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(57) Abstract: A method, and a device for administering the method, of treating a plant seedling to improve long term hardiness
and/or crop yield and/or quality characterised by the step of exposing the plant seedling, prior to a subsequent growth phase, to ultra-
violet (UV) irradiation with at least one wavelength, only between 280-310nm. The method further including the step of selecting a
plant seedling or seedlings for a subsequent growth phase.
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Method to improve crop yield and/or quality

TECHNICAL FIELD

This invention relates to a method to improve crop yield and/or quality through UV exposure.

BACKGROUND ART

In the past, methods to improve crop yield and quality have typically relied on fertilisers and other
chemicals, or genetic breeding programs to select for beneficial traits. Alternatively, careful
manipulation or control of the environmental factors during crop growth such as temperature or

irrigation is almost always used to improve crop outcomes.
These systems have certain advantages, yet also certain disadvantages.

For instance, fertilisers and chemicals can lead to environmental pollution, cost money and time to

apply to crops and often garner consumer disapproval.

Genetic breeding has many advantages, yet it can be a slow process, and is often difficult to control the
phenotypic outcome. For instance, whilst one commercially important trait may be improved (such as

disease resistance), it may come at a cost to a deleterious trait such as taste or colour.

Finally, careful control of growth conditions before harvest certainly is important. Yet less hardy plants
often die due to stresses in the outdoor environment regardless of this control of growth conditions,

and this leads to a net loss of production.

Historically, UV radiation has been seen as a detrimental treatment to plant seedlings. Yet, in more
recent years, research has focused on treatment of certain plants with ultraviolet (UV) radiation and

visible light to improve defense/protection mechanisms.

Behn et al." shows exposure of lettuce seedlings with filtered natural sunlight, containing UV-B, UV-A
and visible light led to improved stress tolerance, but as a trade off led to a loss of biomass
accumulation, thought to be due to a redirection of carbohydrate substrate from growth to secondary

metabolism (i.e. protection mechanisms). Whilst the plants showed improved defense/protection, crop
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yield and quality diminished.

WO 2012/085336 describes a device to deliver a combination of UV-A (315 -400 nm), UV-B (280-315),
violet and blue (400-500 nm) and red and far red (600-800 nm} light, optionally also with green and
yellow light (500-600 nm). The device was used to treat tree seedlings and it was suggested this
prevented transplantation shock while the plants are moved from an indoor setting to an outdoor
setting for plant growth. Specifically, it discloses that the device’s treatment shortened the growth
cycle of tree seedlings, enhances the proportion of viable seedlings and eliminates one work phase in
the growth process (e.g. removing the need for sunshade curtains), thus improving the economics of
seedling cultivation. Yet, WO 2012/085336 is only focused on seedling viability and the economics of
seedling cultivation, not towards improving crop yield and/or quality. Additionally, it relies on multiple
UV wavebands, which may complicate the treatment process and/or may lead to undesirable traits, for
instance those as described in Behn et al. All references, including any patents or patent applications
cited in this specification are hereby incorporated by reference. No admission is made that any
reference constitutes prior art. The discussion of the references states what their authors assert, and
the applicants reserve the right to challenge the accuracy and pertinency of the cited documents. It will
be clearly understood that, although a number of prior art publications are referred to herein, this
reference does not constitute an admission that any of these documents form part of the common

general knowledge in the art, in New Zealand or in any other country.

Throughout this specification, the word "comprise", or variations thereof such as "comprises" or
"comprising”, will be understood to imply the inclusion of a stated element, integer or step, or group of
elements integers or steps, but not the exclusion of any other element, integer or step, or group of

elements, integers or steps.

It is an object of the present invention to address the foregoing problems or at least to provide the

public with a useful choice.

Further aspects and advantages of the present invention will become apparent from the ensuing

description which is given by way of example only.

! Europ. J. Hort. Sci., 76(2). S. 33-40, 2011, ISSN 1611-4426
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DISCLOSURE OF THE INVENTION

According to a first aspect of the present invention there is provided a method of treating a plant

seedling to improve long term hardiness and/or improve crop yield and/or crop quality

characterised by the step of exposing the plant seedling, prior to a subsequent growth phase, with

ultraviolet (UV) irradiation with at least one wavelength only between 280-310 nm.

According to another aspect of the present invention there is provided a device to administer

ultraviolet (UV) irradiation to a plant seedling,

characterised in that the device is configured to administer ultraviolet (UV) irradiation with at least one

wavelength only between 280-310 nm.

According to another aspect of the present invention there is provided a method of improving long

term hardiness and/or crop yield and/or crop quality
including the step of

a) exposing a plant seedling or seedlings prior to a subsequent growth phase, with ultraviolet (UV)

light with at least one wavelength only between 280-310 nm
further characterised by the step of

b) selecting, or determining an appropriate level of hardiness in, a plant seedling or seedlings for

the subsequent growth phase.

According to another aspect of the present invention there is provided a plant seedling, plant or

harvestable crop which has been treated using the methods described herein.
Brief outline of inventive concept(s) and advantages

This method of treating the plant seedlings was surprisingly found to increase crop yield and/or quality.
A direct correlation is observed between treatment of plant seedlings with specific wavelengths in the
UV-B spectrum and commercially important crop yield and quality. Part of this set of wavelengths is not
found in the sunlight reaching the earth’s surface, and is therefore differentiated from any form of

treatment using natural sunlight.

Furthermore, the treatment also still appears to achieve desirable or improved hardiness (i.e.

protection) from stresses such as abiotic and biotic stresses.
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For instance, in preliminary trials, cucumbers were shown to have an increased resistance /protection
to cold stress {abiotic stress reduction) in older plants at final harvest 12 days after initial UV treatment

of cucumber seedlings.

