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A B S T R A C T   

It is well known that life has evolved to use and generate light, for instance, photosynthesis, vision and biolu-
minescence. What is less well known is that during normal metabolism, it can generate 1–100 photons s− 1 cm–2 

known as ultra-weak photon emission (UPE), biophoton emission or biological autoluminescence. The highest 
generation of these metabolic photons seem to occur during oxidative stress due to the generation and decay of 
reactive oxygen species (ROS), and their interaction with other components of the cell. To study this further, we 
have configured a sensitive detection system to study photon emission in germinating mung beans. 

Here we investigated growing mung beans over 7 days at a constant temperature of 21 ± 1 ◦C in a light tight 
box, using dual top and bottom opposing photomultiplier tubes. Over this time period we showed that in total, 
mung beans grown from seeds generated an average of 5 ± 1 counts s− 1 above background. As the new bean 
stems grew, they showed a gradual linear increase in emission of up to 30 ± 1 counts s− 1, in agreement with 
previous literature. In addition to this “steady-state” emission we also observe delayed luminescence and 
drought-stress response emission previously observed in other species. Finally, we also observe episodic 
increased emission events of between 2 and 15 counts s− 1 for durations of around 3 h detected underneath the 
sample, and assign these to the growing of secondary roots. 

We then induce secondary root formation using aqueous solutions of growth hormones hydrogen peroxide 
(H2O2, 167 µM) or 3-indole acetic acid (IAA, 0.5 µM) for watering. Both hormones show prolonged increase in 
emission above steady-state, over days 3–5 with at least 3 times the number of secondary roots formed compared 
with water alone. We also observed a significant peak increase in photon emission (474 and 1738 cps vs. 28 and 
55 cps for water alone) for the H2O2 which we attribute to direct ROS reaction emission as confirmed by 
measurement on dead plants. 

Altogether we have expanded upon and demonstrated an instrument and biological system for reliably pro-
ducing and measuring intrinsic metabolic photons, first observed 100 years ago by Alexander Gurwitsch.   

Introduction 

Understanding the origins of life is one of the great missions in 
biology. The mix of prebiotic chemicals and ions, are well described, but 
the role of heat, light, electric and magnetic fields have all been sug-
gested as important factors [1–4]. Prior to the evolution of photosyn-
thesis, it is unknown to what extent light may have been a crucial factor 
or hindrance in early development of proto-cells. Today, not only do we 
find cells filled with molecules which can absorb light at wavelengths 
from the ultraviolet (UV) to the near infra-red (NIR), but that meta-
bolism can also produce low levels of photons of many different 

wavelengths, for instance, during oxidative stress. 
One possible role of these “metabolic photons” in biology is thought 

to be non-chemical communication between cells. This was first 
demonstrated in the 1920s by Alexander G. Gurwitsch who placed two 
onion roots in sealed quartz tubes and showed increased mitosis on the 
side of the root exposed to the other, naming this the mitogenic effect 
(MGE) as the effect could not have been chemically transmitted [5]. 
Further work showed that although the MGE largely seemed to be due to 
light in the UV-B & C (~200–315 nm) region, sensitive detectors indi-
cated that a broader spectrum of light was being emitted [5]. This light 
was later called biophotons (BP), metabolic photon emission (MPE), 
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Biological autoluminescence (BAL) or ultra-weak photonic emission 
(UPE), due to the extremely low number of photons, which is in the 
order of 1–100 photons per second per cm2. BP have been discussed in 
several recent reviews [5–11]. “Spontaneous UPE” has been found to be 
produced in all kingdoms and biological systems, including plants, 
humans and their cells, bacteria, yeast and even isolated mitochondria 
[12–17]. Interestingly, a common finding is that biosystem photonic 
emission can be increased by stressors. Although this “induced emis-
sion” has been observed many times it is not clear if these are the result 
of the same biological process(s) and can complicate the field [18–22]. It 
is worth noting that when plants are damaged, for example by cutting 
leaves, this leads to an order of magnitude increase in photon emission. 
It is not clear whether the photon emissions from the plant wounding 
and metabolic emission comes from the same mechanism [21]. 

It is generally thought that UPE is generated from chemical reactions 
in cells, such as lipids reacting with reactive oxygen species (ROS) to 
generate excited radicals which can further react with nearby molecules 
and excite them. The decay of these electronic excited states by the 
emission of a photon, can either be detected as UPE or be absorbed then 
emitted at a lower wavelength by other chromophores in the cell and 
this is detected as UPE. The radical chain reactions and photon emission 
chains can be complex and are summarised in the literature [9]. This 
underlying mechanism has not been definitively proven however, due to 
limited resolution of spectroscopy and the very low numbers of photons 
involved. 

Thus, the core challenge of studying UPE is the very low flux of light. 
This leads to related challenges of discriminating it from other sources of 
photons, such as environmental light from sunlight or indoor lighting, 
which are orders of magnitude brighter, or even photons produced by 
instrumentation itself. A further challenge is also finding a reliable 
biological system that can emit enough light repeatedly under controlled 
conditions to provide consistent data. As a rule, studies have been per-
formed with sample and detector inside a sealed light-tight container, 
which is itself placed inside in a pitch-black room with no sources of 
light. Often the room or hall outside this room is also kept pitch black, as 
the detectors used are so sensitive. In fact, the standard procedure for 
photomultiplier tubes is to not expose them to bright light before they 
are turned on as they will have a diminished response [23]. Further-
more, it is also crucial to not expose the dark chamber to light for this 
period as long-lived phosphorescence of the chamber walls can persist 
for hours, even though it is not visible by eye. 

