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ABSTRACT

Raman spectroscopy (RS) is a laser spectroscopic technique which works
by illuminating a sample causing polarizations of the bonds in the sample. The
polarizations result in inelastic scattering of photons called stokes scattering
which is presented in a characteristic Raman Spectrum showing the fingerprint
of the molecules within the sample. As Raman spectroscopy is a non-invasive
technique it can be applied to the agronomy industry in monitoring changes in
plant composition as the plant matures. The objective of this study was to
develop a method for monitoring plants in vivo using a handheld Raman
Spectrometer and Humulus lupulus plants. These plants contain alpha and beta
acids that are of interest in the alcohol brewing industry. The study conducted on
H. lupulus plants had three objectives: (1) to determine the effects of abiotic and
biotic stress on plant height, (2) the effects of stress on the internal environment
of the plants and (3) to determine whether the key molecules in H. lupulus (the
alpha and beta acids) can be detected. It was hypothesized that the plants
undergoing biotic stress will have a greater growth but it was found that abiotic
stress had greater growth rate, while biotic remained stagnant. It was also
hypothesized that the stress would deteriorate the internal environment of the
plant; the study supports the hypothesis. It was also hypothesized that the
Raman device can detect the acids within the plants, and the study suggests that
the peaks from the spectra correspond to the peaks characteristic of the acids of
interest. This technique demonstrates promise to become a novel technique to
monitor plants in vivo in field settings.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Raman spectroscopy (RS) is a non-destructive technique for
analyzing the molecular composition of samples. This technique does not require
destruction of the sample; measurements can be taken in-vivo. RS utilizes laser
light to illuminate a sample, causing rotational and vibrational excitations of the
molecules within that sample. The excited molecular rotational and vibrational
modes result in inelastic scattering of the photons. As figure 1 shows, inelastic
(Stokes) scattering occurs when energy released during de-excitation is not equal
to the incident energy (Colthup 2012). The difference between the inverse
wavelengths of the energy of de-excitation and the incident energy results in the
Raman shift (cm-1). The Raman shift indicates the type of excitation (the bond
type) (Lichtman and Conchello 2005).
.The mechanism by which a standard Raman system works is displayed in
the schematic diagram in figure 2. Essentially, the inelascitally scattered photons
(Stokes scattering) from the de-excitation of the bonds within the sample is
detected, amplified and presented as a Raman spectrum. Elastic scattered
photons, as well as photons outside the operating wavelength of the device is
filtered out using optical filters (in the case of the schematic in figure 2, a notch
filter), and thus is not present in the Raman spectra.

Energy
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Figure 1: Jablonski energy diagram showing stokes (inelastic) scattering. The incident
photon has higher energy(hvo) than the photon released (hv0-hvm) as the
molecule de-excites
excites (Lichtman and Conch
Conchello 2005).
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Figure 2: A schematic representation of the manner a Raman Spectrometer
detects the inelastically scattered photons to display a characteristic spectrum of
the composition of the sample (Murphy, Huang, Kamat 2011).
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The shift in the energy (the horizontal axis in the spectrum) indicates the
type of excitation (e.g. the bond type). The units for the horizontal axis are cm -1,
which is the inverse wavelength that identifies the bond. The intensity of each
peak (the vertical axis in the spectrum) can show the concentration of each type
of bond present in the molecules (Colthup 2012). A Raman spectrum produces a
characteristic fingerprint and a careful analysis of the spectrum can result in
identification and quantification of the type and concentration of molecules
present within the sample.
The Raman technique can be applied to the agronomy industry due to its
non-destructive properties. In-vivo analysis and monitoring of the biochemical
composition of a certain type of plant may aid in determining optimal harvest time
(ex: when the plant contains an optimal ratio of chemicals). Additionally, this
technique may also aid in detection of residual pesticides or chemicals on the
plant that may lead to health effects once ingested (Ozaki, 2008).
Current techniques for monitoring plant composition involve destructive
analyses such as high-performance liquid chromatography (HPLC) to quantify the
components (Smith and Vaughan 1976). Another common technique is Fouriertransform infrared spectroscopy (Dorado et al. 2001). This technique is like RS
but uses radiation in the infrared region which potentially runs the risk of heating
the sample causing damage to the internal environment (and as such changes to
the biochemical composition) of the plants. Even then it is unclear whether
analysis is done simply on a single plant in the batch or the entire batch itself
(Smith and Vaughan 1976). Hence, one of the problems identified within this
industry is the need for a non-destructive in-vivo technique to monitor both the