As another example, green lettuce was shown to have an increased resistance to fungal disease (biotic
stress reduction) even in older plants. This illustrates the follow-on protective effects of the UV-
treatment in older plants. Importantly, in both examples, crop yields were also increased at harvest.
Therefore, the present invention is providing increased hardiness, and unlike Behn et al., also improved
crop yield and quality. Behn et al taught away from the results of the present invention because it
directed the reader to UV treatment causing the plants to build protection mechanisms at the loss of

increased crop yield.

Additionally, unlike Behn et al., the treatment of the present invention only requires UV irradiation in
one defined spectrum (and specifically only a subset of that), whereas Behn et al. had uncontrolled
treatment in UV-A, UV-B and visible light, via filtered natural sunlight. It is presently unclear as to what
biochemical mechanisms may be leading to the results seen in the present invention, and perhaps also
those in Behn et al., as the biochemistry relating to plant growth and protection are complex and still

very far from being fully understood.

Unlike prior art broad spectrum UV treatment methods for improving stress resistance (e.g. to avoid
transplantation shock), the present invention uses treatments within only one UV spectrum (within UV-

B) which may substantially ease the treatment process and equipment needed.

Additionally, many treatments utilise sunlight as a UV-B, UV-A and visible source, and result in a lack of
specificity of dosage, often leading to undesirable and/or unpredictable results. The present invention
avoids this unpredictability due to only using specific wavelengths in a single defined waveband in the
treatment. This does not rule out that the plant seedling may be exposed to other background light

during, but does not necessarily form part of, the treatment.

The inventor surprisingly found that using a wavelength or wavelengths in a specific and narrow focused
range within UV-B radiation between 280-310 nm led to the beneficial results. In other words, part of

the UV-B spectrum above about 310 nm did not lead to the beneficial results seen. As will be discussed
further, the UV-B spectrum covers 280 nm to about 315 nm (however, defined separations between UV

wavebands are approximate, and are subject to at least two common variations in the literature, i.e.
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including an upper limit for UV-B of 320 nm?). It is possible that broader treatment within the UV-B
spectrum or uncontrolled UV treatment may leads to deleterious results. Preliminary results conducted

by the inventor support this.

The long term hardiness of the plant refers to improved resistance to stresses encountered such as
weather damage, sun exposure, disease and/or insect pest attack during the growth phase of the plant
prior to harvest. Without wishing to be bound by theory, the commercial end result of an improved
yield and/or quality of the crop at harvest is thought be at least partially attributed to an improved
long-term hardiness resulting from the treatment. Regardless, the end result of improved crop yield

and/or quality is observed as a result of this treatment method.

Additionally, it was found that using UV radiation outside of the UV-B range (for example the UV-A or
UV-C wavelengths) did not lead to the same results. Preliminary studies (not shown) supported this.
Also, preliminary studies provided in the Best Modes section shows the beneficial effects dramatically
diminish or disappear entirely when moving out of the UV-B spectrum, for instance into the UV-A

spectrum (400 to 315 nm).

The invention is intended to help to improve quality of the crop because of improved taste, size, shape,
colour, texture, visual appearance, shelf life and/or ability to withstand post-harvest handling. A further
advantage of the present invention is the ability to track, select for, or predict for plants that will display
improved hardiness and/or crop yield/quality following the described UV treatment. This may be

beneficial to reduce attrition of plants prior to harvest, and therefore improve crop quality and/or yield.
Definitions and Preferred Embodiments

Throughout the specification the phrase “prior to a subsequent growth phase” should be taken as
meaning either prior to the plant seedling being transferred into an outdoor environment, or in some
cases being retained indoors, at a particular time point based on the age, size other feature of the plant
seedling or environmental characteristics. The growth phase of the plant is typically the phase when

the plant exhibits substantial growth and development into a mature plant prior to harvesting.

% JARC monographs on the evaluation of carcinogenic risks to humans. Volume 55 — Solar and ultraviolet

radiation; Chapter 1; Exposure data (1992).
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Throughout this specification the term “hardiness” should be taken as meaning the ability of a plant to
withstand or help protect against one or more stresses during crop production and which may allow for

more desirable yield and/or quality of the plant at harvesting.

Throughout this specification the term “plant seedling” should be taken as meaning a young plant
following germination from a seed. The plant seedling may be of a vegetable, fruit, tree, shrub, herb,

grass origin, and so forth.

Throughout this specification the term “plant” should be taken as meaning a matured plant seedling

which is ultimately used for crops or other applications.

Although the present invention has particular application to vegetable and fruit crop production, it is
also possible the invention may be used to improve other types of plant hardiness such as trees,
grasses, flowers, herbs and so forth. For simplicity, the remainder of the specification will refer to crop
production {and particularly vegetables), although it should be appreciated this is not intended to be

limiting.

Throughout this specification the term “crop” should be taken as meaning a cultivated plant which is
harvested typically by a human or machine at some point during its growth stage for further use or
human consumption. However, it should be appreciated that application of the methods to grasses,

trees and so forth, may be used merely to improve the hardiness without any intention to harvest.

Throughout this specification the term “indoors” should be taken as meaning a housing, typically a
greenhouse, plastic polytunnel, a shade cloth with no walls, or fully indoor system which might use

artificial lighting.

In the example of a greenhouse, it may include transparent walls and/or ceiling to allow natural light in.
The indoor housing may used to allow the initial germination and seedling development phase to occur
and is used during the UV irradiation exposure of the present invention prior to a subsequent growth

phase in an outdoor environment.
Preferably, the treatment of the plant seedlings occurs indoors.