Another big challenge is the phenomenon of delayed luminescence 
(DL), one cause of which is where a molecule in a lowest triplet state 
undergoes intersystem crossing into an excited singlet state which then 
fluoresces. This is different to a triplet state emission of phosphorescence 
that decays on a microsecond and millisecond time scales. It can result in 
an intensity of emission that is orders of magnitude brighter than UPE 
and can last for hours before it is minimal and days before it is unde-
tectable. It has been shown to occur in agar and cell media but is 
particularly strong in plants due to a stable dark state of chlorophyll 
[24]. Many studies claiming to image UPE only leave 30 min after light 
exposure before recording, while DL takes hours to diminish and is likely 
being recorded instead. Although UPE may be present in such systems, 
they will be overwhelmed by the DL which renders such studies and data 
difficult to interpretate. 

Chloroplasts can be a main source of DL but also of UPE. The other 
leading location of UPE is thought to be the mitochondria, which is 
present in the majority of species that show it. Mitochondria isolated 
from spinach leaves were shown to emit UPE light when given metabolic 
food sources [17]. Previous work has shown that as plants grow, the 
light emission increases linearly in relation to their size, which is 
attributed to the doubling of the number of cells, we refer to this as 
“steady-state” UPE[25]. Imaging of growing roots shows that the ma-
jority of UPE comes from the primary root meristem, even though they 
make up only 20 % of the volume of the root [26]. It has been suggested 
that this is because during cell division there is increased mitochondrial 

activity and therefore periods of growth should show increased periods 
of UPE above the steady state emission. There is also evidence that by 
cutting a leaf there is an increased emission at the wound site [20,27]. 
This could be a due to a ROS-related stress response. However, for un-
derstanding intrinsic UPE, due to the invasive and potentially variable 
nature of the wounding protocol, it is probably not an ideal starting 
point. Work on red beans has shown that when they have not been 
watered and start to undergo drought stress, their UPE increases[28]. 
Mitochondria are essential in the plant’s drought stress response [29]. 
Upon re-watering there is also a spike of emission that decays down to 
the steady-state rate of emission before the drought stress. Stress is well 
known to enhance mitochondrional ROS production which adds to the 
hypothesis that they can be a source of UPE. Therefore, we want to tailor 
our experiments to measure mitochondrial emission over that in 
chloroplasts. 

For our experiments, we still needed a reliable and reproducible 
biological system. Research led us to the mung bean, which is normally 
used to produce bean sprouts. These plants have previously been used in 
both delayed luminescence and UPE studies [25,30,31]. They are a good 
candidate because they grow in complete darkness with only the addi-
tion of water (stimulation of germination using water is known as 
imbibition). This minimises other sources of light that could confound 
the study of UPE. They are also large enough to provide measurable 
emission from a single growing bean. 

This work then seeks to test if it is possible to repeatably detect 
intrinsic UPE at a rate high enough for further characterisation and to 
give insight into their origin and relationship to the stages of plant 
germination: 

We first seek a source of increased emission by measuring individual 
germinating mung beans, which were grown for different periods of 
time. These initial measurements showed the dominance of delayed 
luminescence, but also the indication of events of increased ultra-weak 
photon emission coinciding with secondary root growth. 

Next, we measured emission from a whole petri dish of twenty beans 
grown at different times. This showed a strong UPE signal above DL, and 
a more homogeneous response. Using our opposing detector configu-
ration, secondary roots are shown developing and are correlated in 
measurement of more emission features underneath as compared to 
above the sample. 

Then we measure emission from petri dishes of beans grown from the 
first stage of germination: imbibition of water, in the presence of hor-
mones and observed significantly increased light emission confirming 
our hypothesis that secondary root growth leads to UPE. 

Materials and methods 

Mung beans and chemicals 

Dry mung beans (Vigna radiata) were sourced from a local food shop 
(Honor foods, imported to UK by Interlink Direct Ltd, IG8 8EY, UK) and 
were stored dry at room temperature until used for the experiments. 

All water used for watering and chemical preparations was 18.2 MΩ 
reverse osmosis deionised water. This reduces the chance of impurities 
causing emission. 

3-indole acetic acid sodium salt (IAA) was purchased from Insight 
Biotechnology Limited. Hydrogen peroxide (H2O2 30 % w/w in water) 
was purchased from Merck. Chemicals were dissolved in 18.2 MΩ 
reverse osmosis deionised water and used immediately without further 
purification. 