5

potential foreign contaminants on the plant and in the products and to monitor
how the internal environment of the plant changes over time.
The internal composition of the cell (the macro-nutrients and the micronutrients) are affected by the external environment. Stress from biotic variables
(such as parasites and pests) as well as abiotic variables (such as temperature
and length of exposure to light) affects the composition and growth of plants
(Altangerel et al, 2016). Figure 3 demonstrates stressed and unstressed spectra for
coleus (Plectranthus scutellarioides) plants wherein the measurements were
taken in-vivo. Two molecules within these plants (anthocyanins and carotenoids)
were monitored under four common abiotic stressors: high soil salinity, drought,
chilling exposure, and light saturation. The measurements for the plants under
stress were taken 48hrs post application of stress. Stress seemed to increase the
concentration of anthocyanins while decreasing the concentration of carotenoids.
Only saline and drought stressed did not have a large effect on the concentration
of carotenoids. As anthocyanins are produced in response to stress and
carotenoids are degraded to compounds that aid in intracellular response to
stress, this demonstrates that plant composition is affected by external stressors
(Altangerel et al,2016).
Abiotic stress and biotic stressors affect the biochemical pathways of the
cell which results in a physiological response causing reduced fitness and
productivity (Rejeb, et al, 2014). Once stress is recognized by plants, it leads to
the activation of a signaling cascade and accumulation of reactive oxygen
species (ROS), phytohormones such as abscisic acid (ABA), jasmonic acid (JA)
and salicylic (SA) acid. The accumulation of ROS and phytohormones reprogram
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Figure 3: Raman spectra showing the effects of abiotic stress on coleus plants.
plants
Unstressed
nstressed (green curves) and post stress (red curves) show that anthocyanin
concentration increases after st
stress
ress while carotenoid concentration decreases
after stress (Altangerel
Altangerel et al,2016)
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the genes of the plant to prolong survival. Abiotic stresses have an impact
on growth, and result in large losses in crops. Biotic stress may alter the
composition of the plant as they feed upon the plant content but may aid in
increasing the growth and flowering process of the plant so that the plant may
fulfill its reproductive potential. The fitness of the plant depends upon surviving to
mature reproductive stage, and producing seeds (flowers/ cones) to pass on its
genes (Rejeb, et al 2014).
Humulus lupulus (H. lupulus) can benefit from being monitored in-vivo
through Raman Spectroscopy. H. lupulus, a close relative of cannabis, used in
the alcohol brewing industry (Keukeleire, 2000). It is of interest to the agronomy
industry to characterize optimal growing conditions and to monitor the
composition of the plants as they progress through their growing cycle (Ross
2010). H. lupulus plants are perennial, dioecious plants which typically grow
during the summer and flower in the fall. The female variety of the plants produce
a flower called the “hop cone” which contains a combination of alpha and beta
acids, as well as essential oils and flavonoids (figure 4) (Killeen, et al, 2014).
These compounds are used to flavor beer due to their aromatic, and bittering
properties. During the brewing process, the alpha acids are isomerized when
boiled. Boiling isomerizes alpha acids to iso-alpha acids which bitters the brew,
while the beta acids are insoluble during the boiling (Keukeleire, 2000). Here lies
the difference between alpha and beta acids (as shown in figure 4), beta acids
are less soluble as they contain one less -OH attached to the alpha carbon (the
primary carbon attached to the functional chains) (Killeen, et al 2014). Beta acids
do not dissolve into the beer during the brewing process and as such provide
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Figure 4: A cluster of molecules found in hop cones of H. lumulus plants that give rise to
the aromatic and bitt
bittering
ering properties of the plants in beer brewing (Killeen,
et al, 2014)
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only the aromatic properties until exposed to air. When exposed to air, the beer
becomes oxidized. Whereas oxidation of the iso-alpha acids degrades the
molecules leading to a degradation in the taste of the beer (loses its bitter taste),
the beta acids when oxidize produce bittering effect (Keukeleire, 2000). Thus, it is
important to select a plant that produces an optimal ratio of the alpha and beta
acids to keep the taste of the beer constant. Raman spectrum of the two main
acids of interest in hops is displayed in figure 5 (Killeen, et al 2014). It should be
noted that these spectra were obtained for pure extract chemical samples. These
molecules can be found in glands on the underside of the leaves as well as in the
hop cones produced when the plants flower (Keukeleire, et al, 2003). The
composition of the leaves may be an indication on what the composition of the
cones will be once the plant flowers.
Hops (and the plants themselves) produce alpha and beta acids as their
micro-nutrients while cellulose and lignin are found in abundance. Cellulose and
lignin are two of the most abundant natural polymers in the world, creating the
structure of all plant cells. A Raman spectrum of plant cellulose and lignin is
displayed in figure 6, with the key peaks identified. Cellulose and lignin are large
carbohydrates composing the cell walls; they should be present in large
quantities and easily detectable by Raman spectra. The concentration of these
two carbohydrates indicate the health of the plant. If there is a low concentration
of the macro-nutrients, it signals that the plant cell walls are deteriorating, while a
high concentration indicates the stability of the cell walls (Agarwal, 2006).
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Figure 5: Raman spectral profiles showing the peaks characterizing the acids of
interest found in H. lupulus (Killeen, et al 2014).
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Figure 6:.. A Raman spectrum showing the characteristic peaks for lig
lignin
nin and cellulose
found in plant cell walls (Agarwal, 2006).
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The purpose of this study was to develop novel methodology to monitor
plants in vivo by monitoring the effects of abiotic and biotic stress on H. lupulus
plants using handheld RS. The three primary objectives of this study were: (1) to
determine the effects of stress on the growth of plants, (2) to determine the
effects of stress on the internal composition of the plants using RS, (3) to
determine whether the micro-molecules of interest (the alpha and beta acids)
produced by the plants can be detected using the handheld Raman
spectrometer. It was hypothesized that plants undergoing only biotic stress will
display a greater growth, but a lower concentration of internal biomolecules while
the plants under abiotic stress will display a stunted growth but a greater
concentration of biomolecules. It was also hypothesized that the molecules of
interest (the alpha and beta acids) can be detected using Raman spectroscopy.
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Chapter 2
METHODOLOGY