The advantage of conducting the treatment indoors is that it may help to regulate the conditions whilst
the plant seedling is particularly vulnerable. Additionally, it means that the device used to apply the UV
treatment may be better protected and secured. However, it is possible the treatment of the present

invention may also be conducted in an outdoor environment, depending on the circumstances and type

of seedlings to be treated.
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Throughout this specification the term “transplantation” should be taken as meaning the act of
transferring the plant seedling into an outdoor environment such as a field to allow continued growth
prior to ultimate harvesting of the crops. The term transplantation shock refers specifically to the stress
or shock incurred by the plant at the time of transplantation, for instance due to sun shock due to the

different sun exposure seen between indoors and the outdoor environment.

Throughout this specification the term “ultraviolet (UV) irradiation” should be taken as meaning
electromagnetic radiation with a wavelength shorter than visible light, but longer than X-rays, and is in
between the range of 10 nm to 400 nm (corresponding to 3 eV to 124 eV). The ultraviolet (UV)
irradiation spectrum is considered to be invisible to humans, and therefore differentiated from visible

light in the spectrum of about 400 nm to 700 nm.

The ultraviolet spectrum can be further broken down into UV-A (400-320nm), UV-B (320-280 nm) and
UV-C (280-100 nm).

It should be appreciated that LED lights are configured to administer a peak irradiance wavelength of

light, for instance centred around 290 nm.

Contrary to the prior art, the inventor found that use of other UV wavelengths such as UV-A or UV-Ciin
combination with the specific UV-B treatment is not considered to be necessary (and, may actually be
detrimental) to providing the beneficial effects seen in terms of improved hardiness and/or crop quality
and/or yield. Additionally, other wavelengths outside of the 280-310 nm UV-B treatment do not
substitute for the beneficial effects seen. Therefore this represents a significant advantage over

treatment methods which use multiple wavelengths in more than one spectrum.
Preferred treatment regime

It should be appreciated that the preferred dosage regime(s) may vary and take into account various

parameters including:

the type of seedling,

the intensity of the UV light (W m?s™),

the length of treatment {days) and

the rest period {on/off) between each UV application during treatment.

For instance, the length of treatment may be kept shorter to about 2-4 days, but as a result a higher

intensity of UV irradiation may be used to provide a sufficient dosage during the treatment period. One
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consideration is that higher intensities may be more likely to lead to seedling damage, so sufficient rest
periods during each application may be particularly useful. Additionally, co-administration with blue

and red visible light (as will be discussed below) may be particularly useful.

Additionally, it should be appreciated that the UV exposure time, timing of UV exposure to the seedling
following germination, temperature, number of cycles, the particular UV wavelength may each be

altered to suit different plant varieties, yet still keep within the spirit of the invention.
Preferably, the method includes exposing the plant seedling to UV light for approximately 2-15 days.

The inventor found that treatment for less than about two days did not provide sufficient dosage to
most seedling types. Treatment for over about 15 days did not offer any practical advantages, and

commercially would become more of an unnecessary burden.

More preferably, the method includes exposing the plant seedling to UV light for approximately

between 4 to 7 days.

The inventor found that a treatment between 4 to 7 days offered a beneficial time frame whilst also
managing other factors in the dosage, such as UV intensity to avoid unnecessary damage to the

seedlings. Preferably, the method includes exposing the plant seedling to cyclic exposure of UV light.

In one example, the UV exposure may be provided as approximately 12 hours on, 12 hours off over a
period of seven days. In another example, the UV exposure may be provided 10 minutes per day for a
week. It should be appreciated that different conditions may suit different plant varieties and/or

specific outcomes desired by the grower.

Preferably, the method includes maintaining the temperature at approximately between 12°C to 35°C

during the treatment.
This may be useful to avoid temperature damage to the seedlings during the treatment stage.
Preferably, the method includes exposure to UV wavelength of approximately between 280-305 nm.

Surprisingly, the preliminary results show that the beneficial effects are most pronounced within a

narrower band of the UV-B spectrum, particularly between 280-305 nm.

Beneficial results are still seen beyond 305 nm, but the beneficial results drop sharply after moving

beyond a wavelength of about 310 nm.
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For example, a UV light treatment peaking at 319 nm is still within the UV-B waveband of the spectrum,
yet do not appear to produce desired effects. The present invention surprisingly uses wavelengths in
the short-wave range of the UV-B spectrum, a proportion of which exist outside of the natural spectrum
of sunlight that reach the earth’s surface. In trials, UV treatment in the UV-A spectrum (at 354 nm) was
not seen as effective to improve hardiness, nor was treatment in the UV-C spectrum (at 270 nm; data

not shown).

More preferably, the method includes exposure to a peak UV wavelength of approximately between

280-290 nm.

In preliminary trials, treatment with UV light peaking between 280-290 nm showed the most promising

results.

It should be appreciated that the treatment method may actually include only a specific wavelength {or
at least a wavelength peak) between 280-310 nm, and therefore there is no requirement to cover the

entire range to provide the desired effects.

Also, it should be appreciated the that the crux of the present invention is that the treatment includes
at least one peak wavelength within only 280-310 nm, yet due to the bell-curve shaped peak resulting
from UV-B irradiation, a very small amount of this UV light administered may extend partially outside of
the 280-310 nm range. The present invention as described should be considered to encompass such
insignificant background irradiation. This effect would be minor and would be appreciated by someone

skilled in the art to have no real influence on the invention’s benefits.

Optionally, one may alter the wavelength within the 280-310 nm range during the method treatment
for a given plant species. Equally, one may apply a combination of different wavelengths within the UV-

B spectrum concurrently.

Preferably, the method also includes exposing the plant seedling to visible light in the range of 400 to

800 nm. The visible light may be administered concurrently with the UV light, or separately.