Photography 

All plant samples were photographed before and after their growth in 
the dark chamber using a mobile phone camera (Poco M4 Pro 5G - 
21091116AG, Xiaomi). Dry beans were not photographed before the 
experimental run. 
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Instrumentation for measuring ultra-weak photon emission 

Photon emission was measured using the setup illustrated in Fig. 1. A 
light-tight dark box (30 × 40 × 50 cm) was made from black aluminium 
frames and panelling (custom built by Engineering Department, Central 
Laser Facility, Rutherford Appleton Laboratory, Oxfordshire, UK). 
Power and data wires were passed through a 50 mm PVC pipe chicane 
blocked with blackout cloth and liquid tubes passed through a 25 mm 
hole shielded with two flexible black-anodised aluminium sheets. Over 
the top of the box was placed a blackout cloth (BK5, ThorLabs) and the 
box was kept inside a dark room with a sealed door. 

Inside the dark box were two photomultiplier tube (PMT)-based 
photon counting heads (H11870-01, Hamamatsu Photonics, Japan) 
which send digital TTL pulses to a time-tagged time-resolved (TTTR) 
pulse counting box (Picoharp 300, Picoquant, Germany) interfaced with 
a PC using Qucoa or SymPhoTime64 software (Picoquant, Germany). 
The two PMTs had an iris aperture to protect them from light (SM1D25, 
Thor Labs, maximum diameter 25 mm) and were placed facing each 
other with a sample holder in between. The sample was contained inside 
a cuvette (box horizontal) or petri dish (box vertical). The PMT detector 
surfaces were positioned 30 mm from the respective front surface of the 
cuvettes or 28 and 64 mm from the front surfaces of the petri dish 
(bottom and top respectively). A Raspberry Pi – based temperature and 
humidity sensor recorded the inside of the chamber as 21–22 ± 0.01 ◦C 
and 60–80 ± 0.1 %RH throughout the experiment. Although the PMTs 
were not cooled and the dark count matched that as specified by the 
manufacturer at this temperature. 

Emission data was measured for up to 100 h uninterrupted at a time. 
Longer experiments were performed by restarting the measurements 
and concatenating together 1 s buckets of TTTR counts. The missing 
time was < 5 min if hand-watering or < 60 s if not. The 1s data was then 
averaged over 1,000 s and the detector dark count (Fig. 2) was sub-
tracted from this. Due to the nature of the growing plant, a direct dis-
tance correction to intensity was not meaningful, therefore a ratio of 
detector signal is presented to show the variation of the relative 
intensities. 

Bean imbibition 

Dry mung beans (20) were checked for mould or damage and then 

placed into a 60 mm polystyrene petri dish (150340, Nunc, Thermo 
Scientific). To initiate imbibition (the first stage of seed growth), 5 ml of 
water was added, which was designated as day 0 for all experiments. 

Measuring emission at different stages of growth 

A petri dish of 20 imbibed beans were covered with aluminium foil 
and grown in the dark inside a covered cardboard box at room tem-
perature. Every 3–4 days the seeds were watered with a further 5 ml 
before going back into their covers. After the desired number of days 
growth, the dish was photographed and exposed to diffuse daylight 
outside for 60 s to set delayed luminescence at a similar level. It was then 
placed into the dark chamber and emission recorded. After 3–4 days the 
dish was removed and photographed. A dish containing only water was 
also recorded similarly as a DL control. 

Emission from single beans 

Petri dishes containing mung beans were grown as above. Following 
3 days growth the straightest growing bean was selected from the dish, 
placed into a cuvette (held in place using filter paper), and allowed to 
grow, all in ambient light. The cuvette was refilled with water up to the 
bean seed every 3–4 days. The cuvette was partially covered with par-
afilm to reduce evaporation. After a total growth of 11 or 16 days the 
cuvette was taken outside and exposed to diffuse daylight for 60 s (to 
mitigate DL differences due to room light), before being placed inside 
the measurement apparatus. 

Emission measurement from growing seeds 

A petri dish of beans was imbibed as above, but inside the dark 
chamber. Watering from a 5 ml syringe was performed using a weak 
“white LED” for vision at day 0, 3 and 6. (It is worth noting that the 
white LED used here contains a mixture of a blue LED and a yellow 
phosphor as confirmed by a spectrometer). Emission measurements 
were stopped for the watering process, to protect the PMT, and resumed 
as soon as possible, no later than 60 s after watering. 

Fig. 1. Set up for photon emission detection in petri dish configuration. A) Schematic of the apparatus: two PMT detectors were orientated above and below the 
sample. A syringe pump remotely added water or solutions with dissolved chemicals mid-way through the experiment. A temperature and humidity sensor verified 
the experimental conditions. The detector TTL pulses were measured on a time-tagged time-resolved counter and recorded on a PC. B) Image of the apparatus inside 
the box: aluminium foil minimizes any accidental exposure to light when open and the lid features a foam seal. C) A close image of the dual photon counting units 
with an empty petri dish, the temperature and humidity sensor can be seen behind the dish. Further details of the dish and cuvette setup can be found in the 
Supporting Information. 
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Emission measurements with remote addition of plant hormones 

A petri dish of dry beans was imbibed in the dark chamber as above 
using an attenuated white LED for vision. A syringe pump was connected 
to 3 ml (internal) PTFE & PET tubing and attached to a modified petri 
dish lid. Photon measurement was performed as soon as possible after 
imbibition. At day 3 the addition of liquid (5 ml of water, 167 µM H2O2 
or 0.5 µM IAA, plus 3 ml priming draining the tubes) via syringe pump 
was performed while measuring emission. After 7 days total emission 
measurement the number of secondary roots were measured as below. 

