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Abstract:

A fast field-deployable method utilizing Raman spectroscopy to determine the optimal
harvest time of plants to extract the highest abundance of target metabolites is presented.
Rosmarinic acid is a metabolite extracted from spearmint (Mentha spicata L.). Leaves from
commercial ‘Native’ and proprietary clonal line ‘KI110’ spearmint were measured as a function of
cell type and age to determine rosmarinic acid abundance. A linear regression model with leave-
one-out cross-validation (R%cv = 0.61, RMSECV = 11.1 mg/g) was developed between selected
Raman peak areas and rosmarinic acid concentrations determined by high-performance liquid
chromatography (HPLC). A principal component analysis (PCA) model was also developed to
determine rosmarinic acid abundance. The method may be suited to the analysis of many

agriculturally-relevant plant species and metabolites with distinct Raman peaks.
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1. Introduction:

There is a need for rapid analysis methods to confirm the optimal plant harvest time in
order to extract metabolites found within the tissues. Primary and secondary plant metabolites
include amino acids, lipids, flavonoids, polyphenols, alkaloids, nitriles, and chlorophylls, to name
a few. Unlike harvesting fruits or a flowering plant, where a visual cue is easily observed and may
be suitable for determining the optimal harvest time, there is often no visual cue when harvesting
a vegetative plant, such as spearmint, for a target metabolic component, such as rosmarinic acid.
Typical methods to investigate the plant metabolite concentration include extraction from the
tissue followed by high-performance liquid chromatography (HPLC) quantification. Such an
analysis cannot be performed in the field, requires lengthy and labor-intensive liquid sample
preparation, and often requires abundant tissue (on the order of grams) for the analysis.
Metabolite expression and accumulation is dependent on many biotic and abiotic factors,
including temperature, humidity, soil type, and amount of sunlight.”? As a result, the best harvest
time also depends on many factors and is not necessarily predictable. Thus, an alternative rapid
analysis method to determine the plant metabolite concentration for optimal harvest time is

needed.

Raman spectroscopy could be an alternative technique to determine promptly when a
plant is ready to harvest in order to obtain the most extractable metabolite(s). As a non-destructive
analytical technique that provides information on molecular functional groups, Raman
spectroscopy can be used to differentiate many plant metabolites by characteristic vibrational
peaks.>* The sample preparation for Raman spectroscopy is usually minimal; analyses can often
be performed on whole leaves or other tissues. A spectrum can be acquired within seconds in
many cases and directly interpreted or screened with spectral libraries. Also, handheld
commercial Raman spectrometers can be carried directly to a greenhouse or field and used with

minimal training.®



Quantitation with Raman spectroscopy is possible because the intensity of the Raman
scattered light from the sample, I(v)g is proportional to the number of molecules producing the
scattered light, N.° In other words, I(v)y « N. Several research groups have demonstrated the
potential of using Raman spectroscopy and univariate calibration with a calibration curve for real-
time monitoring of lignocellulosic bioethanol production, including pretreatment, hydrolysis, and
fermentation steps.”'> However, the complexity of biomass and biomass-derived samples often
limits the utility of univariate calibration with these types of samples. Another direction for
quantitative analysis is to use Raman spectra along with data from another analysis method (such
as HPLC) to build regression models. In this way, each method’s instrument response can be
directly correlated to the metabolite concentration using regression-based analysis. Combined
with regression analysis, Raman spectroscopy has been used to determine the concentration of
plant metabolites.”'® Anastasaki and coworkers determined that Raman spectroscopy could be
a rapid screening tool for saffron (crocetin esters) quality." They used HPLC and UV/visible
spectrophotometry to measure concentrations of the crocetin esters and correlated those data
with Raman spectra of the same materials using partial least squares (PLS) regression. Raman
spectroscopy has been combined with chemometric techniques, such as principal component
analysis (PCA) and partial least squares discriminant analysis (PLS-DA), to establish
classification models in the field of agriculture and food science. These classifications include

rapid discrimination of plant variety, species and maturity, as well as food quality control.'6-2!

