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ABSTRACT 

 
Have you ever wondered if less light could actually mean more growth for plants? Our research dives into just that, 
focusing on Persicaria tinctoria, also known as the indigo plant – a fantastic source of natural indigo dye and powerful 
health-boosting compounds. Light is usually seen as the ultimate fuel for plants, driving their growth and the creation of 
special molecules. But while we know a lot about how different colors and strengths of light affect plants, the world of 
"ultra-dim" light has largely been a mystery. This article explores how we can use incredibly faint light to supercharge 
the growth of Persicaria tinctoria and dramatically increase its indican content, the key ingredient for indigo. Our exciting, 
hypothetical findings suggest that specific ultra-dim light conditions can actually help plants pack on more biomass and 
significantly boost their indican levels. We believe this happens by subtly nudging the plant's light sensors and triggering 
unique stress responses. These discoveries could open up a whole new chapter for growing valuable plants like P. 
tinctoria in a much more energy-efficient way. 

Keywords: Persicaria tinctoria, Polygonum tinctorium, Ultra-dim light, Indican, Plant growth, Metabolite production, 
Indigo, Photoreceptors, Stress response. 

 

INTRODUCTION 

Light: The Plant's Guiding Star 

Imagine a plant's life journey, from a tiny seed sprouting 

to a magnificent bloom. Every step is guided by light, not 

just as energy, but as a silent, powerful language [1]. It's 

like the plant has a built-in GPS that uses light signals to 

tell it where to grow, when to flower, and even how to 

create all the amazing compounds it needs. This intricate 

dance between light and plant life is what scientists call 

photomorphogenesis. Plants are incredibly clever; 

they've developed special "eyes" – tiny protein sensors 

called photoreceptors – that help them understand every 

nuance of their light environment: the color, how bright 

it is, how long it lasts, and even where it's coming from 

[1, 3, 6]. These sophisticated sensing systems allow 

plants to expertly adjust their growth and development, 

making sure they thrive and reproduce successfully in all 

sorts of places. 

Think of these photoreceptors as a team working 

together. Phytochromes are like the red/far-red light 

specialists, helping with things like avoiding shade and 

knowing when to flower. Cryptochromes and 

phototropins are the blue/UV-A light experts, influencing 

stem growth, how leaves open, and even how 

chloroplasts (the plant's energy factories) move around, 

especially when light is scarce [6]. Then there's UVR8, 

which handles UV-B light. This teamwork ensures plants 

can process complex light messages and make the right 

adjustments, ultimately shaping their physical form, how 

well they perform photosynthesis, and how they produce 

all their essential and beneficial molecules [4, 5, 7, 8, 9, 10, 

11]. 

Persicaria tinctoria: More Than Just a Pretty Blue 

Let's talk about Persicaria tinctoria, a humble annual plant 

often called the indigo plant. For centuries, its leaves have 

been a treasure trove, providing the vibrant, natural indigo 

dye that colored textiles across countless cultures. But this 

plant is far more than just a historical dye source. Modern 

science is increasingly fascinated by P. tinctoria because 

it's packed with powerful compounds that have significant 

medicinal properties. 

At the heart of its blue magic is indican, a colorless 

molecule that's the direct ancestor of indigo dye. When the 

plant's cells are broken, indican undergoes a chemical 

transformation, revealing that iconic blue hue [19]. But the 

plant's gifts don't stop there. P. tinctoria also contains 

indirubin, a compound that's shown impressive anti-

inflammatory and even anti-cancer effects in studies [16, 

17, 18]. Plus, it's rich in antioxidants called polyphenols, 

adding to its health-promoting potential [17, 18]. With 
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such a diverse range of uses, finding the best ways to 

grow P. tinctoria – to get both more plant material and 

more of those valuable compounds, especially indican – 

is a super important goal for industries and medicine 

alike. 

Farming Indoors: A Bright Solution to a Cloudy 

Future 

Our planet's changing climate is throwing some serious 

curveballs at traditional farming. Hotter temperatures, 

longer droughts, and unpredictable cloudy spells are 

making it tough for crops to thrive, impacting how much 

food we can grow. These challenges mean we urgently 

need new, clever ways to cultivate plants. And that's 

where indoor plant cultivation systems, often called 

controlled-environment agriculture (CEA), step in as a 

brilliant solution. Imagine growing plants in a perfectly 

regulated environment, where every factor is precisely 

controlled, taking away all the guesswork and 

uncertainty of outdoor farming. 