A control experiment was performed to test chemiluminescence from 
dead beans. Addition of 167 µM H2O2 was performed as above, replacing 
the fresh bean seeds with 6 day grown plants which had then been left to 
dry and die for 3 months. 

New primary and secondly root growth measurement 

Plants from one petri dish were spread on square millimetre paper 
and photographed from above. The photographs were then analysed 
using FIJI (ImageJ, National Institute of Health, USA) to count and 
measure the visible secondary roots [32]. 

The effect of hydrogen peroxide on secondary roots 

Twenty dry beans were placed into a 60 mm petri dish and immersed 
in 5 ml water. Two dishes per concentration (between 30 % w/w and 1 
µM) were placed in aluminium foil and placed in the incubator for 3 
days. Each dish then received 5 ml of the relevant concentration of H2O2 
and was placed back into the incubator for 3 more days. The dishes were 
imaged and secondary roots measured as described above before being 
given 5 ml of DI water and placed back into the dark incubator for 3 
days. The roots were imaged and counted again as above (See SI 
Table S1). 

Results 

Characterisation of equipment 

Prior to UPE measurements from growing seeds, the experimental 
chamber as characterised to establish the level and decay of the DL and 
detector dark count. The detectors were opened to the chamber in the 
dark and without any sample inside for 4 days and recorded. The 
average counts over this period were taken as the dark count: 15.4 and 

17.3 cps for top and bottom detector respectively (Fig. 2). A petri dish 
containing only 5 ml water was measured for DL to estimate the effect of 
delayed luminescence from the holder. 

Photon emission during different stages of plant growth 

In these studies, we aimed to initially establish a suitable growth 
regime that could provide measurable photon emission of sufficient 
intensity to give a good signal to noise ratio. Photon emission mea-
surements on mung beans after different stages of growth [0, 3, 6, 10 
days after imbibition and a water-only control] are shown in Fig. 3. The 
dishes with more mature beans showed more emission, possibly due to a 
greater tissue mass. The more mature dishes also showed a higher DL 
peak and decay, which started to overlap with UPE emission features. All 
dishes always showed more emission from the bottom detector, except 
day-6, which showed exceptional growth and grew inside the iris of the 
top detector; the observed increased signal of top vs bottom detectors is 
due to its closer proximity to the detector as well as the origins of the 
photon emission, i.e., roots versus shoots/leaves. 

Spikes of emission lasting about 3 h were detected by the bottom 
PMT: day-3 (at 22, 58 h, and smaller spikes at 6–12 h), day-6 (at 72 h), 
day-10 (at 6 h). No spikes were seen in the top detectors. Increased 
broad emission events can be seen in both detectors, although not 
necessarily at the same time in almost every dish. Therefore, these broad 
emission events could be attributed to general plant growth, whereas the 
emission spikes can be attributed to events primarily observed under-
neath the dishes – i.e. root growth. Due to the density of plant material in 
the dish it is difficult to attribute this to solely secondary root events as 
the primary root also grows. 

Emission during watering: comparing with and without light 

To minimise contribution from delayed luminescence while 
measuring emission spikes from later stages of growth, emission was 
measured from dishes containing 20 beans from the point of imbibition - 
Fig. 4. During hand watering on day 3 and 6 using an attenuated white 
LED to aid vision, spikes of emission can be seen immediately after. The 
day 3 spike decays over about 3 h. We also note that after watering there 
is a prolonged decay in emission. The reason for this is currently un-
known, however, we speculate the following may be happening: 1) it 
could be delayed luminescence from the photon generated from internal 
emission; 2) prior drought emission process continuing to diminish; 3) 
metabolic activity of the plant diminishing. The day 6 spike shows an 

Fig. 2. (left) DL over time in a dish containing only water, with full measurement in inset. (right) Detectors in an empty chamber showing an average dark count of 
15.4 and 17.3 cps over 4 days. Dark lines, open circles are detector below and light lines, closed circle are detector above. 
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increase in emission after removal of light for a more prolonged emissive 
period of around 15 h. This may be due to the development of cotyledon 
leaves not present on day 3 reacting to the light. 

To test the effect of light on the day 3 (72 h) watering, the experiment 
was repeated using a syringe pump system, which did not require 
exposure of the growing plants to light. The emission is also plotted in 
Fig. 4 for comparison. The day 3 (72 h) spike upon watering shows a 
similar intensity whether light was used or not. This suggests that this 
increased photon emission is highly likely due to a response to the wa-
tering process and not the light itself. Whether this is through a relief of 
drought stress as suggested previously [28], or an increased growth 
activity caused by access to more water is not clear. The plants on day 6 
grew to such an extent that they forced the lid of the petri dish off, which 
prevents remote addition of water through this method for watering on 
later days. 

Photon emission from single plant roots 

To investigate the cause of photon emission, measurement was made 
on single beans placed in the dark chamber after growing for a different 
number of days (Fig. 5). All samples showed initial delayed lumines-
cence, which then decayed, which was of higher intensity and lasted 
longer in the samples containing plants compared with the water con-
trols. The plant grown for 16 days before measurement showed very 
little variation in signal compared with a delayed luminescence decay 
after 11.1 h, whereas that grown for 11 days showed an increased 
emission event at 14–33 h and at 64–70 h. 