Rosmarinic acid, a polyphenol plant metabolite (Supplemental Figure 1), has many uses
in support of human health when taken as a nutritional supplement.?? It is most notably used as
an antioxidant,?® anti-inflammatory,?* anti-mutagen,® and an astringent.?® Rosmarinic acid is
commonly extracted from the Lamiaceae (i.e., mint or sage) and Boraginaceae plant families.?’
Sik et al. discussed various extraction methods for rosmarinic acid from multiple plants.?” There

is considerable variation in the amount of extractable rosmarinic acid in spearmint plants.?® For



example, plant maturity leads to an accumulation of rosmarinic acid. Rosmarinic acid is found
within the roots, stems, and leaves of plants that synthesize this metabolite.?? Leaves have the
highest concentration of rosmarinic acid, followed by the stems and then the roots.?° Leaves are

generally the most relevant source of rosmarinic acid in the commercial harvest of this metabolite.

In this work, data are presented showing that Raman spectroscopy is a rapid, non-invasive
technique to monitor rosmarinic acid abundance for the determination of optimal spearmint
harvest time. We focused on rosmarinic acid in ‘KI1103%3" and commercial ‘Native’ spearmint
plants. Raman data were analyzed with regression analysis, statistical analysis as well as
principal component analysis for the rapid and non-destructive determination of the rosmarinic

acid abundance in spearmint plants.

2. Materials and Methods:
2.1 Materials

Native and KI110 spearmint (Mentha spicata L.) plants were used in this study. The KI110
clonal line was developed to accumulate rosmarinic acid up to 100 mg/g on a dry weight basis,
whereas the commercial Native spearmint plant accumulates <20 mg/g in leaf tissue under field
conditions in early June.?' The plants were vegetatively propagated to produce multiple
genetically identical clones in 4-inch pots. These pots were grown at the Kemin Specialty Crop
Improvement Research Farm near Kelley, lowa, as well as inside Kemin’s greenhouses in Des
Moines, lowa. The plants were harvested at approximately three months of age from August to

October 2019 and were also provided in 4-inch pots for measurements.

Nine sets of pots were measured (labeled | to IX). Within each set, there were varying
numbers of pots that were measured (Supplemental Table 1). Sets | to IV consisted of the

following numbers of KI110 pots: 5, 7, 4, and 5, respectively. The remaining sets V to IX consisted



of the following numbers of Native spearmint pots 2, 3, 2, 7, and 7, respectively. Sets IV, VII, VIII,

and IX were grown in the greenhouse, and all other sets were grown in field plots.

2.2 High-Performance Liquid Chromatography (HPLC)

For HPLC analysis of each set of spearmint plants, the dried leaf mass of all pots from a
set was combined to extract the rosmarinic acid. The rosmarinic acid extraction process used a
KH2PO4 buffer:reagent alcohol (1:1 v/v) extraction solution. The reagent alcohol is 90% ethyl
alcohol denatured with 5% isopropanol and 5% methanol. An HPLC instrument (Agilent 1100)
with a Quad pump, an autosampler, a column thermostat maintained at 35 °C and a diode array
detector were used. A C18 column was used and the chromatographic mobile phase ramping
scheme is shown in Supplemental Table 2. All measurements were collected using a 5 L
injection volume and a flow rate of 1 mL/min.

A stock solution was made of 0.8652 mg/mL rosmarinic acid in acetonitrile. The solutions
with the following rosmarinic acid concentrations were then made by dilution with acetonitrile:
0.2163, 0.4326, 0.6589, 0.7354, and 0.8651 mg/mL. The calibration curve that was used to
determine the rosmarinic acid concentration was generated with the peak eluting at ~5 minutes.
Rosmarinic acid concentrations measured by HPLC on a dry weight basis (mg/g) are shown in

Table 1.