Within these indoor setups, managing light is absolutely 

critical. Choosing the right light sources and tweaking 

them just so can make all the difference in how much a 

plant grows and how many valuable compounds it 

produces. Over the last two decades, light-emitting 

diodes (LEDs) have completely transformed indoor plant 

growing [4]. LEDs are amazing because they're energy-

efficient, last a long time, are compact, and, most 

importantly, can be designed to emit very specific light 

wavelengths that plants love. Loads of studies have 

shown how different LED colors (red, blue, green) and 

intensities can profoundly impact photosynthesis, plant 

development, and the creation of secondary metabolites 

[5, 7, 8, 9, 10]. However, most of this research has focused 

on steady, continuous light [5-10]. 

The Mystery of Extremely Dim Light: A New Frontier 

While most plant scientists are busy figuring out how to 

give plants more light for maximum growth, a surprising 

new idea is emerging: what if less light, specifically 

"extremely dark light" (EDL), could actually be 

beneficial? This concept challenges everything we 

thought we knew about plant growth. For example, 

studies have shown that EDL, which has an incredibly 

low photosynthetic photon flux density (PPFD) – less 

than 0.1 μmol photons/m2/s – can actually boost the 

growth of various plants when used alongside regular 

white LED lights [11-15]. It's even been seen to speed up 

the growth of aquatic plants like Enteromorpha prolifera 

[12] and sea lettuce [15], and surprisingly, increase sugar 

content in strawberries [14]. 

The exact reasons behind these unexpected growth 

boosts from super-dim light are still a bit of a puzzle. One 

theory is that these faint light conditions might activate 

special light sensors in the plant that are incredibly 

sensitive, even to tiny amounts of light. This could trigger 

a "compensatory" growth response, where the plant tries 

to make the most of what little energy it perceives. 

Another idea is that EDL might create a subtle stress, 

nudging the plant to produce protective compounds, 

including those valuable secondary metabolites, as a way 

to cope. 

Considering the huge potential for saving energy and 

getting more valuable compounds from plants grown 

indoors, exploring the effects of ultra-dim light on P. 

tinctoria is incredibly important. This study aims to dig 

deep into how controlled ultra-dim light affects both the 

overall growth and, more specifically, the indican 

production in Persicaria tinctoria. By unraveling these 

effects, we hope to lay the groundwork for innovative, 

energy-saving, and sustainable ways to grow this precious 

plant, benefiting both the natural dye industry and 

pharmaceutical applications. 

MATERIALS AND METHODS 

Getting Our Plants Ready: The First Steps 

To start our experiment, we carefully selected seeds of 

Persicaria tinctoria from a trusted source, the Agriculture, 

Forestry, and Fisheries Comprehensive Technical Support 

Center in Tokushima Prefecture, Japan. This ensured all 

our plants would be genetically consistent, which is super 

important for reliable scientific results. Once we had the 

seeds, we germinated them in a special chamber where we 

kept the temperature perfectly at 25°C. For their first few 

weeks, the seedlings enjoyed a "day" of 16 hours of light 

from standard fluorescent lamps, followed by 8 hours of 

darkness. The light intensity during this phase was set at a 

comfortable 150 μmol m−2 s−1 (that's photosynthetic 

photon flux density, or PPFD), just right for healthy initial 

growth. 

After two weeks, we became very picky! We carefully 

checked all the young seedlings, making sure they were 

uniform in height, had the same number of cotyledons 

(those first little leaves), and looked generally strong and 

healthy. Only the best ones made the cut for 

transplantation, helping us keep our experiment as precise 

as possible. These chosen seedlings were then gently 

moved into individual pots filled with a high-quality, 

commercial potting mix designed for general plant growth. 

For the next four weeks, we diligently watered them every 

day to keep the soil moisture just right and gave them a 

balanced liquid fertilizer (Kyowa Hyponica Liquid 

Fertilizer, Japan) once a week. This initial growth period 

was crucial, allowing the plants to develop strong roots 

and plenty of leaves before we introduced our special light 

treatments. 

Setting Up Our Indoor Plant Paradise 

Our experiments took place in a fancy indoor hydroponic 

cultivation system. Think of it as a controlled plant 

paradise, where we could precisely manage every aspect 

of the environment, especially the light. The system had 

metal trays filled with water, and we used sponges to 

support the seeds when they first germinated and the 

seedlings as they grew. After those initial 20 days under 
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standard LED fluorescent light, we carefully replanted 

our uniform seedlings into an "Aqua Cultivation Kit" (a 

SANEI product from Japan, measuring 40×39.6×26.3 cm). 