When comparing the images of day 11 and 16 plants (Fig. 6 below), 
the day-16 plant changed very little in size or composition during the 
two days of measurement whereas the day-11 plant grew longer roots 
and shoots. It also developed leaves and grew secondary roots in the 72 h 
measurement period. Since the detector was only capturing the area of 

Fig. 3. (left) Photon emission profiles of dishes of twenty growing mung beans, measured after different amounts of growth. Dark lines, open symbols show detector 
below the dish and light lines, closed symbols the detector above the dish. Delayed luminescence is stronger for the plants grown for longer, but spontaneous UPE 
then becomes dominant. Spikes of emission from the roots can be seen on the bottom detectors but not on the top detectors. (right) the ratio of bottom to top 
emission, with increases showing more intensity measured on the bottom detector from root events and decreases showing more intensity on the upper detector, 
mostly from plant growth towards the detector. 

Fig. 4. (left) Emission measured from above (light, solid symbols) and below (dark, open symbols) after initial imbibition of 20 seeds in a petri dish. Orange lines 
(triangles) show dish watered with a weak white LED light; blue lines (circles) are plants watered by remote pump without light. Inset show full height of peaks. 
Watering was performed at day 3 (72 h) for both conditions and only by hand on day 6 (144 h). (right) the ratio of intensity of bottom and top detectors highlighting 
continuous steady-state growth and events unique to the roots (larger number = more light underneath). 
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the plant inside the cuvette up to 30 mm from the base, it is highly 
unlikely that the photon emission from the leaves would provide any 
meaningful contribution to the signal. Therefore, the source of this 
emission is clearly from the roots or base of the stem. This lends support 
to root growth as the main source of emission in our studies in this 
configuration. 

Increasing secondary root formation using hormones 

To test for the effect of secondary root formation on photon emission 
in bean dishes, the remote watering in the dark on day 3 (72 h) was 
supplemented with a plant growth hormone. Concentrations were cho-
sen of H2O2 [167 µM] and sodium indole-3 acetate (IAA) [0.5 µM] which 
induce increased secondary root formation (see SI) of approximately 3 

times that of water alone. This was added on day 3 (72 h), when the dish 
is dry, to compare with the water only addition and to avoid dilution. 
The results are shown in Fig. 7. 

Days 0–3 (0–72 h) of both dishes showed similar emission profiles 
when compared with pure water, except IAA which shows less drought 
stress emission. It can be seen that above the delayed luminescence 
decay signal an increase on day 0 (4–7 h) is seen in water and IAA dishes. 
This could be the emergence of the first roots from the beans or breaking 
of the seed skin. IAA also shows a smaller watering-response peak than 
water alone (11 & 28 vs 28 & 55 cps: top and bottom detectors 
respectively), probably since less drought stress was relieved. For H2O2 
addition, emission peaks of 474 and 1738 cps were recorded at the top 
and bottom detectors respectively (16–31 times that of water alone). It is 
likely that the H2O2 is not only acting as a biological growth stimulant 

Fig. 5. (left) Single mung bean measured emission from two equi-distant detectors (left detector: dark, open symbols and right detector: light, closed symbols) of 3 
samples: a 16-day grown bean (green triangles); an 11-day grown bean (orange squares); and a water-only blank (blue circles). DL in plant and water show decay 
whereas UPE shows increase in emission signal. (right) The difference in intensity of the detectors expressed as a ratio. This is due to the plant being positioned closer 
towards one side of the cuvette, as can be seen from the ratio remaining the same over the course of the experiment. 

Fig. 6. Single mung bean plants grown for 16 (A, B) and 11 (C, D) days then placed into the dark chamber. Images show before (A, C) and after (B, D) measurement. 
The growth from A to B showed little change, however C -D showed an increased root length, shoot length, development of leaves and secondary roots appearing 9 
mm from base of cuvette. These were accompanied by increased photons from the detector capturing emission from below the stems. 
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but also as a direct chemiluminescent initiator, which would obscure the 
biophoton emission signal. 

All three dishes showed an elevated emission between day 3 to 4.5 
(80–100 h) and a more defined peak in IAA and water on the top de-
tectors at day 4.5 (96–120 h) it is unknown what caused this. This 
defined peak seems to follow time from syringe watering rather than 
time since imbibition. Water and peroxide show a steady state rise from 
day 5 (120 h) and IAA from day 6 (144 h) which is probably due to 
further drought stress. 

If secondary root growth causes emission of photons, this would be 
expected to be seen as a difference of emission above steady state 
occurring between day-3 addition of liquid and day-7 termination of 
experiment. Although the drought-relief emission peaks which occur 
after liquid addition are all different heights, the water emission peak 
decays to steady-state emission faster than both growth hormones. This 

suggests that the emission from secondary root growth (the key differ-
ence between treatments) prolongs the decay to steady state. 