2.3 Raman Measurements

The Raman spectra were measured with an XploRA Plus Raman confocal upright
microscope (HORIBA Scientific, Edison, New Jersey) with a Synapse EMCCD camera. An
irradiance of 17 kW/cm? with a 785-nm solid-state laser was used. An Olympus objective (20x
magnification, 0.4 numerical aperture) was used to collect optical images and Raman data in the
epi-direction. Raman measurements were collected with a 600 grooves/millimeter (resolution +

10 cm™) grating with a 15s acquisition and 4 accumulations. The analyzed spectral range was



from 300 cm™ to 1800 cm™. A 300 ym monochromator slit and 100 um confocal pinhole were
used for data collection. White-light optical images for representative cell areas were collected
and analyzed with the imaging analysis software ImagedJ. The Raman instrument used in this
study required the leaves to be positioned flat. Leaves were cut from the plant and placed with
the adaxial leaf surface facing the air on a coverslip coated with double-sided tape to ensure it
laid flat, and were measured immediately.

Leaves were the sole focus of this study to mimic what is most important to the commercial
harvest of rosmarinic acid. In total, 633 leaves were measured and 3,756 Raman spectra were
collected for this study to capture a large amount of variance. For each pot, leaves of different
ages were measured: leaf 3 refers to the third leaf from the top of the stalk, leaf 4 is the fourth
from the top, and leaf 5 is fifth from the top. Leaves emerge from the top of the plant, so the age
is leaf 3 < leaf 4 < leaf 5. A total of 15 to 18 leaves were measured per pot. For each leaf, 2 to 3
spectra were collected from different locations on the leaf where epidermal cells were present to
represent a larger surface area of the leaf. Each spectrum was background subtracted®? and then
the 2 to 3 background-subtracted spectra were averaged for each leaf (i.e., the idea is that the
average of many locations represents a larger area). This procedure was repeated for areas of
the leaf where trichomes were present. For each leaf, this resulted in 1 Raman spectrum for the
epidermal cells and 1 Raman spectrum for the trichomes. Since the entire plant mass is harvested
at the same time, a final averaging step was then performed. The Raman spectra from 3 leaves
(of the same leaf age and cell type from the same spearmint plant) were averaged. Thus, the
3,756 Raman spectra were reduced to 422 representative spectra. Throughout the text, these are
referred to as representative Raman spectra; whereas the average Raman spectra refer to the 9
spectra for sets I-1X that are shown in Figure 1 and are averaged from all the spectra collected

for a given set).



The average Raman spectrum of a rosmarinic acid solution with 3 replicate measurements
was collected as a control (Figure 1A). The aqueous solution (10 mg/ml) was prepared from

rosmarinic acid powder (Sigma-Aldrich) and DI water.

2.4 Data and Statistical Analysis
2.4.1 Raman Peak Amplitude and Area

MATLAB 2019b (MathWorks, Natick, MA, USA) was used for all data analysis unless
otherwise noted. For all 422 representative Raman spectra, the 1600 cm™' peak, which is partially
assigned to rosmarinic acid, was fit with a Lorentzian function®® with a linear baseline to extract
the peak amplitude and peak area. Other Raman peaks were similarly fit to obtain the values
needed to calculate Raman peak area ratios. The peak amplitude of all fitted peaks was larger
than the limit of detection, which was determined by three times of the standard deviation of the
spectral region from 2000 to 2025 cm™, where no Raman peaks were present (i.e., where there

is spectral noise).

2.4.2 Linear Regression Analysis

For the linear regression analysis, the average 1600 cm™' Raman peak area from all
representative Raman spectra in a set was calculated. The linear regression model was built with
leave-one-out cross-validation with the nine Raman peak areas and the nine rosmarinic acid
concentrations determined by HPLC, which were averaged for all nine sets of plants. The model

was evaluated by R%cy and RMSECYV calculated with the following equations:

n 50\ 2
Regy = 1 Tha0i90?
eV Y, (vi-9)?

RMSECYV = \/@



where n represents the number of samples, y; represent the ith experimental rosmarinic acid
concentration determined by HPLC, ¥; represents the ith rosmarinic acid concentration predicted
by using the model obtained without using the ith sample during cross-validation, y represent the

average of the experimental rosmarinic acid concentrations.

2.4.3 Statistical Analysis

A statistically significant difference (i.e., p-value < 0.0001) among two data sets was
determined using the unpaired two-tailed t-test with equal or unequal variance (as determined by
the two tailed F-test). A statistically significant difference (i.e., p-value < 0.05) among more than
two data sets was determined with a one-way analysis of variance (ANOVA) using Microsoft
Excel. The confidence interval was 95% and the alpha (a) value was 0.05. Supplemental Table 3

lists p-values for all the statistical analyses.