2.1 Raman System and Laser Safety Protocol:
The NanoRam Mini by BWTech was the handheld Raman Spectrometer
used for this study. The device contains a laser operating at a near infrared
wavelength of 785 nm. The device has a maximum output power of 495 mW, with
the maximum operating output being 300 mW. The power was set to to 90%
(default) which is 270 mW. The laser has the ability to penetrate up to 4 mm. To
prevent damage to eyes and the operator of the device, safety protocols must be
put in place. Laser safety goggles with an optical density of 5+ specifically
including the 785 nm range must be worn while operating the laser (or being in
the same room as the operating laser). The optical density is the measure of the
attenuation of energy being passed through the filter. Furthermore, a black beam
block tray was used to prevent the laser from affecting the surroundings. When
the device is not in use, it must be capped for safety.

2.2 Raman Device Characterization:
2.2.1. Characterization of Device using Acetaminophen: The purpose of this
study is to characterize the device using Acetaminophen samples to demonstrate
the validity of the results produced by the device. A standard Raman spectrum
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was preprogrammed into the library of the device; if the sample spectra taken
produced a match to the library spectrum, then the results produced can be
validated.
LifeBrand Arthritis Acetaminophen tablets containing 600 mg of
acetaminophen were used for this study. Three measurements were taken from
the tablets (three trials conducted). The first trial used the point-and-shoot
adaptor with the device held to the surface of the tablet. The tablet was placed
inside a sample holder for trials two and three. The hit quality index (HQI)
displayed the correlation between sample spectrum and library spectrum. The
HQI is programmed into the device by BWTech and calculated using a least
squared dot product of mean centered unknown spectra and library spectra.
2.2.2 Method Development using Chinook Hops: Two H. Lumulus plants of the
Chinook variety supplied by Agriculture Canada were used to characterize the
system. Measurements were taken from the leaves of the plants with the device
held underneath the leaves with lights on, and lights off. The purpose of this
study was to develop a protocol for optimal measurements of the H. lupulus
plants in the study.

