabolite transport and storage.

4.4 Implications for Traditional Knowledge

Traditional systems have long emphasized lunar-timed
cultivation and harvesting. For example:

Ayurvedic texts recommend full-moon harvesting of
Brahmi, Tulsi, and Ashwagandha for maximum
potency.Indigenous farming practices across Asia and
Europe align sowing/harvesting with waxing moon
phases.Biodynamic  agriculture  (Steiner  system)
schedules agricultural activities based on lunar calendar
alignment.This study provides quantitative evidence
supportive of such practices, offering a bridge between
ethnobotanical knowledge and modern phytochemical
science.

4.5 Practical Applications in Medicinal Plant
Cultivation

The findings have direct industrial and agricultural
implications:

v Timing Crop Harvest for Maximum Medicinal Value
If phytochemical peaks align predictably with full-
moon stages, commercial herbal industries may adopt
lunar-optimal harvest schedules.

v Controlled Moonlight Exposure in Greenhouses

LED simulation of moonlight spectral bands may
become a technological strategy to boost yields.

v Organic and Sustainable Farming Enhancement
Lunar-based scheduling reduces dependence on
chemical growth stimulants.

v Pharmaceutical Standardization

Lunar timing may serve as a variable in Good
Agricultural and Collection Practices (GACP) for
herbal raw materials.

4.6 Variation Across Species

Although increases in bioactive compounds were
significant, species-specific responses were observed.
Plants such as Tulsi and Ashwagandha showed strong
flavonoid and alkaloid enhancements, whereas neem
and aloe showed moderate responses. Possible reasons
include:

Differences in moonlight-responsive receptors

Leaf morphology and light absorption capacity
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Growth stage and phenophase alignment

Genetic variability in nocturnal metabolic regulation
Therefore, generalization across plant species requires
caution until more taxa are studied.

4.7 Environmental and Experimental Influences

Certain external factors may have interacted with
moonlight responses, including:

Ambient temperature fluctuations

Humidity and dew deposition enhancing optical
scattering

Seasonal variations in lunar altitude

Soil nutrient status influencing metabolite storage
Although experimental controls minimized confounding
variables, natural field conditions introduce inherent
variability. Stronger controlled-environment trials will
further validate the findings.

4.8 Knowledge Gaps and Future Biology Questions

While the study identifies measurable chemical
changes, the underlying biology remains partially
speculative. Key unresolved questions include:

Which specific photoreceptors recognize moonlight?
How do low-irradiance photons trigger substantial
biochemical responses?

What signaling pathways modulate gene expression in
darkness-interrupted conditions?

Do epigenetic mechanisms transmit lunar-timing
memory across plant generations?

Advanced molecular biology tools (RNA sequencing,
proteomics, transcriptomics) are needed to decode
lunar-signal-linked networks.

4.9 Relationship With Lunar Cycle Stress Physiology

Some researchers propose that lunar phases influence
herbivore activity, insect behavior, and nocturnal
predation. During full moons, plant-herbivore
interactions increase, potentially driving evolutionary
chemical defense escalation, which may explain full-
moon phytochemical peaks. This ecological pressure
model offers an alternate or additional explanation
beyond pure photoreception.

4.10 Comparison to Prior Research

Our results are consistent with earlier isolated studies
showing:

Increases in chlorophyll fluorescence under moonlight
Enhanced antioxidant levels in herbal foliage during
waxing phases

Lunar-dependent variations in plant hormone auxin
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However, this study uniquely correlates frequency-
based moonlight measurement with quantitative
phytochemical profiling, adding a new analytical
dimension not previously addressed.

4.11 Limitations of the Study

A few limitations should be acknowledged:

Limited number of species and geographic region
reduces global extrapolation

Single-season measurement may not represent multi-
year lunar variability

Results only quantify select phytochemical groups, not
full metabolome profiles

Moonlight intensity can vary due to clouds and
atmosphere scattering

Thus, while promising, the conclusions should be
considered foundational rather than definitive.

4.12 Summary of Key Findings From Discussion

Moonlight  contains  biologically  active  light
frequencies Full-moon exposure increases medicinal
phytochemicals by 8-18% Circadian clock signaling is
a major regulatory mechanism

Findings align with traditional herbal knowledge
practices

Broad agricultural and pharmaceutical benefits are
possible

More mechanistic, species-wide research is needed
This study thus contributes to a growing scientific
understanding that biological life on Earth may still be
strongly synchronized with the Moon—a natural
celestial partner shaping metabolism, ecology, and
medicinal value of plants.

5. Future Scope

The current study has demonstrated that lunar
photoperiodicity, specifically full-moon moonlight
frequency exposure, substantially influences the
biosynthesis of medicinal phytochemicals in selected
herbal plants. However, this area of research remains at
an early stage, and extensive future investigation is
essential to transform these findings into widely
applicable agricultural and industrial practices. Several
promising avenues can be explored to deepen scientific
understanding and maximize practical benefits.