Application of H2O2 to biological samples can result in chem-
iluminescence [33,34]. To determine the non-biological chem-
iluminescence component of H2O2 on the mung bean emission, a 
measurement was performed on grown beans which had dried out and 
were no longer viable (Fig. 8). This showed increased DL on initial 
measurement as compared to the water-only control, but otherwise was 
very similar in photon output characteristics to a background DL. There 
was no increase in emission following DL decay (day 0–4), since the 
plant was not alive. At day 4, upon addition of H2O2 in the dark, a spike 
of emission was observed which underwent rapid decay and showed no 
further increase, therefore showing no induced photon emission due to 
hormone activity. We attribute the smaller peak to the chem-
iluminescence reactants being used up as the plant dries out, as well as 

Fig. 7. (left) Photon emission during remote addition on day 3, (~72 h) of water (blue circles), IAA (0.5 µM, green crosses) or H2O2 (167 µM, orange squares) to a 
dish of twenty growing mung beans measured both above (light, closed symbols) and below (dark, open symbols). Common features across treatments are seen in the 
drought stress (24–70 h) and stress relief (72–80 h) shapes. A gradual steady state emission can be seen as a baseline increase of emission in all the dishes from 24 to 
168 h. Unique peaks are discussed in text body. Inset shows full height of H2O2 peaks (474 and 1738 cps). (right) ratio of bottom to top detector emission highlighting 
steady-state growth appearing as a smooth gradient and root favoured events (larger number). 

Fig. 8. (left) Emission from dead, dried bean plants (6-day growth) with addition of H2O2 167 μM on day 4 (96 h) upper detector (light, solid circles) and lower 
detector (dark, open circles). Initial delayed luminescence can be seen decaying for the first 4 days. Addition of H2O2 can be seen to cause a large increase in emission 
(full height in inset), which is due to direct chemical excitement of the dead plant matter. At 140 h emission from growing mould on the plant can be seen. (right) The 
ratio of bottom to top emission, showing no variation during delayed luminescence decay and a very short, sharp peak favouring emission underneath as the liquid 
reacts here first. The reaction is over quickly and all that remains are slow decay of excited species in the plant which emits equally above and below. 
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the lack of contribution from metabolic emission or secondary root 
growth. The long decay of emission may be due to the action of H2O2 
molecules over time before their complete degradation. At day 5.5 
emission from mould growing on the newly-wet plant sample can be 
observed. The presence of peaks in our studies correlates with plant 
growth activity, as there are no peaks observed within the instrumen-
tation alone. The only increases in emission observed are due to living 
processes or direct chemical stimulation, every other process shows a 
decay or diminishing of emission. 

Discussion 

To date, studies that aim to detect and characterise UPE are growing 
but still not extensive in the literature. This has been largely due to 
technical limitations of older technology, a limited acceptance that 
metabolism can indeed produce photons and that they may have a ho-
meostatic function, as well as testable hypotheses on how they are 
produced. Setting up an UPE detection system needs three key things. 
First, an instrumentation system which can both exclude external light 
and can detect the ultra-low flux of photons, secondly, a biological 
system which can reliably and consistently produce enough photons to 
detect, and thirdly, a testable scientific hypothesis. 

The instrumentation we have built successfully demonstrated the 
ability to detect changes of 0.1 average cps. In our studies, the PMTs 
used were rated as having an average dark count of 15 & 17 cps at 20 ◦C, 
which we confirmed prior to any measurements. They have a second-to- 
second reading of between 10–80 cps, therefore only upon averaging 
1000 s of data could we measure signal changes of fractions of a count 
per second. The PMTs are specified sensitive between 300–650 nm. 
However, they record > 0.01 quantum efficiency (QE) from the range of 
620 nm to below 270 nm (with a max QE of 0.182 at 375 nm, see Fig. SI- 
4). Therefore, each cps of signal represents between 5.5 and 100 pho-
tons s–1 within this spectral range. The limiting factor in these experi-
ments is almost always the lack of photons which are available to 
measure during relevant biological conditions. To achieve detection of 
experimental photons with good signal-to-noise ratio (SNR), we also had 
to ensure the equipment was thoroughly light tight in our experimental 
box, which we managed to achieve successfully. 

The mung beans themselves represent a very repeatable biological 
system of study. Using 20 beans instead of 1 when given the same 
amount of water on the same days showed a similar average growth 
regime for each condition, where variation between each bean seems to 
average out. Our photographic image of twenty growing mung beans 
showed similar growth characteristics (Fig. SI-2 for typical growth). This 
is contrasted with attempts to grow single beans or dishes in ambient 
light and temperature conditions, which showed similarly treated beans 
grow to different sizes and condition. Attempting to measure these 
showed large variations in delayed luminescence and emission events. 
The reasons for such variations in a single bean growth condition is 
unknown, however work by Gallep & Robert used repeatable growth in 
the first few days of single beans to correlate size to emission data [25]. 
Fig. 3 shows emission peaks and humps at different growth stages, yet 
the absolute intensity of DL and UPE emission is a function of plant size. 
This is why we moved away from single beans or more mature plants 
and towards measuring 20 seeds in a dish. Since adding food or other 
growth media could be a potential source of emission, only water was 
added and the store of nutrients inside the dry bean is what allowed 
growth. We observed that the nutrients in the mung bean seem to enable 
growth in the dark for at least 9 days without any obvious impact on 
development of the plant. 