2.3 Humulus Lupulus under Stress:
2.3.1 H. Lupulus Growth Protocol: The species of H. lupulus used for this study
were three years old H. lupulus of the Columbus variety due to large cone size,
moderate yield of hops, and a vigorous growth rate. Twelve (12) plants were
ordered from Dornoch Hops, Ottawa. The plants were shipped from Dornoch
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Hops on January 29th, at this point they were out of the dormancy stage and
displayed primary shoots known as “bull shoots” which were cut back by Dornoch
Hops prior to shipment.
The plants arrived on campus on February 2nd and were acclimated in the
greenhouse for five (5) days. The greenhouse conditions were twelve (12) hours
of light and twelve (12) hours of darkness (12/12), with the temperature set to 24
degrees Celsius. After 5 days in the greenhouse, the plants were placed into two
growth chambers; each chamber had six (6) plants. Once they were moved to the
chambers, two growth protocols to stimulate abiotic stress were initiated.
The first growth protocol kept the plants on a light cycle of 16 hours of light
and 8 hours of dark (16/8). The extended exposure to light stimulated abiotic
stress for plants (abiotic stress chamber). The second growth protocol placed the
plants in 12 hours of light and 12 hours of darkness (12/12). As these conditions
were the same as the greenhouse conditions, this was not a stressor to the
plants and as such was the control group. The temperature for both protocols
was set to 32 degrees Celsius.
This chamber initially intended to be the control chamber was
spontaneously infected by spider on February 28 th (3 weeks after the plants were
placed in the chambers). The plant initially displaying signs of advanced infection
was treated with Safer’s soap insecticide and placed in isolation at 24 degrees
Celsius. The remaining 5 plants displayed signs of infection and were left
untreated to stimulate biotic stress.
To accelerate growth, excess nitrogen was added to the soil as fertilizer to
provide enough nutrients for the plants. Magic Grow fertilizer was initially used. It
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contains 20 Phosphorous, 20 Nitrogen, 20 Sulfur. Two tablespoons of this
mixture were mixed into four liters of water and was evenly distributed amongst
the 12 plants every Sunday. The fertilizer was changed after two weeks to
Miracle Grow with 24 phosphorus, 16 Nitrogen, and 8 Sulfur to optimize the
macronutrient uptake for the plants, consequently optimizing growth.
Abiotic and biotic stressors were both removed on March 17 th. Abiotic
stress was removed by changing light conditions being to 12/12, biotic stress was
removed by treating all plants using Safer’s soap insecticide. Removal of stress
was to allow plants to recover and determine the change in growing patterns
during this recovery period. The temperatures for both chambers were also
changed to 24 degrees Celsius during daylight hours, and 18 degrees Celsius
during night hours to stimulate fall conditions to entice flowering.
2.3.2 Effect of Stress on Plant Height: Each plant was measured using a tape
measuring device to monitor growth and development. Measurements were
taken every second day. Figure 7 displays the manner plant height
measurements were taken from the base of the pot (figure 7). The plants were
randomly shuffled in position (inter-chamber) to reduce possible symmetric error
due to position specific biases.
2.3.3 Raman Spectroscopy and the Internal Composition of Plants: Twelve (12)
H. lupulus plants under biotic and abiotic stress were monitored in vivo for a
period of one month. Raman spectroscopy measurements were taken every
second day-- from March 7th- March 25th-- for a total of ten points of data. One
objective of taking the Raman measurements was to monitor the changes in the
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internal environment (biomolecular composition) over time because of the
external stressors. The other objective of this study was to determine whether the
Raman spectra collected could detect the micro-molecules of interest produced
by the plants (the alpha and beta acids).
The device was simply held against the underside of the leaves of the
plant (figure 8), with the lights on. The point-and-shoot adaptor was used for this
experiment. As the underside of the leaves was held against the surface of the
point-and-shoot adaptor, the focal distance remained constant. The device
orientation differed based on the location (and height) of the tagged leaves. If the
plant height permitted, then the device was held vertically upright and steady and
placed underneath the leaf. If the leaf and plant height was too short or small to
allow the device to be placed vertically under, the device was held horizontally. In
the case where the device was elevated and horizontal, measurements were still
taken from the underside of the leaves by moving the leaves to the side and
allowing the underside to be accessible.
Three leaves from each plant were tagged (via a mark using permanent marker
on the stem) and measured using the Handheld Raman Spectrometer. Three
consecutive measurements were taken from each leaf/ plant (total 9 spectra
collected/ plant during each day of collection). The three measurements for each
leaf were averaged to represent the leaf. The results for the three leaves were
then averaged to represent the plant (n=12).
To determine change in composition over time, the most prominent peak
(1500-1580 cm-1) was integrated using excel. 20 counts of data were summed to
calculate the integrated peak intensity.
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Figure 7: Representation of how plant growth was measured from bottom of plant pot to
the tip of the tallest shoot.
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Figure 8: Representation of how Raman spectra were collected from the plant leaves.
The device was held on the underside of the plant leaf, with the lights on.
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2.4 Raman Data Correction and Analysis:
The Raman spectra were corrected for background using MatLab’s curve
fitting tool. A 5th degree polynomial with robust bisquare weights was used to
smooth baseline (Shen, 2016). The curve fitting tool generated a unique
polynomial for each data set. The polynomial was then subtracted from the
spectrum, with the residuals producing the corrected spectrum for the plant.
Figure 9 displays an example of how this technique is applied: a raw Raman
spectrum is shown in blue, while the polynomial fit is shown in orange prior to
subtraction.
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Figure 9: The method for baseline correction of Raman spectrum is shown with a raw
sample Raman spectrum in blue with the 5th order polynomial with the robust
robu
bisquare fit applied, prior to subtraction.