Notably, visible light is not UV-light and therefore is distinguishable from prior art treatments in Behn et

al and WO 2012/085336 which utilised both UV-B and UV-A in the treatment.

The inclusion of visible light is thought to be particularly beneficial to help prevent any DNA damage to
the plants potentially arising from the UV exposure according to the present invention. It may also help

the beneficial hardiness characteristics obtained by the UV exposure to prevail.
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Preferably, the treatment includes blue visible light between 400 to 500 nm, or more preferably 455 to

492 nm.

Blue visible light is considered to be particularly beneficial to help avoid possible deleterious effects of

UV damage to DNA. In other words, blue light is considered to be beneficial for photo-repair.
Preferably, the treatment includes red visible light between 655-680 nm.

The benefits of red visible light are complementary effects on plant growth, such as regulation of stem

growth. Red light is a useful, but not essential, element of the method.

Also, the treatment conditions may depend on the type of device that is utilised, as a particular device

may be particularly efficient at administering the UV light.
Application to different types of seedlings
Preferably the plant seedling is selected from the group consisting of fruit and vegetables.

Preferably the plant seedling is selected from the group consisting of green lettuce, red lettuce, tomato,

cucumber, broccoli, herb crops and eggplant.

Although not limited to these crops, the Applicant has clearly shown improved crop yield and/or quality
as a result of the treatment method as claimed. These crops also represent commercially important
crops where the method is deemed to be particularly applicable. However, based on such
exemplification, it is clear that the method may also be applicable to a wide variety of other crop types

without limitation.
Device

It should be appreciated that a device used to perform the present invention may be that described
according to the previously filed New Zealand Patent Application Number 621039 filed on 10 February
2014 by the same Applicant, the entire contents of which are hereby incorporated into the present

application by reference.

The Applicant’s device as described in NZ 621039 has the ability to administer a wide range of
treatments beyond that described in the present invention. However, the device may be configured to
specifically treat plant seedlings as per the methodology described herein, and is considered a

particularly useful device to use.

10
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Specifically, the device has the ability to administer a pre-defined UV dosage regime such as those
described in the present application and wherein parameters preferably used in the present invention

may be easily adjusted and controlled.

Preferably, the device includes a moving conveyor which alters the relative positions of at least one
light emitters and the target area during the treatment. We refer to this in the Best Modes as a moving

array light treatment.

In this way a large number of plant seedlings may be conveniently and accurately treated during the

treatment phase as the conveyor moves the position of the light emitters.

Preferably, the device administers UV light according to the present invention via light emitting diodes

(LEDs).

Additionally, the Applicant’s device has the ability to co-administer visible light which is beneficial for

the reasons discussed above.
Potential methods to quantify or predict hardiness and/or improved crop yield or quality

It should be appreciated that there are a range of methods that can be used to evaluate young plants,
but that no single and fully effective method currently exists, particularly as related to the use of UV

light to promote yield and/or quality in crops at harvest, as described here.

One such method to evaluate the benefits of the invention is a “Hardiness index” as described below in
detail. This is an integrated method for assessing the response of seedlings to UV light, as related to key
combined physiological changes in plants in response to the treatment. In other words, the observation
of several key physiological responses which have occurred simultaneously is one indication that plants
have responded to treatment in a manner which should be beneficial for long term plant growth and

subsequently improved crop yield and/or quality.

It should be appreciated that seedlings of different crop type, variety, and growing location may require
amended hardiness indices, in order to fully assess hardiness in those particular seedlings. Amendments
to the hardiness index may include the integration of other seedling or growing environment variables

as required.
Hardiness index

Throughout this specification the term hardiness index is defined according to the calculation provided

below,

11
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H= SDW! + SSLW! + 1/SLA'
SDUN SSLWN 1/SLAY

wherein:
H = Hardiness
SDW = Shoot dry weight
SSLW = Shoot specific leaf weight
SLA = Shoot leaf area
"= Treated plants; and

N = Non treated plants.

The shoot specific leaf weight (SSLW) defines the ratio of the dry weight of the leaf per unit leaf area,

whereas the term shoot leaf area {SLA) simply defines the leaf area.

Furthermore, it should be appreciated that the use of the “1/SLA” function may be merely to provide a

positive H value for ease of reference, and is not essential to the invention.

Without this 1/SLA function, the H value may be more difficult (but not impossible) to comprehend in
certain circumstances. This is because the H value may, in some cases, decrease with improved
hardiness. This result may arise when the plant’s shoot leaf area (SLA) increases as a result of UV
exposure according to the present invention. This increase in SLA may be seen as an improvement to

hardiness in some plant varieties.

Yet, in other plant varieties, UV treatment may lead to an increase in SLA, which may actually increase
hardiness in that variety. In such a case, it may be beneficial to adapt the Hardiness index as shown

below, such that the SLA is not 1/SLA.

H= SbwW' + SSLW! + SLA'
SDUN SSLWN SLAN

Regardless, it is clear the hardiness index may be adapted and may be able to account for these

differences in plant varieties.

For instance, plant seedlings with a H value between 3.01 to 15 could be identified as those which are

displaying increased hardiness following treatment.

12
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The lower H value of 3.01 reflects that each of the three values should display a value of over equal to
or over 1, reflecting a positive change to the plant seedling as a result of UV treatment. Therefore, an H

value of 15 represents a very significant improvement or prediction for plant hardiness.

A range of H values between 3.01 to 15 is considered to be beneficial because this range corresponds to
overall plant characteristics that are more likely to withstand typical stresses in the outdoor

environment.

Even small increases in the H value may mean comparatively large increases in relative hardiness
characteristics. For example, an increase in the H value by 0.1, indicates a 10% increase in relative

hardiness.