This hydroponic setup was great because it ensured our 

plants always got consistent nutrients and eliminated 

any variations you might get from different soil types. 

To make sure no sneaky outside light interfered with our 

results, the entire cultivation area was completely light-

shielded. This meant every bit of light the plants received 

came only from our experimental light sources. For the 

full 63 days of cultivation after replanting, we were super 

strict about the environmental conditions: the 

temperature stayed at a steady 22±1∘C, and the humidity 

hovered around 60±10%. Keeping these conditions so 

stable was absolutely key to making sure any changes we 

saw in the plants were purely due to our light treatments. 

Our Special Lights: The Stars of the Show 

We used two distinct types of light in our study: our 

everyday standard LED fluorescent light and our custom-

designed "Extremely Dark Light" (EDL) system. 

The Regular LED Fluorescent Light (Our Control) 

This LED fluorescent light was the main source of light 

for photosynthesis for all our plants during their 

"daytime" hours. When we looked at its light spectrum, 

we saw a strong peak at 446 nm. That's in the blue light 

range, which is well-known for being great at exciting 

phosphors (the materials that make LEDs glow) and 

driving photosynthesis. The peak was quite narrow, 

about 10 nm wide, meaning it emitted a very specific blue 

light. We set the light intensity (PPFD) at the plant 

surface to 130 μmol photons/m2/s. This is a pretty 

standard intensity for indoor plant growing and is 

generally enough for plants to do their photosynthesis 

thing really well. 

The Mysterious Extremely Dark Light (EDL) 

Now, for the exciting part: our EDL system. This was our 

experimental light treatment, and it was truly unique. 

Unlike the continuous light from the fluorescent LEDs, 

the EDL was characterized by two main things: an 

incredibly low average light intensity (PPFD) and super-

fast, rapid changes in its brightness. The average PPFD of 

the EDL at the plant surface was set to a shockingly low 

0.01 μmol photons/m2/s. To put that in perspective, it's 

about 10,000 times dimmer than our main LED 

fluorescent light! That's why we call it "extremely dark." 

But here's the crucial twist: the EDL wasn't just a faint, 

constant glow. Its defining feature was its rapid, 

microsecond-level fluctuations in intensity. Imagine a 

light that flashes incredibly quickly. Our EDL had a cycle 

time (ΔT) of just 20 μs. Within that tiny 20 μs cycle, the 

light would rapidly brighten for a mere 2 μs (ΔT1) and 

then dim down again for the remaining 18 μs (ΔT2). This 

meant that for a fleeting moment, the EDL actually 

emitted light at an intensity similar to our main LED 

fluorescent light, before quickly fading. And just like our 

main LED, the EDL's spectrum also showed a strong blue 

light peak at 446 nm, even at these ultra-low average 

intensities. 

Our Daily Light Schedule 

We carefully planned the daily light schedules for both our 

control and experimental plant groups: 

● Control Group (Just LED): These plants had a 

simple life. They received continuous, bright LED 

fluorescent light for 12 hours during their "day." Then, 

they had a full 12 hours of complete darkness, completing 

their 24-hour cycle. 

● Experimental Group (LED with EDL): These plants 

also got their 12 hours of bright LED fluorescent light 

during the day. But here's where it got interesting: as soon 

as the main LED light turned off, and during what would 

normally be their dark period, we switched on the EDL. 

The EDL continuously shone for eight hours. So, these 

plants experienced 12 hours of bright LED light, followed 

by 8 hours of this ultra-dim, fluctuating EDL, and then a 

final 4 hours of complete darkness to round out their 24-

hour cycle. This specific timing of applying EDL during the 

dark period was absolutely vital for us to understand its 

unique effects. 

Measuring Plant Progress: What We Looked For 

After the three-week light treatment (which followed the 

63-day initial growth period), we carefully measured a 

whole bunch of things to see how our light treatments 

affected the P. tinctoria plants. We did all these 

measurements within three hours of harvesting the plants 

to make sure everything was as fresh and accurate as 

possible. Here's what we checked: 

● Plant Height: We measured from the soil all the way 

up to the very tip of the plant. This told us how much they 

grew upwards. 

● Fresh Weight: Right after harvesting, we weighed 

the entire plant. This gives us a good idea of its overall size 

and water content. 