22

CHAPTER 3
RESULTS

3.1: Raman Device Characterization
3.1.1 Characterization of Device by Acetaminophen: The purpose of this study
was to ensure the data produced by the device is valid by comparing sample
acetaminophen data to preprogrammed reference spectrum.
Three trials were performed and all three produced spectra that matched
the reference spectrum of acetaminophen. Figure 10 illustrates the reference
spectra and the sample spectra for trial 1 displaying the similarities between the
sample and library spectra that resulted in a match. All three trials produced a hit
quality index (HQI) of above 80 which ensured they were all a clear match to the
reference spectrum of acetaminophen (the device did not match the samples to
any other chemical). The first trial produced an HQI of 85 while trials 2 and 3
produced an HQI of 98.
3.1.2 Characterization using Chinook Hops: The purpose of this study was to
develop a protocol for optimal measurements of H. lupulus plants. From the
characterization of the Chinook variety plants, it was found that there were no
large differences in spectra for the plants due to lighting (figure 11). The two
spectra show peaks that are similar in shape, size, and location with

Arbitrary Intensity Counts
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Figure 10 Comparison
ison of an Acetaminophen spectr
spectrum (blue) collected by the device
from a tablet sample to a reference literature spectrum (red) of Acetaminophen.
The match in peak locations between the spectra validates the results produced
bythe device,
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Figure 11: Comparison of Raman spectra taken from Chinook hops with the room
(ambient) light on (red) and off (blue). The similarities in peak location and shape
show that spectra collected by the device is not affected by ambient light.
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negligible differences, thus showing that the lights do not affect the collection of
data.