It should be appreciated that measuring the H value typically requires destruction of the plant seedling.
Therefore, individual test seedlings from a batch may be used to determine a representative H value for

the batch before selecting batches or individual plant seedlings from a batch.
Alternative methods to quantify or predict hardiness and/or improved crop yield or quality
Alternative methods to evaluate or predict hardiness and/or yield of crop at harvest include:

relative growth rate, or “RGR” (change in growth parameter between a first and second time

point, divided by days between time points, expressed relative to original size at first time point
(this is often used to measure the actual crop yield at the point of harvest)

- Incorporation of increases in leaf phenolic chemical content;

- Incorporation of increases in seedling photosynthetic health; and/or

- Incorporation of reduction of seedling hypocotyl length.

The Applicant has conducted preliminary trials in red lettuce, cucumber, tomato, eggplant and green

lettuce.

The method of treatments as described herein and the use of the hardiness index and/or RGR were
found to be particularly useful to illustrate the beneficial outcomes in relation to hardiness and/or
subsequent increased crop yield or quality. Also, the methodology allows mechanisms for selecting
seedlings or related seedlings undergoing the same or similar UV treatment for a subsequent growth

phase or using a particular UV-dosage regime for subsequent seedling treatments.
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For example, seedlings shown to first have an increased hardiness index often then go on to provide an

increase in crop yield and quality.

Alternatively, subsequent treatments may be fine-tuned depending on the RGR of preliminary trials to

further improve results.
Summary of Advantages
- only requires use of UV-B in a specific wavelength range to provide the beneficial results;

- the method is seen to beneficially improve crop yield and/or quality across a wide range of

plants;

- the method is seen to increase seedling dry weight, increase in leaf weight or specific leaf

weight and/or decreases in leaf area;

- the method also appears to protect the plants against stresses including weather damage,

disease and insect pest attack that may otherwise be detrimental in vulnerable plants;
- The method is seen to work well with a wide variety of plants in preliminary studies.

BRIEF DESCRIPTION OF DRAWINGS

Further aspects of the present invention will become apparent from the following description which is

given by way of example only and with reference to the accompanying drawings in which:

Figure 1 Analysis of UV spectrum to provide beneficial hardiness outcome

BEST MODES FOR CARRYING OUT THE INVENTION

Example 1- Example use of UV light to increase hardiness and / or crop vield

Green lettuce plants were germinated in vermiculite, and upon appearance of cotyledons were
transferred into a standard potting mixture. Plants were maintained under a visible light intensity of

400 pmol m™s™ for 10 days, at a photoperiod of 14hr/10hr light/dark.
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Plants were then exposed to a narrow-band UV dosage peaking at 290 nm using an LED {Light Emitting
Diode) array. At the same time, a proportion of the same population of lettuce plants were exposed to

a narrow-band UV dosage peaking at 354 nm using an LED (Light Emitting Diode) array.

The plants were exposed to a UV dosage for seven days at the same time as being exposed to
background visible light. At the end of the seven days of UV treatment, plants were planted into a
rotivated soil bed at an adjacent outdoor field site, with a selection of those plants destructively

harvested for assessment of the three measured variables of average Hardiness Index (H).

The plants then remained in the field site, enduring field weather conditions for a period of 11 weeks.
Six replicate plants were assessed at the end of the 11 weeks of field growth for whole shoot fresh
weight, i.e. stem and leaves combined. Whole shoot fresh weight is a key indicator of final harvest yield

size for many crop plants.

The results are shown in Table 1 below. It is evident that the sample treated with UV light at 290 nm
according to the present invention shows a dramatic increase in total shoot fresh weight at 11 weeks in

the field, compared to the sample treated with UV light at 354 nm (outside the UV-B spectrum).

Comparatively, the H value, determined using the hardiness index according to the present invention, at
the end of the 7 day UV treatment phase, is shown to provide a useful prediction and/or selection

method for long term plant hardiness and crop yield and/or quality.

In this example, the H value is 3.04 for the sample treated at 290 nm according to the present
invention, compared to an H value of 2.96 for the sample treated at 354 nm. The difference of 0.08
between the two samples corresponds to a prediction of almost 10% increase in hardiness. This
prediction corresponds well with the preliminary results seen in the field at 11 weeks post-transfer from

the greenhouse.

Although only lettuce was tested in the preliminary study, it is expected that many other crops and/or
other plants will display the same beneficial results seen. Ongoing trials are being performed in various

vegetable crops and herbs to further exemplify the invention across different species.

Table 1. Plant hardiness response (mean of 6 plants + 1 standard error)
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Hardiness index value Light treatment Plant total shoot fresh
(H) J weight (g)
3.04 290 nm 27.74* £ 4.0
2.96 354 nm 16.65+4.5

*indicates significant increase compared to 354 nm treatment according to t-test (P<0.05)

Example 2 — Green lettuce disease and field assessed fresh weights

Green lettuce seedlings grown as described above, were planted 24 hrs after UV treatment (according
to the present invention), into a lettuce field planting site carrying Sclerotina fungal disease. A moving
light array treatment method was used according to New Zealand Patent Application Number 621039.
The UV dosage regime included treatment for 7 days (12 hours on / 12 hours off) in 2 week old plants

using 0.16798 W m2s? [at a peak wavelength of 303 nm].

An assessment was carried out to determine the “hardiness” of the plants of the UV treated seedlings
according to the present invention compared to untreated seedlings, 24 hrs after UV treatment had
finished. The results in Table 2 show that leaf area {or ‘SLA’ as a component of Hardiness Index) was
reduced in treated seedlings immediately following UV treatment, which is a indication that increased

hardiness had been achieved.