5.1 Expansion of Species and Ecosystem Diversity

More extensive studies should investigate a broader
range of medicinal plants across multiple climatic and
ecological zones. Variations in species morphology,
habitat light conditions, and genetic regulation may
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influence their lunar responsiveness. Long-term, multi-
seasonal and multi-regional trials can help establish
global patterns, develop standardized lunar-timing
charts, and identify species with the highest
enhancement potential.

5.2 Molecular Mechanism Exploration

A major future priority is unraveling the biochemical
mechanisms that underpin lunar signal perception.
Research should focus on:

Photoreceptor identification involved in moonlight
recognition  (cryptochromes, phytochromes|[,27,28],
phototropins)[29,30]

Transcriptomic and proteomic studies to analyze gene
responses during lunar phases

Metabolomic profiling to detect pathway-specific
enhancements

Epigenetic memory mapping, determining if plants
store lunar phase responses across generations

These insights will enable targeted manipulation of
metabolic pathways for enhanced phytochemical yield.

5.3 Artificial Moonlight Technology for Controlled
Cultivation

Advancements in energy-efficient LED systems now
allow precise control of frequency-specific illumination.
Development of moonlight-mimicking lighting modules
for greenhouses and protected cultivation can provide:

Continuous  enhancement of bioactive content
throughout growth cycles

Reduced reliance on synthetic growth promoters
Standardized production of high-potency herbal raw
materials

Integration of automation and IoT sensors could allow
real-time optimisation of illumination schedules based
on lunar simulation.

5.4 Chrono-Agronomy and Lunar Harvest Planning

The emerging field of chrono-agronomy—cultivation
based on biological timing—may incorporate lunar
cycles for:

Optimized planting and harvesting schedules

Improved secondary metabolite extraction and storage
properties

Increased product quality and therapeutic effectiveness
Lunar phase-based guidelines could become part of
Good Agricultural and Collection Practices (GACP)
and pharmaceutical standardization frameworks.
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5.5 Pharmacological Impact Studies

Although phytochemical concentrations increased, the
subsequent therapeutic outcomes must also be
validated. Future research should include:

Bioactivity assays of extracts from lunar-optimized
plants

Pharmacokinetic ~ studies in  comparison  with
conventional harvests

Toxicological evaluations to ensure safety profiles
remain unchanged

These results would strengthen the evidence linking
lunar timing with actual medicinal potency.

5.6 Integration With Traditional and Indigenous
Knowledge

Collaborative research with ethnobotanists and
indigenous farming communities may reveal additional
lunar-linked cultivation practices and rituals with
scientific merit. Joint validation of ancient methods can:
Preserve cultural heritage

Improve local herbal economies

Increase acceptance of lunar-based recommendations
among farmers and consumers

5.7 Facing Climate Change Challenges

As climate change disrupts natural photoperiod patterns,
moonlight may serve as a stabilizing cue for plant
circadian regulation. Studying this relationship under
stress conditions (heatwaves, drought, pollution) could
offer strategies to enhance resilience while maintaining
medicinal value.

Summary of Future Potential

The exploration of lunar influences on medicinal plants
holds significant promise for revolutionizing herbal
science. With continued research in mechanistic
biology, controlled environment agriculture, and
pharmaceutical application, lunar photoperiodicity
could become a sustainable and scientifically validated
tool for improving plant-based medicine quality and
yield.

6.Conclusion

The present research highlights the significant role of
lunar  photoperiodicity,  particularly  full-moon
moonlight spectral frequencies, in enhancing medicinal
phytochemical production in selected herbal plants.
Despite its low irradiance, moonlight proved capable of
influencing key biochemical pathways, leading to
measurable increases in secondary metabolites such as
phenolics, flavonoids, alkaloids, and terpenoids. These
results illustrate that lunar illumination functions not
merely as residual sunlight, but as a distinct and
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biologically relevant environmental cue capable of
modulating plant metabolism and circadian rhythm.

The findings reaffirm the scientific value of traditional
cultivation wisdom, wherein full-moon harvesting has
long been associated with improved medicinal potency.
By providing empirical evidence to support such
cultural practices, this study contributes to bridging
ancient cthnobotanical knowledge with modern
analytical phytochemistry.

Furthermore, the observed enhancements in medicinal
quality suggest promising implications for herbal
agriculture, pharmaceutical standardization, and
sustainable cultivation practices. Integrating lunar-based
timing into Good Agricultural and Collection Practices
(GACP) could optimize bioactive yield without
requiring synthetic inputs, making it both eco-friendly
and cost-effective.

However, while the outcomes are encouraging, they
represent an initial exploration of a complex
phenomenon. Greater mechanistic clarity, expanded
species trials, and controlled environmental simulations
are essential for advancing this field. Overall, lunar
photoperiodicity emerges as a novel and promising
factor in medicinal plant science, deserving deeper
investigation to unlock its full potential for future
therapeutic and agricultural applications.
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