3.2 The effects of stress on H. Lupulus
3.2.1 Effect of Experimental Stressors on H. Lupulus Growth The purpose of this
study was to determine how the abiotic stress (16 hours of light exposure, 8
hours of darkness), and the biotic stress (spider mite infection) affected the
growth of the H. lupulus plants. Measurements were taken every second day for
a total of 20 points of data (February 14-March 25), the stressors were removed
after measurements taken on day 17.
Figure 12 shows the growth of the 6 plants under abiotic stress over the 20
measurement days. Abiotic stressed plants displayed slow growth while being
stressed, but rigorous growth following removal of abiotic stress after day 17.
Figure 13 shows the change in height for the 6 plants under biotic stress. The
plants under biotic stress displayed stunted growth under stress and displayed
limited growth following treatment of stress. The vertical line on both figures
indicates the point in time when the stressors were removed.
3.2.2 Triad Leaf Measurements using Raman Spectroscopy: Three consecutive
measurements were taken from each of the three leaves within the plant with the
intention of averaging the three to provide a spectrum for each leaf. It was also
the intention to subsequently average the three spectra of the three leaves to
produce one spectrum per plant.
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Figure 12: Effects of abiotic stress on H. lupulus plant height over the course of 20
measurement days. The stress was removed on day 17 (as indicated by the blue
vertical line).
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Figure 13: : Effects of biotic stress on H. lupulus plant height over the course of 20
measurement
asurement days. The day of stress was removal is indicated by the veritical
blue line: stress was removed on measurement day 9 for plant 1, and day 17 for
the remaining five plants
.
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Three consecutive Raman measurements, at one location, for one leaf from the
first day of Raman measurements on an abiotic stressed plant is presented in
figure 14. There were variations in size, shape and absence of peaks noted
between the three consecutive measurements from one location on one leaf. Due
to these variations, the three measurements cannot be averaged and it is
assumed that only the first measurement/ leaf is a true representation of the
internal composition of the leaf. However, the spectra demonstrates a prominent
common peak at 1530.
3.2.3 Effect of Stressors on the internal composition of the plants:

Four days of

data are presented: initial, day 3 (day prior to biotic stress application), day 7 (day
of stress removal) and day 10 (end of study). The peak followed over time was
the most prominent common peak located at 1530. The integrated peak intensity
of this peak is taken by integrating the curve from 1500-1580 cm -1. Day 10 data is
missing for plants under biotic stress as these plants were dead at this time.
The integrated peak intensities for all 12 plants monitored in the study is
displayed in figure 15. The figure shows that there was an increase in integrated
peak intensity from day 1 to 3 for abiotic plants under abiotic stress but
decreased from day 3 to day 7 and seemed to recover from day 7 to 10. The
figure also shows that the integrated peak intensity decreased steadily for plants
under biotic stress. Figure 15, however, does not demonstrate a clear trend for
the plant in isolation. A comparison between a biotic stress plant and an abiotic
stress plant shows that the intensities decreased over time for both plants (figure
16).
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3.2.4