Table 2
Leaf area (cm®) Uv S.E.
uv 11.07* 0.40
No UV 13.38 0.36

*indicates significant decrease compared to No UV treatment according to t-test (P<0.05)

Disease incidence and fresh weight was then assessed in all plants at 5 weeks post treatment. Results

are shown in Table 3 below.

The results show that the UV treated lettuce seedlings showed increased fresh weight, and also a
greater resistance to the fungus, assessed by a rating scale, describing the number of plants that were

displaying a particular severity of disease infection.
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Table 3
Fresh weight (g) uv S.E. No UV S.E.
Whole lettuce plant 833.63%* 44,79 642.84 56.20
Trimmed lettuce head 672.42 41.07 577.32 41.92

*indicates significant decrease compared to No UV treatment according to t-test (P<0.05)

Number of plants

infection type uv No UV
No Infection 9 3
First signs of infection 3 2
Infected 3 4
Severely Infected 1 7

Example 3 —Red lettuce hardiness and crop vield assessment

A trial was performed on red lettuce seedlings, grown and then field-planted after UV treatment as
described above, to determine the effect of UV treatment as claimed compared to control groups. A
moving light array treatment method was used according to New Zealand Patent Application Number
621039. The UV dosage regime included treatment for 7 days (12 hours on / 12 hours off) at age 2
weeks using 0.06374 W m?s™ [at a peak wavelength of 286 nm].

The results are shown below in Table 4. Following an outside standing period of 9 days, a H value of
3.08 was measured in UV-treated plants. In addition, the UV-treated samples showed clear
improvements in fresh weight and leaf area compared to the No UV controls at 9 days post treatment,

and at final harvest at 5 weeks post-field planting.

Table 4
post-UV treatment harvest [7 days]

Variable uv S.E. No UV S.E.
Fresh Weight (g) 0.62 0.05 0.71 0.07
Leaf Area (cm?) 23.10 1.73 25.49 2.22
Dry Weight (g) 0.03 0.00 0.04 0.00
Specific Leaf Weight 0.00138 0.00005  0.00147 0.00005
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Harvest following outside standing period of 9 days

Variable uv SE.  NoUV S.E.
Fresh Weight (g) 157  0.09 138 0.12
Leaf Area (cm?) 4643 226  42.95 3.31
Dry Weight (g) 011 001  0.10 0.01
Specific Leaf Weight 0.0023 0.0001 0.0023  0.0001

Final harvest following field planting period of 5 weeks

Variable uv S.E. No UV S.E
Fresh Weight (g) 7.35 1.04 6.54 0.82
Leaf Area (sz) 146.49 19.98 124.68 12.73

Example 4 - Cucumber hardiness and crop yield assessment

A trial was performed on cucumber seedlings {using growing conditions as described above) to
determine the effect of UV treatment as claimed compared to control groups. A moving light array
treatment method was used according to New Zealand Patent Application Number 621039. The UV
dosage regime included treatment for 7 days (12 hours on / 12 hours off) at age 2 weeks using 0.06374

W m?s™ [at a peak wavelength of 286 nm].

The results are shown below in Table 5. The UV-treated samples showed lower fresh weight at 7 days
post treatment (during an outside growing period) than the No UV treated samples. Yet, by day 12, the
UV treated sample displayed fresh weight values that were higher than those observed in the No UV
treated sample. The leaf area of plants also increased more in the UV treated sample between day 7
and 12 in the UV treated sample compared to the untreated sample. This example illustrates the
‘springboard’ effect of the UV treatment method regarding plant productivity in the days (or weeks)

following treatment.
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Table 5
post-UV treatment harvest [7 days]

Variable uv S.E. No UV S.E.
Fresh Weight (g) 2.44 0.06 2.55 0.13
Leaf Area (sz) 56.89 1.19 53.04 3.51
Dry Weight (g) 0.21 0.01 0.19 0.02
Specific Leaf Weight  0.0036  0.0002 0.0039 0.0003

Final harvest following outside standing period of 12 days

Variable uv S.E. No UV S.E.
Fresh Weight (g) 3.11 0.25 2.85 0.11
Leaf Area (cm?) 63.86 6.70 56.56 3.22
Dry Weight (g) 0.25 0.02 0.23 0.01
Specific Leaf Weight  0.0040  0.0002 0.0042 0.0002

A further test was performed to assess cold tolerance in cucumber. The results are shown below in
Table 6. The results show that the UV treatment according to the present invention led to an improved

hardiness in the cucumber plants.

Table 6
Cold stress plant damage scoring following outside standing period of 12 days
Nil (0) Low (1) Med (2) High (3) Total infection {(1)+(2)+(3))
uv 65% 18% 12% 4% 35%
No UV 14% 37% 31% 18% 86%

Total of 49 plants per treatment assessed: % are number of plants with a particular stress
score by 12 days

Example 5 —~ Tomato hardiness and crop vield assessment

A trial was performed on tomato seedlings (grown as described above) to determine the effect of UV
treatment as claimed compared to control plants. A moving light array treatment method was used
according to New Zealand Patent Application Number 621039. The UV dosage regime included
treatment for 7 days (12 hours on / 12 hours off) at age 3 weeks using 0.06374 W m™ s [at a peak

wavelength of 286 nm].
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The results are shown below in Table 7. When measured at 7 days, the UV-treated samples showed
significant increases in fresh weight, leaf area and dry weight compared to the no-UV treatment
samples. This equated to an overall H value of 3.55 at 7 days post UV-treatment. This is supportive that
there will be an overall increased yield at harvest as a result of the UV treatment of the tomato
seedlings. To illustrate this, a further harvest of plant biomass was taken after an outside standing
period of 6 days. This harvest indicated that the described increases in plant growth continued beyond

the completion of the UV treatment.