Previous work on UPE showed three time-resolved emission events, 
which we also observe: 1) The initial delayed luminescence from 
bringing a sample from the light into the dark chamber is related to not 
only the size of the plant, but also the development of the leaves, since 
chlorophyll is such a strong source of DL [24]. By starting from dry seeds 
both of these aspects are minimised. 

2) The drought and drought-relief response [35]. Watering only on 
day 3 allowed us to observe similar build up and relief emission peaks 
each time. Adding a weight on top of the petri dish helped combat 
accelerated loss of water due to plant growth pushing off the lid and 
allowing evaporation. 

3) The linear increase of emission due to increased size of plant: 
“steady-state emission” [25]. For each experiment we observe a mini-
mum count at all points in time which increases as the plant grows. This 
can be understood that as the number of cells in the field of view in-
creases and they all have a fixed chance of emitting light during normal 
metabolism, then we should measure a contribution to total emission 
which is a direct function of plant size. This was previously shown to be 
dominated by growth of the primary root tip meristem [26]. Since 
during these experiments the primary root grows continuously, this 
contribution would be encompassed by the steady-state emission. Using 
our methodology, the time-resolved emission data shows these events 
with the same features in agreement with these previous reports. 

In addition to these features, we observe two new features not pre-
viously reported. For beans germinated in the dark, we observe a peak in 
emission at around 5.5 h. This aligns with the period of germination 
where the seed coat splits allowing the root to emerge. We assign this to 
the rapid growth of the primary root through the process of cell division 
at this growth stage contributing more emission [38,38], before it slows 
to steady state emission levels. The other feature is both broad and sharp 
peaks after watering on days 3–7. We assign these to the growth of 
secondary roots, first seen during this time period, causing emission 
above steady-state due to emergence of several growing root tips in a 
short amount of time. Our evidence for this is three-fold. First, in the 
single-bean study the plant which showed an increased emission peak 
also showed development of secondary roots. Since the detectors only 
measure from below the stem, the source of the emission most likely 
originated from the roots. Second, the peaks are seen clearly on the 
bottom detectors, but not on the top ones. This is because the growing 
stems and leaves obscure most of the roots from the upper detector, even 
taking into account the difference in distance from the plants. Third, on 
addition of plant growth hormone during watering, we see increased 
emission at the same time as increased secondary roots. 

To fully resolve the secondary roots as the source of this emission one 
would need to add imaging capabilities to the setup. However, now that 
we can indicate a point in experimental time which shows increased 
emission without contributions from DL or unusual stress, we can 
measure this in future studies. 

When growing 20 beans in a single petri dish, we observe a similar 
average growth per dish, however we suspected the environment of each 
bean is affected by the surrounding plants. Competition for water may 
cause a distribution of growth rates within the dish. It therefore follows 
that the emission from secondary roots may be spread out in time as 
each bean independently grows its multiple secondary roots. By addition 
of a hormone to initiate the process we hypothesised we would observe a 
higher and briefer peak as all the seedlings create their roots at once. 

The initial choice of H2O2 as an additive was informed from several 
factors. H2O2 is part of the auxin hormone pathway and contributes to 
ROS generation which stimulates growth [37,38]. At low concentra-
tions, it stimulates growth in all forms of life, supporting the redox 
theory of cellular signalling and control of the cell cycle and it may have 
even been pivotal at the origins of life [39,40]. Adding H2O2 is likely to 
trigger several different processes at once. At the concentration used in 
this study (167 µM), it is expected to induce the secondary root growth 
process, which we verified (Fig. SI-1) [37]. However, it will also directly 
cause radical generation, cause chemiluminescence from its own 
degradation and react with numerous other chemicals as a perox-
idiser/oxidiser [33]. This is similar to other “induced” biophoton 
emission in perturbing the biological system to generate photons and 
obfuscates the role of secondary roots. A previous study which added 
H2O2 to radish cells observed increased emission which they attributed 
to it generating organic peroxides inside the cell via OH radical 
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degradation [34]. Mitochondria are implicated here as they both 
generate and destroy hydrogen peroxide using anti-oxidants as a pivotal 
role in plant homeostasis and in the response to stress [41–45]. 

As a control experiment, we added H2O2 to dishes containing dead/ 
non-viable, dry mung plants. This showed emission from H2O2, at about 
1/10th the photon emission intensity of equivalent living plants (Fig. 8). 
Since the metabolic activity is ceased, but likely some of the chemicals 
involved in peroxide-breakdown would still be present, this could ac-
count for the sharp peak and decay of emission, although further studies 
would be needed for quantitative attribution. We believe this non- 
biological chemiluminescence may be seen in other studies involving 
direct addition of H2O2 and suggest further thought and care on its use 
[34,46,47]. 

We next added to live beans IAA, a hormone which controls cell 
growth as well as root formation. Although IAA can induce ROS for-
mation, it does so only via enzymes catalysis in the process of initiating 
cell growth [48]. Addition of IAA showed a relatively small drought 
relief peak similar to that of water, but then maintained a higher 
emission above steady-state for a period of 3 days (Fig. 7). The increased 
emission is further contrasted against the water control as the dish 
showed a lower drought response peak. 