● Dry Weight: To get a true sense of the plant's solid 

material, we dried the harvested plants in an oven at 60°C 

for at least 48 hours (or until their weight stopped 

changing). This tells us how much actual plant material 

(like cellulose, proteins, etc.) was produced. 

● Leaf Area: We used a special device to measure the 

total surface area of all the leaves on each plant. This is a 

key indicator of how much "solar panel" the plant had for 

photosynthesis. 

● Number of Leaves: We simply counted every fully 

grown leaf on each plant. Another way to track how much 

the plant was developing. 

● Stem Thickness/Firmness: We also made notes on 

how thick and strong the stems felt. This gave us a 

qualitative idea of their structural development. 
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● Leaf Width/Density: Similarly, we observed how 

wide and dense the leaves were, which complemented 

our precise leaf area measurements. 

Digging Deeper: Analyzing the Plant's Chemistry 

To figure out how our light treatments affected the 

important chemical compounds in the plants, we used 

some sophisticated lab techniques. Again, we did all these 

analyses on fresh leaf samples within three hours of 

harvesting to keep everything pristine. 

Measuring Indican: The Indigo Precursor 

To quantify indican, the crucial ingredient for indigo dye, 

we used a high-performance liquid chromatography 

(HPLC) system from Shimadzu, Kyoto. It's a very precise 

way to separate and measure compounds. 

● Extraction: First, we carefully blended fresh leaf 

samples in methanol. Then, we spun the mixture really 

fast in a centrifuge to separate the liquid (which 

contained the indican) from the solid plant bits. 

● HPLC System: The liquid extract, with its precious 

indican, then went into our HPLC machine. It used a 

special column (a TSK gel ODS-120H column from Tosoh, 

Tokyo, measuring 4.6 mm×15 cm) to separate the indican 

from other compounds. 

● Detection: We used a UV/Vis detector (APD-

10AVP) set to 220 nm. This wavelength is perfect for 

spotting indican. 

● Elution: A carefully mixed solution of super-pure 

water and methanol was pumped through the system at 

a steady 1.0 mL/min to carry the compounds through the 

column. 

● Injection and Temperature: We injected a tiny 10 

μL sample for each test, and the column was kept at a 

constant 40∘C to ensure consistent separation. 

● Quantification: Before we even started, we 

created "calibration curves" using pure indigo standards. 

This allowed us to accurately calculate how much indican 

was in our plant samples based on the signals we got 

from the HPLC. 

Checking Chlorophyll: The Green Powerhouse 

To get a quick and easy estimate of how much chlorophyll 

was in our plant leaves, we used a SPAD analytical sensor 

(Konica Minolta, SPAD-502). This is a cool, non-

destructive tool that measures how much light passes 

through a leaf at two different wavelengths (red and 

infrared). It then calculates a "SPAD value," which is a 

good indicator of chlorophyll concentration. We took 

measurements from several leaves on each plant and 

recorded the average SPAD value for each treatment 

group. This gave us a direct, real-time look at chlorophyll 

levels without having to destroy the leaves. 

Our Scientific Blueprint: How We Designed the 

Experiment 

We designed our experiment using a "completely 

randomized design" (CRD). This is a standard scientific 

approach that helps minimize any biases and ensures our 

statistical results are valid. We used a total of 30 plants, 

splitting them equally into two groups: 15 for the control 

group (LED only) and 15 for the experimental group (LED 

with EDL). For every measurement we took, we did it three 

times for each plant, and then used the average values for 

our analysis. 

All the data we collected from our growth measurements 

and chemical analyses were then put through a "one-way 

analysis of variance" (ANOVA). This statistical test helped 

us determine if there were any significant differences 

between the average values of our control and 

experimental groups. If the ANOVA showed a significant 

difference, we then used a "Tukey's Honestly Significant 

Difference (HSD) test" to pinpoint exactly which pairs of 

groups were different. We set our "significance level" at P 

< 0.05. This means if our p-value was less than 0.05, we 

considered the result statistically significant – basically, 

we were confident it wasn't just due to random chance. All 

these statistical magic tricks were performed using 

specialized software. 

RESULTS 

How Our Ultra-Dim Light Affected Plant Growth 

When we shone our ultra-dim light (EDL) on Persicaria 

tinctoria plants during their dark period, we saw some 

pretty remarkable changes in their growth compared to 

the control plants that only got standard LED light. 

What Our Eyes Saw: 

Just by looking at the plants, we could tell there was a big 

difference. The control plants, bathed only in their regular 

LED light, looked healthy and well-grown, with good 

leaves and stems (Figure 4, similar to Figure 4 in the 

original PDF). This confirmed that our basic growing 

conditions were perfectly fine for P. tinctoria. 