Table 7
post-UV treatment harvest [7 days]

Variable uv S.E. No UV S.E.
Fresh Weight (g) 1.06 0.34 0.46 0.08
Leaf Area(cm’) 30.09 8.94 12.03 1.42
Dry Weight (g) 0.12 0.03 0.06 0.02
Specific Leaf Weight 0.0041 0.0002 0.0049 0.0008

Final harvest following outside standing period of 6 days

Variable uv S.E. No UV S.E.
Fresh Weight (g) 1.65 0.23 0.82 0.20
Leaf Area (cm’) 38.47 5.01 18.12 2.83
Dry Weight (g) 0.19 0.03 0.10 0.02
Specific Leaf Weight 0.0047 0.0002 0.0058  0.0004

Example 6 — Eggplant hardiness and crop vield assessment

A trial was performed on eggplant seedlings (grown as described above) to determine the effect of UV
treatment as claimed compared to control groups. A moving light array treatment method was used
according to New Zealand Patent Application Number 621039. The UV dosage regime included
treatment for 7 days (12 hours on / 12 hours off) at age 3 weeks using 0.06374 W m™s” [at a peak

wavelength of 286 nm].

The results are shown below in Table 8. When measured at 7 days (immediately following UV
treatment), the UV-treated samples showed similar or lower values in fresh weight, leaf area and dry
weight compared to the no-UV treatment samples. Yet, by final harvest at 6 days, following an outside
standing period of 6 days, fresh weight, leaf area, dry weight and specific leaf weight all had increased
beyond the values seen in the No UV treatment samples. The beneficial results can therefore be

observed from the Hardiness Index (or any one or number of variables relating to growth of the plant),
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showing an H value of 3.01 at the 7 day post-UV treatment harvest.

The data are supportive there will be an overall increased yield at harvest as a result of the UV

treatment of the eggplant seedlings.

Table 8

post-UV treatment harvest [7 days]

Variable uv S.E. No UV S.E.

Fresh Weight 0.43 0.05 0.46 0.05
Leaf Area 13.72 1.52 14.45 1.32
Dry Weight 0.05 0.01 0.05 0.01

Specific Leaf Weight 0.0036  0.0004  0.0035 0.0004

Final harvest following outside standing period of 6 days

Variable uv S.E. NoUV  S.E
Fresh Weight 0.68 0.05 0.59 0.04
Leaf Area 17.94 1.32 17.55 1.44
Dry Weight 0.08 0.01 0.07 0.01
Specific Leaf Weight 0.0044 0.0001 0.0041 0.0001

Example 7 — Assessing UV spectrum for beneficial effects

An experiment was performed to assess the useful UV wavelength range for plant growth regulation (as
a measure of hardiness) in green lettuce. This was measured by assessing shoot dry weight (as a
component of the Hardiness index). Lettuce plants were grown as described above, and were exposed
to a range of UV dosages (three doses for each wavelength) at selected wavelength peaks (which are
listed in Table 9) using a series of LED (Light Emitting Diode) arrays for six days. Control plants which
were not exposed to UV were used for comparison to UV treated plants. Whole shoot leaf dry weights
were measured following the irradiation period. Shoot leaf dry weight measurements were expressed
relative to untreated controls to deduce dosage responses per waveband. Following this, dose
responses were developed based on dose range responses described above. The relative dose-based
responses at the different wavelengths selected were then normalized to zero at 303 nm, and were
interpolated to derive a description of the spectral response (or Quantum Effectiveness; in other words,
an increased value indicates an increase in shoot dry weight for that given wavelength) for this aspect
of hardiness. The results of this interpolation are in Table 10 and are plotted for ease of clarity in Figure
1. It can be seen there is a sharp decline in improvements in this attribute of hardiness at a wavelengths

below 290 nm, and the spectral response for this attribute of hardiness declines to <1.0 at 304 nm.
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Table 9
Wavelength Relative quantum Normalized quantum

(nm) response effectiveness
290 0.9588 184.38

303 0.0052 1.00

319 -0.0127 -2.44

336 -0.0172 -3.31

354 -0.0019 -0.37

Table 10 shows a table of the interpolated quantum effectiveness for plant growth regulation of green
lettuce. It should be appreciated that linear interpolation was used to interpolate quantum

effectiveness values for this example, and that there are a variety of methods which may be used to

interpolate between quantum effectiveness values.

Table 10
Wavelength Normalized
(nm) quarrtum
effectiveness
290 184.38
291 170.28
292 156.17
293 142.07
294 127.96
295 113.85
296 99.75
297 85.64
298 71.53
299 57.43
300 43.32
301 29.21
302 15.11
303 1
304 0.923076923
305 0.846153846
306 0.769230769
307 0.692307692
308 0.615384615
309 0.538461538
310 0.461538462
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The shoot dry weight measurements were made at end of the 7 day irradiation treatment, and prior to
the subsequent part of the plants’ life in the outdoor envircnment. Wavelengths from 290-354 nm
were used, and the preliminary results are shown in Figure 1. In this preliminary study, a wavelength
between 280-290 nm was not tested as the LEDs used had a lowest peak irradiation at 290 nm.
However, it can be seen from the curve in Figure 1 that an upwards trend towards 280 nm can be seen,

and could be reasonably expected.

In a similar study (results shown in Table 11 below), it is shown that even minor fluctuations outside the
claimed range of 280-310 nm UV-B wavelength can lead to substantial decrease in the Hardiness Index
at the seedling stage (from 3.76 to 2.79), and losses and/or lack of improvement in plant leaf area at
final harvest at 70 days (measured as % of non-treated control plants). Additionally, as per the
interpolated example described above, seedling-stage plant dry weight was substantially improved

within the desired treatment wavelength range.