Detection of Acids within H. Lupulus: The third objective of this study was

to determine whether the peaks found in the spectra produced by H. lupulus
corresponded to the acids of interest within the plants.
The Raman spectra from the plants displayed peaks that correspond in
location to the peaks found in spectra for cellulose, lignin and the acids of
interest. Comparison of a sample spectrum obtained from abiotic stress plant 1 to
the compounds of interest and to cellulose leads to inferring that the cluster of
peaks at 1600-1650 cm-1 corresponds to cellulose, and the peaks at 1300-1400
cm-1, 1500-1580 cm-1 correspond to the acids (figure 17). The peak cluster at
1100-1200 cm-1 may correspond to both acids and cellulose but may also be
noise.
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Figure 14: Raman spectrra of three consecutive measurements from one
e location on one
leaf from a H. lupu
ulus plant. The Raman spectra are not identica
al, showing
variation in peak shape
shape, and location.
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Figure 15: Effect of stresss on the internal composition of the plants Integrated peak
intensity for the 1500
1500-1580 cm-1 peak followed over time for Chamber 1 (abiotic
stress), Chamber 2 (biotic stress) and the plant in isolation (biotic stress plant 1)
is displayed. The trends in intensities are also shown via the trendlines.
trendli
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Figure 16: Plants 4 from abiotic (chamber 1) and biotic (chamber 2) chambers
demonstrating that some plants did not recover following removal of stress (after
measurement day 7 when stress was removed)
removed).
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Figure 17: Raman spectrrum for one leaf from H. lupulus plant demonstra
ating the
prominent peaks found w
within the sample which corresponds in location to characteristic
peaks for molecules of interest.
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CHAPTER 4
DISCUSSION
4.1 Raman Characterization:
4.1.1: Characterization of Device by Acetaminophen: Acetaminophen tablets
were used to characterize the Raman device and ensure the results produced by
the device are valid. Three trials were conducted all three trials produced a match
for the reference spectrum of acetaminophen with a HQI of above 80. The match
between sample spectra and reference spectrum signifies that the device is
standardized and the results produced by this device are valid.
Despite all trials producing a match, Trial 1 produced a lower HQI (or a
lower correlation coefficient) when compared to trials 2 and 3. During trial 1, the
device was held vertically downwards to the surface of the tablet whereas during
trials 2 and 3 the device was steady horizontally. Perhaps the reason for the trial
1 spectrum having a lower HQI and thus a lower accuracy is due to the
orientation of the device suggesting that this device is sensitive to unit motion. A
further study investigating the sensitivity of the unity to motion would include
investigating whether different orientations of the device affects the HQI
4.1.2 Chinook Hops and Protocol Development: The purpose of characterizing
the system with Chinook hops was to develop a protocol on the optimal technique
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for gathering data for H. lupulus plants. There were no pronounced differences
between the spectra collected with lights on and lights off.
The reason for there being no real difference between lights on and lights
off may revolve around the fact that this device operates in the near infrared
region. Operating in the near infrared region means the device is due to the use
of optical filters in the device which only allows for detection of infrared photons
(excluding photons from visible light).