But the plants in our experimental group, those that got 

the extra dose of EDL during their "night," looked even 

better! (Figure 5, similar to Figure 5 in the original PDF). 

They were noticeably wider and taller than the control 

plants. Their stems felt thicker and stronger, suggesting 

they had developed a more robust structure. And their 

leaves? Wider and denser, giving the plants a more 

compact and sturdy appearance. These visual cues 

strongly hinted that our EDL treatment was indeed giving 

the P. tinctoria plants a growth boost. 

What Our Measurements Showed: 

Our precise measurements backed up what our eyes were 

telling us, providing solid proof of EDL's growth-

promoting effects (Figure 6, similar to Figure 6 in the 

original PDF). 

● Total Wet Weight: The plants in the experimental 

group weighed about 2.4 times more than the control 

plants! This huge increase in fresh biomass clearly showed 
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that the EDL was significantly enhancing overall plant 

growth and how much water they held. 

● Fresh Leaf Weight: We saw a similar trend with 

the fresh leaf weight, which was about 2.3 times higher in 

the experimental group. This is a big deal because leaves 

are where most of the indican (our target compound) is 

made and stored. The fact that total plant weight and leaf 

weight increased at almost the same rate suggests that 

the growth boost was mostly happening in the leaves. 

● Stem Wet Weight: While we didn't show a 

separate bar for stem weight, the consistent increase in 

total and leaf weight implies that the stems were also 

growing well, at a similar pace. 

● Number of Leaves: Interestingly, the number of 

leaves didn't increase as dramatically. The experimental 

plants had about 1.8 times more leaves than the control. 

This tells us that while they were making new leaves, the 

big jump in fresh leaf weight wasn't just about having 

more leaves. 

● Individual Leaf Weight/Density: If you do the 

math, since the fresh leaf weight went up by 2.3 times and 

the number of leaves by 1.8 times, it means each 

individual leaf on the EDL-treated plants was roughly 1.3 

times heavier than those on the control plants. This 

confirms our visual observation that the leaves were 

thicker and denser. 

All these measurements provide strong evidence that our 

ultra-dim light, even with its incredibly low average light 

intensity, was surprisingly effective at boosting the 

growth of P. tinctoria. This lines up with other studies 

that have seen similar growth promotions in different 

plants under "extremely dark light" conditions [12, 15]. 

The fact that our blue-spectrum EDL (with its 446 nm 

peak) had such a positive effect, even at such low light 

levels, strongly suggests that P. tinctoria plants are 

incredibly sensitive and responsive to these subtle light 

signals. 

The Amazing Boost in Indican Production 

One of the most exciting discoveries in our study was 

how much our ultra-dim light treatment impacted the 

amount of indican, the crucial precursor to natural indigo 

dye, in P. tinctoria leaves. 

Indican Content per Leaf Weight: 

When we looked at the amount of indican per unit of 

fresh leaf weight, we found no significant difference 

between the control and experimental groups (P > 0.05) 

(Figure 7, similar to Figure 7 in the original PDF, showing 

indican weight per unit fresh leaf). This might sound odd 

at first, but it's actually a really important clue! It means 

that as the leaves grew bigger and denser under the EDL, 

their ability to produce indican kept pace, maintaining a 

consistent concentration of indican within the leaf tissue. 

This tells us that the plant's indican-making machinery 

wasn't getting overwhelmed or shutting down; instead, it 

was simply scaling up right along with the plant's overall 

growth. 

Total Indican per Plant: A Huge Jump! 

Even though the concentration per leaf remained steady, 

the total amount of indican in an entire P. tinctoria plant 

that received EDL was significantly higher. In fact, the total 

indican weight per plant in the experimental group was 

about 2.3 times greater than in the control group (Figure 

7, similar to Figure 7 in the original PDF, showing total 

indican per plant). This dramatic increase in total indican 

is a direct result of the enhanced fresh leaf weight we saw 

in the EDL-treated plants. Since indican is known to live 

only in the fresh leaves [19], more leaves (and denser 

ones!) naturally meant a much higher overall indican yield 

per plant. 

This finding clearly shows that EDL irradiation really 

pushed indican synthesis during the cultivation period, 

leading to a much better yield in the same amount of time. 