Table 11
Seedling stage parameters [1 day after treatment] Final harvest [70 days
gstage p y after treatment]
Wavelength Hardiness Plant leaf area in
(nm) Shoot fresh  Leafarea  Specificleaf  Shoot dry Index at treated plants as % of
weight (g) (cm?) weight weight seedling non-treated control
stage plants
290 0.463 10.43 0.0053 0.055 3.76 106
319 0.375 10.52 0.0029 0.031 2.79 99

Aspects of the present invention have been described by way of example only and it should be
appreciated that modifications and additions may be made thereto without departing from the scope of

the appended claims.
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WHAT WE CLAIM IS:

A method of treating a plant seedling to improve long term hardiness and/or improve crop

yield and/or quality

characterised by the step of

exposing the plant seedling, prior to a subsequent growth phase, to specific wavelengths
in a single waveband, characterized in that the single waveband comprises

ultraviolet-B (UV-B) in a range of 280-310 nm.

The method as claimed in claim 1 wherein treatment of the plant seedling with UV-B

irradiation is performed indoors.

The method as claimed in claim 1 or claim 2, comprising exposing the plant seedling to UV-B

light for 2-15 days.

The method as claimed in any one of claims 1 to 3, comprising exposing the plant seedling

to cyclic exposure of UV-B light.

The method as claimed in any one of claims 1 to 4, comprising maintaining the temperature

at approximately between 12°C to 35°C during treatment.

The method as claimed in any one of claims 1 to 5, comprising exposure to a UV-B

wavelength in a range of 280-305 nm.

The method as claimed in any one of claims 1 to 6, comprising exposure to a peak UV-B

wavelength in a range of 280-290 nm.

The method as claimed in any one of claims 1 to 7, wherein the plant seedling is a fruit or

vegetable species.

The method as claimed in any one of claims 1 to 8, wherein the plant seedling is selected
from the group comprising green lettuce, red lettuce, tomato, cucumber, broccoli, herb

crops, and eggplant.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

A device to administer ultraviolet-B (UV-B) irradiation to a plant seedling,

characterised in that the device is configured to administer specific wavelengths in a
single waveband, characterized in that the single waveband comprises ultraviolet-B

(UV-B) in a range of 280-310 nm.

The device as claimed in claim 10, wherein the device includes a moving conveyor which

alters a relative position of at least one light emitter and a target area during treatment.

The device as claimed in claim 11, wherein the at least one light emitter is at least one light

emitting diode (LED).

The device as claimed in any one of claims 10 to 12, wherein the device is configured to also

administer at least one wavelength in a visible spectrum in a range of 400 to 800 nm.

The device as claimed in any one of claims 10 to 13, wherein the device is configured to

administer at least one wavelength in a blue visible spectrum in a range of 400 to 500 nm.

The device as claimed in any one of claims 10 to 13, wherein the device is configured to

administer at least one wavelength in a red visible spectrum in a range of 655-680 nm.

A method of improving at least one of long term hardiness, crop yield, and crop quality,

comprising:

a) exposing a plant seedling, prior to a subsequent growth phase using_specific
wavelengths in a single waveband, characterized in that the single waveband

comprises ultraviolet-B (UV-B) in a range of 280-310 nm; and

b) selecting a plant seedling for a subsequent growth phase.

The method as claimed in claim 16 wherein step b) comprises predicting or assessing at
least one of hardiness of the plant seedling, hardiness of a crop yield, and crop quality of the
plant seedling or plant in order to select for a plant seedling or related plant seedling

undergoing similar UV treatment which show promising beneficial traits.

A plant seedling subjected to the method of claim 16 or claim 17.
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19.

20.

21.

22.

23.

24.

25.

26.

A method of treating a plant seedling to improve at least one of long term hardiness and

crop yield, comprising

exposing the plant seedling to a supplemental light spectrum, said spectrum being enriched

for ultraviolet-B (UV-B) at a wavelength of 280-310 nm.

The method as claimed in claim 19, wherein treatment of the plant seedling with UV-B
irradiation is performed indoors, and wherein the plant seedling is transplanted to an

outdoor field subsequent to the treatment.

A method of improving at least one of long term hardiness, crop yield, and crop quality,

comprising

a) exposing a plant seedling, prior to a subsequent growth phase using light having a
wavelength distribution that is enriched for ultraviolet-B (UV-B) light with at least
one wavelength in a range of 280-310 nm, wherein UV-B irradiation is enriched as

compared to other wavelengths; and

b) selecting the plant seedling for a subsequent growth phase.

A crop subjected to the method as claimed in any one of claims 1 to 9, 19 or 20.

The crop of claim 22, wherein said crop has at least one of improved taste, size, shape,

color, texture, visual appearance, shelf life, and ability to handle post-harvest handling.

The method as claimed in any one of claims 1 to 9, 19 or 20, wherein UV-B is co-
administered using at least one of a wavelength of visible light in a range of 400 nm to 800
nm, a wavelength in a blue visible spectrum in a range of 400 nm to 500 nm, and a

wavelength in a red visible spectrum in a range of 655 nm to 680 nm.

The method as claimed in any one of claims 1 to 9, 19, 20 or 24, wherein said UV-B light is

administered alone.

The method as claimed in any one of claims 1 to 9, 19, 20, 24 or 25, wherein hardiness
comprises at least one of an improved resistance to stress caused by weather damage, an
improved resistance to stress caused by sun exposure, an improved resistance to stress

caused by disease, and an improved resistance to stress caused by insects.
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Figure 1
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