4.2 Effect of Stress on H. Lupulus and Detection of Compounds
4.2.1 Effect of Abiotic and Biotic Stress on Plant Height and Composition: The
purpose of the leaf measurements was to ensure reproducibility as well as to
gather a true reading of the leaf. However, as consecutive measurements
displayed variation in peak size, shape, and location, triad measurements may
have been affecting the internal composition.
As the study progressed, the leaves tagged for the study (which were
stressed from the external environment) deteriorated noticeably over time. While
this may have happened from the experimental stress alone, the high laser power
of 270 mW could have contributed in acceleration the decline in health for the
leaves. The heat from the laser may have acted as physiological heat stress and
accelerated the dehydration of the plants, leading to a shriveling up and
deterioration of the glands, proteins and biomolecules. Heat stress typically
initiates the heat shock response in which heat shock proteins are produced and
act as molecular chaperones. These molecular chaperones aid in refolding
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denatured proteins and protecting cellular machinery to allow the plants to
acclimatize to the stress. However, if the laser had acted as a source of heat
stress, repeated exposure at varying integration times (as the integration time of
the device was automatic and varied from trial to trial) may not have allowed for a
recovery from localized heat stress. The laser heat may have affected the internal
composition as evident by the variation between the three consecutive
measurements at one location on one leaf.
There was smoke and a burning smell emitted from the leaves of both
abiotic stressed and biotic stressed plants during Raman measurement
collection, from day 2 onwards. For the biotically stressed plants, the spectra
gathered did not display any peaks which may signify a lack of molecules due to
the leaves deteriorating. This may also explain why some plants in the abiotic
stress chamber did not recover following the removal of the stress. It should be
emphasized that only three leaves were tagged and followed and if these leaves
did not recover in health or died then the data for that plant shows a decrease in
the integrated peak intensity, or absence of peaks or stagnated growth. However,
new shoots forming and new healthy leaves forming both during stress and after
removal of stress were not monitored using Raman spectroscopy. Perhaps if
leaves were arbitrarily measured, it would have reduced the risk of damage, and
produced a more accurate data set for the plants.
The laser could have affected the height as well because Raman
measurements and growth height measurements were being taken
simultaneously during the month of March. By day 7, the biotic stress plants were
physically dead (except for the plant that was isolated) and as such did not
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recover in height following the treatment of spider mites. For the height to
recover, new shoots needed to sprout and grow, and although shoots may have
been growing, only the tallest shoot was measured. In contrast, the abiotic
stressed plants still had shoots present which were alive thus could grow and
recover in height after the stress was removed. Perhaps a more accurate
protocol should have been adopted in which plant height was measured to the tip
of the tallest alive shoot.
If time had permitted, the laser power should have been investigated prior
to application on H. Lupulus plants. A further study looking at how reducing the
laser power will affect the spectra collected would be essential in developing the
handheld Raman spectroscopic technique. If a lower laser power still produced
spectra containing Raman peaks then that power may allow for a reduction in
sample damage as well as allow for multiple consecutive measurements to
enhance precision and accuracy. The Raman technique is inherently nondestructive in the sense that it does not require a destruction of the sample.
However, a study on laser power may develop the Raman technique to be nondestructive by ensuring that potential damage to sample is minimum. Lower laser
power would remove the laser from being a confounding stressor, while
establishing the spectra produced as being a true representation of the internal
environment and composition of the plants. Further studies on optimizing laser
power can develop the technique into being applicable in the field.
The temperature may have been a confounding physiological stressor as
well. The growth chamber temperature of 32 degrees Celsius, as suggested by
the company providing the plants, is quite high. Although exposure to this high
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temperature (as evident from the abiotic stress height, and initial biotic stress
height) enabled the plants to grow quicker and break out of the dormancy stage,
the temperature should have been reduced after the first week. Excess exposure
to the high temperature (temperature was 32 degrees 24 hours for the plants
regardless of light cycle) may have may have acted as heat stress and aided in
accelerating dehydration of the plants.
The temperature was reduced the same day as the abiotic and biotic
stresses. Therefore, the recovery in plant growth for abiotic stress plants, as well
as renewed shoot growth for biotic stress plants may be a result of the removal of
this confounding heat stress rather than the removal of the stressors.
Another point for further study should revolve around the length of
exposure to stress. That is, applying the stress for a longer duration, as well as
taking the initial measurement prior to the application of the stressor to have a
control measurement. The growth measurements were both taken after the
plants were kept for five days in the greenhouse for storage. The plants were also
kept in the growth chamber for one month (February 7th – March 7th) to ensure
growth; until shoots and leaves were evident) prior to collection of Raman
measurements. As the Raman measurements were taken one month after stress
was applied and there are no measurements taken during that first month the
plant was under stress, the internal conditions during this period are unknown.
The measurements taken after the first month do not accurately represent how
the plants reacted to stress over time because data for a whole month of plants
developing under stress was not collected.
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If time had permitted, the plants should have been grown in the
greenhouses with height measurements taken for at least a month, and then
moved to stress chambers. The Raman measurements taken prior to application
of stress would have acted as control measurements, and Raman measurements
could have been taken from day 1 of stress application for a more complete
understanding of how the internal physiology of the plants changed in response
to external stressors. Additionally, the biotic stress would not have been applied,
and one chamber would have remained the control.
4.2.2 Detection of Molecules of Interest within H. Lupulus: There are peaks that
appear in the same location in the sample spectra as they do within the reference
spectrum for the macro and micro composition of the plants. Further study on
standardizing the Raman device with a destructive technique such as High
Performance Liquid Chromatography may result in calibration of the device to
quantitatively and conclusively state the molecules present within the device.
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CHAPTER 5
CONCLUSSION
The three primary objectives of this study were: (1) to determine how
abiotic and biotic stress affects plant growth (height), (2) how the external
environment affects the internal environment of the plants and (3) whether the
internal biomolecules of interest can be detected via Raman spectroscopy. As
this is a novel technique, the overall goal was to develop a method for monitoring
the growth and health of plants non- destructively in vivo.
The study suggests that abiotic and biotic stressors do affect the health
and composition of the plants as well as the plant growth. However, further
studies need to be performed to verify whether it was the confounding stressors
or the experimental stressors that are affecting the plant growth and
development. On the other hand, the study does demonstrate that the handheld
Raman spectrometer may be an effective tool for in-vivo monitoring of plants.
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