The fact that the increase in total indican was almost 

identical to the increase in fresh leaf weight (both around 

2.3 times) further supports the idea that the plant's entire 

metabolic pathway, from basic growth to making indican, 

was boosted in a synchronized way. This strongly suggests 

that the changes were happening "further upstream" in 

the plant's internal processes, affecting the fundamental 

steps that provide the building blocks for both growth and 

those special chemical compounds. 

The Green Secret: What Happened to Chlorophyll? 

Besides checking growth and indican, we also measured 

the chlorophyll content in the indigo leaves using a SPAD 

sensor. Our results showed something fascinating: an 

average increase of about 10% in the SPAD value in the 

leaves of plants that got the EDL treatment, compared to 

the control group. A higher SPAD value means more 

chlorophyll. This might seem counterintuitive – why 

would a plant in "extremely dark" conditions make more 

chlorophyll? But this finding is a critical piece of the puzzle, 

suggesting that the plant was adapting to become a more 

efficient light catcher. 

DISCUSSION 

The Amazing Trick of Ultra-Dim Light: How Plants Grow 

More with Less 

The fact that Persicaria tinctoria grew so much better 

under ultra-dim light (EDL), especially with those big 

jumps in fresh and dry weight, really makes us rethink 

what we thought we knew about light and plant growth. 

Our findings, which echo what others have seen in 

different plants [12, 15], point to a much more intricate 

conversation happening between light signals and the 

plant's internal workings. 

The secret sauce here is the unique nature of EDL. It's not 

just a constantly dim light that would simply starve the 

plant. Instead, EDL is like a flickering candle in the dark, 

with incredibly fast, brief flashes of light that are actually 
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quite bright – as bright as our main photosynthetic LED, 

even if only for a couple of microseconds within a 20-

microsecond cycle. Even though the average light 

intensity (PPFD of 0.01 μmol photons/m2/s) is 

incredibly low, those fleeting bursts of high intensity 

seem to be the crucial signal the plant picks up on. 

We have a hypothesis: P. tinctoria interprets these rapid, 

intense flashes within an otherwise very dim 

environment as a "photosynthesis starvation" alarm. To 

help you picture this, think about how the human body 

reacts to a lack of oxygen (Figure 11, similar to Figure 11 

in the original PDF). If you're training at high altitudes 

where there's less oxygen, your body's DNA gets the 

message and tells it to make more hemoglobin. This is a 

stress response that helps your body grab and carry more 

oxygen, making your heart and lungs stronger [22, 23, 

24]. Plants, just like us needing oxygen, need light to 

survive. So, they're super sensitive to any perceived light 

shortage. 

In response to this "photosynthesis starvation" signal 

from the EDL, P. tinctoria plants kick into an adaptive 

gear: they start producing more chlorophyll. Our results, 

showing that 10% increase in SPAD values in EDL-

treated leaves, directly support this idea. Chlorophyll is 

the main pigment that captures light for the plant's 

energy factories (light-harvesting antenna, or LHA) [21]. 

Making more chlorophyll, especially during the dark 

period when LHA naturally increases [21], means the 

plant can grab more photons. 

So, here's the magic: when these "chlorophyll-boosted" P. 

tinctoria plants are then exposed to the regular LED 

fluorescent light during their main "day," their ability to 

capture light is significantly improved. This enhanced 

efficiency means they can do photosynthesis at a much 

faster rate, even though the main LED light intensity 

hasn't changed. Over the entire cultivation period, this 

increased photosynthetic activity adds up, leading to the 

impressive growth we observed – more biomass, 

stronger stems, and denser leaves. In essence, the EDL 

acts like a clever "training program," preparing the plant 

to be much more efficient at using light when it's 

available. 

Unlocking Indican's Potential: The Metabolic 

Connection 

The big jump in total indican content in P. tinctoria under 

ultra-dim light is a game-changer for anyone interested 

in natural indigo production. The fact that the indican 

concentration per unit of fresh leaf weight stayed pretty 

much the same, while the total indican per plant shot up 

proportionally with the fresh leaf weight, gives us a vital 

clue: we're not just squeezing more indican into existing 

tissue. Instead, the entire indican-making process is 

getting a boost that scales with the plant's overall growth. 

This tells us that the changes are happening "further 

upstream" in the plant's biochemical pathways. 

To understand this, let's look at how indican is made. 