This work aimed to further understand the origins of UPE through 
development of a repeatable expression of intrinsic emission and 
inducing the underlying mechanism by targeted hormonal addition. To 
understand how this reveals the origin of UPE we will briefly discuss the 
overall findings thus far. 

The general mitogenic effect as previously described in the literature 
showed an increased cell division and growth induced by non-chemical 
plant communication through quartz [5]. It was established that this is 
due to UV light emission which has a peak action wavelength below or 
around 220 nm and is almost completely diminished by 300 nm [49]. 
Although we have not established the emission wavelength from our 
current studies, the sensitivity of our detectors falls within this range as 
well as the visible spectrum. Spontaneous ultra-weak intensity emission 
from not just plants but yeast, bacteria, humans and other life forms 
have been previously reported. Although the emission varies slightly 
between species, in plants the emission attributed to ROS decay, reac-
tant decay and chlorophyll fluorescence in UV-C, visible and NIR 
wavelengths have been implicated [9]. ROS can be generated by light in 
the UV to NIR wavelengths [50,51]. It is known that ROS (such as H2O2) 
can help to govern plant growth and increasing ROS with small amounts 
of auxin hormones increases growth [48]. Furthermore, plants regulate 
their own growth with antioxidants and that various forms of stress can 
increase the concentration of ROS and thus induce growth [52]. Whilst 
radical reactions and decomposition of ROS may lead to light emission 
from chain reactions which generate further ROS, even multiplying over 
time if the concentration of peroxides are maintained. It has also pre-
viously been shown that the greatest spontaneous emission of UPE in 
certain plants occurs in the rapidly dividing cells of the apical meristem 
[13,36]. 

Therefore, we propose that the part of the general mitogenic effect as 
described in the literature may be caused by ultraviolet absorption of 
H2O2 leading to homolytic fission. The absorption spectrum of H2O2 
matches very closely with the action spectrum of UPE (peaking at 190 
nm and almost 0 by 300 nm). Large amounts of UV-C would be 
damaging to the organism. However, since radical formation is a chain- 
reaction, even a small amount of UV-C light would lead to a significant 
increase in the rate of ROS production over spontaneous decay. This 
then leads to an increase in growth of the plant roots before anti- 
oxidants are produced to lower this rate back to normal steady-state 
levels. Due to the spherical emission (4π) of the light most of it will be 
absorbed by the same root, however cells near the surface will also have 
a portion of light emit externally. 

Peroxide and ozone absorption in the atmosphere will mean the 
amount of solar radiation reaching sea level at wavelengths below 300 
nm is relatively small. Soil, a complex mixture of organic and inorganic 

material, would further attenuate this light dramatically therefore it 
would have significant effect only on the order of millimetres. 

We have shown that an increase in secondary root correlates well 
with increased photon emission. We therefore speculate the biological 
advantages of this could be as follows:  

• Help roots in close proximity grow away from each other for efficient 
resource gathering.  

• When a root is in drought stress signal to nearby roots to grow lower 
for water.  

• When a root is undergoing disease or poison stress, keep other roots 
away from the source. 

Since our detectors are sensitive over a large range of wavelengths, it 
is likely the majority of the signal is UV to visible emission from possible 
ROS decay products or fluorescence induced by this light. With further 
work, we shall test whether enough overall light is produced during 
these peaks of emission that enough UV light can be detected: either 
through the established method using filters, or through a highly- 
sensitive and high-resolution spectrometer [16,53,54]. Further, by 
using the same growth regime in this work and pairing up with PMT 
time-resolution, we hope to capture time-resolved spectroscopy of each 
emission event measured herein. Finally, replacing the spectrometer 
with a highly sensitive imaging camera would allow us to spatially 
resolve the location of emission at each of these events. 

Conclusions 

We have established a highly sensitive experimental setup using 
opposing single photon detectors to study spontaneous and induced UPE 
in a model plant system. Using this method, we have shown that the 
photon emission from plant roots can be separated or differentially 
observed away from those potentially produced in the upper structures, 
such as the leaves. We have shown that the emission correlates with 
secondary root formation. 

The addition of the ROS-generating compound H2O2, a key signalling 
molecule found in life, showed an increase in the emission which also 
correlated with secondary root formation. Addition of H2O2 to dead 
plants showed a diminished signal of similar characteristics, indicating a 
large part of the measured signal is from the direct emission of ROS 
decay products. The use of IAA, a key plant hormone that induced an 
increase in new secondary roots, also led to increase photon emission, 
attributed to enzyme-regulated generation of ROS. Short periods of 
increased emission lasting a few hours were observed in plants which 
produced secondary roots over the course of the experiment (0-3 days 
and 3-8 days after imbibition of the seeds). 

In this study, we have identified and confirmed characteristics of 
light emission from mung beans which suggests a potential photonic 
hormesis system in plants, and possible other life forms (due to the mode 
of photon production from ROS). Our data can be summarised as: 1) a 
steady state photonic emission directly related to plant size 2), a tem-
porary increase in emission in relation to dehydration and then rehy-
dration and 3), an increase in photonic emission related to secondary 
root growth, possibly caused by increased cell division. Our data 
therefore adds to the investigation of UPE which originates from the 
studies of the mitogenic effect first observed almost exactly a hundred 
years ago by Alexander Gurwitsch. 
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