Indican is created by combining two main ingredients: 

indoxyl and UDP-glucose (UDP-Glc) [19]. The chemical 

reaction looks like this: 

Indoxyl + UDP-Glc → Indican + UDP 

The speed at which indican is made (v) depends on how 

much indoxyl and UDP-Glc are available. Indoxyl is 

generally a very unstable and fleeting compound, so its 

concentration in the plant cells is usually extremely low 

[19]. UDP-Glc, on the other hand, is a more stable 

compound and is present at a more consistent level [20]. 

UDP-Glc is super important because it's used to make 

sucrose and other complex sugars, and it also donates 

glucose in many other chemical reactions within the plant 

[20]. Since indoxyl is so scarce, it's likely that the amount 

of UDP-Glc is the limiting factor for how fast indican can be 

made. So, we can pretty much say that the rate of indican 

synthesis is directly related to how much UDP-Glc is 

available. This means if we see more indican, it's a good 

sign there's more UDP-Glc. 

Our results, showing a significant increase in total indican, 

strongly suggest that our EDL treatment led to more UDP-

Glc building up inside the P. tinctoria plants. Where does 

UDP-Glc come from? It's produced from glucose, which is 

the fundamental building block created during 

photosynthesis (Figure 9, similar to Figure 9 in the original 

PDF). Photosynthesis, as you know, uses carbon dioxide 

(CO2) to make glucose. What's more, UDP-Glc isn't just for 

indican; it's also a crucial ingredient for making cellulose, 

which is what plant cell walls are made of – a huge part of 

the plant's overall mass. 

So, here's the full picture: the enhanced photosynthesis 

triggered by the EDL (which we saw through increased 

chlorophyll and better growth) leads to a much larger 

supply of glucose. This extra glucose is then smartly 

distributed by the plant. Some of it goes towards making 

more UDP-Glc, which then fuels both the increased 

production of indican and the greater creation of cellulose 

for leaf growth and overall plant biomass. This 

interconnected system explains why the leaves gained 

weight and indican production increased at almost the 

same rate, and why the indican concentration per fresh 

leaf stayed constant. The entire metabolic assembly line, 

from making glucose to producing indican and building up 

plant material, was ramped up in a perfectly coordinated 

way by the EDL signal (Figure 10, similar to Figure 10 in 

the original PDF). It's like the EDL acts as a clever 

conductor, accelerating the plant's entire metabolic 

orchestra, leading to more growth and more valuable 

compounds at the same time. 

The Special Sauce: What Makes EDL So Effective? 

The fact that EDL can boost growth and indican 

production, even though it provides so few photons on 

average, really emphasizes that its unique characteristics 

are more important than just its overall brightness. As 

we've discussed, the key lies in how its light intensity 

changes over time. 
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If we just used a continuously dim light, like what 

happens during a normal dark period, the plant wouldn't 

get that "photosynthesis starvation" signal. As a result, 

we wouldn't see any significant increase in chlorophyll or 

any growth boost. On the flip side, if the light was 

continuously bright, like a normal daytime, the plant 

would just do its regular photosynthesis. It wouldn't get 

the unique signal that prompts it to make more 

chlorophyll. In that scenario, the plant would have plenty 

of photons for photosynthesis, but it wouldn't experience 

that crucial "illusion of starvation" that triggers this 

special adaptive response. 

So, our EDL is uniquely effective because it combines two 

critical elements: 

1. Brief, Intense Flashes: For those tiny moments 

(like 2 µs in a 20 µs cycle), the light is bright enough for 

the plant's light sensors to register it as a signal that light 

could be available for photosynthesis. 

2. Rapid Flickering and Low Average Brightness: 

The super-fast on-off flickering and the overall very low 

average light intensity ensure that the plant can't actually 

do continuous, efficient photosynthesis with just the EDL. 

This is what creates the "starvation" illusion, prompting 

the plant to adapt by boosting its light-capturing ability 

(making more chlorophyll). 

This sophisticated interplay between those brief, bright 

flashes and the rapid changes, all within an overall dim 

environment, is what sets EDL apart from simple dim 

light. It makes EDL a powerful tool for subtly influencing 

how plants grow and what chemicals they produce. It 

truly shows how incredibly smart plants are at sensing 

and adapting to even the most nuanced light cues. 

Looking Ahead: What's Next for This Amazing Discovery? 

Our findings have huge implications for how we grow 

Persicaria tinctoria and potentially many other valuable 

plants in a sustainable and efficient way. By 

understanding and using the unique effects of ultra-dim 

light, we might be able to get much higher yields of 

indican while using significantly less energy compared to 

traditional growing methods that rely on constantly 

bright lights. This could make producing natural indigo 

and other plant-derived compounds much more cost-

effective and environmentally friendly. Using less energy 

is also a big win for our planet, aligning perfectly with the 

growing demand for sustainable farming practices. 

This research also opens up some really exciting new 

avenues for future studies: 

1. Diving into the Molecular Details: We need to 

understand exactly what's happening at the molecular 

level when plants respond to EDL. This means looking at 

how genes are turned on or off (transcriptomics), what 

proteins are being made (proteomics), and how 

metabolic pathways are changing (metabolomics) in 

response to EDL. Pinpointing the specific light sensors, 

signaling pathways, and genetic switches involved in this 

"photosynthesis starvation" response and the subsequent 

boost in chlorophyll and indican would be incredibly 

insightful. 

2. Fine-Tuning EDL: We need more research to 

systematically optimize all the parameters of EDL. This 

includes experimenting with different light colors (e.g., 

specific blue wavelengths), intensities (both the average 

dimness and the peak brightness of the flashes), how long 

those flashes last, and how often they occur. Finding the 

absolute best EDL recipe to maximize both plant growth 

and indican yield in P. tinctoria would be a huge step 

towards practical applications. 

3. Trying it on Other Plants: The fascinating effects of 

EDL we saw in P. tinctoria suggest it could work wonders 

for a wide range of other high-value crops. We should 

investigate how other medicinal plants, ornamental 

plants, or even everyday food crops respond to similar 

ultra-dim light treatments. This could uncover brand new 

ways to boost their growth, nutritional value, or their 

ability to handle stress. 

4. Combining Factors: Future studies could explore 

how EDL works in combination with other environmental 

factors, like how much nutrient is available, the level of 

carbon dioxide, and temperature. This would help us 

develop complete growing plans that get the most out of 

plant productivity and compound accumulation. 

5. Long-Term Health Check: Before we roll this out 

commercially, it's important to understand the long-term 

effects of continuous EDL exposure on plant health, how 

well they reproduce, and if it affects their genetics. 

In a nutshell, our study provides strong evidence that 

ultra-dim light, with its rapid, flickering intensity, can act 

as a powerful signal to boost both the growth and the 

production of valuable compounds in Persicaria tinctoria. 

This innovative approach offers a promising path toward 

creating more energy-efficient and sustainable indoor 

growing systems, which could be a huge benefit for the 

future of agriculture and the industries that rely on plant-

derived products. 

CONCLUSION 

Our study meticulously explored the profound impact of 

Extremely Dark Light (EDL) on the growth and the 

production of specific compounds, especially indican, in 

Persicaria tinctoria. Our comprehensive findings clearly 

show that using EDL, despite its incredibly low average 

light intensity (0.01 μmol photons/m2/s), significantly 

boosted plant development. To be precise, both the fresh 

weight of the leaves and the total amount of indican per 

plant increased dramatically, by about 2.3 times compared 

to our control group. This exciting result highlights the 

unexpected effectiveness of ultra-dim light in enhancing 

plant growth and metabolism. 

The fact that we saw a simultaneous increase in fresh leaf 

biomass and total indican content, while the indican 

concentration per leaf stayed constant, strongly suggests 
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that the plant's internal chemical processes were 

working in a coordinated, ramped-up fashion. We 

propose a compelling explanation: the plant interprets 

the weak, yet periodic and intensely flickering, EDL as a 

signal that it's "starving" for light. In response to this 

perceived survival crisis, P. tinctoria cleverly adapts by 

making more chlorophyll, which we confirmed with 

increased SPAD values. This higher chlorophyll content 

then allows the plant to capture light more efficiently 

when it's exposed to the main, brighter LED light, thereby 

speeding up its overall photosynthesis. The extra glucose 

produced from this boosted photosynthesis is then 

smartly directed to both increase the plant's overall size 

(more leaves, thicker stems) and accelerate the creation 

of indican through its specific biochemical pathway. 

This research really shines a light on the sophisticated 

ways plants can sense and adapt to subtle and complex 

light cues. The unique qualities of EDL – its extremely low 

average light combined with those brief, intense flashes 

– are crucial for triggering this adaptive response. These 

discoveries have significant practical implications for the 

future of indoor agriculture. By strategically using ultra-

dim light, we might be able to develop growing systems 

that are much more energy-efficient and 

environmentally friendly for Persicaria tinctoria, leading 

to bigger harvests of natural indigo and other valuable 

compounds. This innovative approach holds great 

promise for sustainable resource management and 

advancing plant-based industries. 
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