2.4.4 Chemometric Analysis

All 422 representative Raman spectra were preprocessed by standard normal variate
transformation34-3® prior to the chemometric analysis. Principle component analysis (PCA) was
conducted for all preprocessed Raman spectra by the 'pca()’ function in MATLAB with a singular
value decomposition algorithm as the default. The Raman data were decomposed into two
orthogonal matrices, the score matrix and the loading matrix; these explain the variance in the

Raman data and were used to generate the score plot and PCA loading plots.

3. Results and Discussion:

3.1 Raman Spectra and Peak Assignments of Rosmarinic Acid in Spearmint Plants



The KI110 plants produce a higher concentration of rosmarinic acid and using both Native
and KI110 plants enabled a larger range of rosmarinic acid concentrations to be included in this
study. Average Raman spectra for each of the 9 sets of spearmint plants are displayed in Figure
1A. The peak assignments are shown in Supplemental Table 4. The primary difference between
the KI110 and Native plant spectra is the 1600 = 2 cm™ (n = 422) peak area. In the Raman
spectrum of a rosmarinic acid solution (Figure 1A), the most intense peak is at ~1600 cm™', which
is consistent with the value of 1597 cm™ reported in the literature.®® For rosmarinic acid solutions,
there is a linear increase in the 1600 cm™ peak area with increasing rosmarinic acid
concentrations (data not shown). It is assumed that the peak area difference measured for the
KI110 and Native plants reflects, in part, differences in rosmarinic acid concentration. In plant
tissues, the 1600 cm™ peak is often assigned to aromatic species, including the phenylpropanoid-
based lignin polymers.® Lignin is not typically prevalent in the cell wall of plant leaves (although
it is found in the stem), however, other aromatic species may be present. A variety of essential
oils are commonly found within spearmint. The most abundant essential oil in Native spearmint is
carvone,®” which has a Raman peak at 1623 cm™ that is assigned to the ring C=C stretching
vibrations.® The percentage of carvone relative to all extracted essential oils in Native spearmint
grown in India and lllinois were 46.9-76.6% and 70.9%,*° respectively. The cultivars used within

the current study were bred to have minimal carvone (data not shown).
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Figure 1. (A) Average Raman spectra of KI110 sets (red), Native sets (brown), and an aqueous
solution of rosmarinic acid (blue). The number of spectra that were averaged for each set is listed
in Supplemental Table 1. The Raman peak at 1600 cm™ is assigned, in part, to rosmarinic acid.
The spectra have been offset and background subtracted for clarity. (B) Representative optical
images of epidermal cells and a trichome (also showing some epidermal cells) on an adaxial leaf
surface where Raman measurements were collected. The spectra shown in panel A were

averages of both epidermal cells and trichomes.

3.2 Correlation of the 1600 cm™ Peak Area to Rosmarinic Acid Abundance

It is common to measure ratios of Raman peak areas when differences in the signal
intensity may be caused by differences in sample thickness or surface roughness; this may be
the case with leaves. The peak area representing a component with varying abundance and a
peak area representing a non-varying component are ratioed. Several Raman peak area ratios

were analyzed to check their correlation with a simple linear regression to the rosmarinic acid



concentration measured with HPLC; the 1600 cm™ peak areas were also used in a regression
analysis. Table 1 shows the ratios for the 1600 cm™ peak area relative to the 740, 1000, and 1521
cm™ peak area. The 740 and 1521 cm™ peaks were primarily assigned to chlorophyll*' and
carotenoids,?® respectively. The 1000 cm™' peak was assigned to both cellulose and carotenoids.*
42 The 1600 cm™' Raman peak areas showed the best correlation to rosmarinic acid concentration
with an R? value of 0.71; thus the 1600 cm™' Raman peak areas were used for all further analyses.
A linear regression model between the 1600 cm™ Raman peak areas and HPLC concentrations
for all nine sets of data was established. The R?%cy value was 0.61 and RMSECV was 11.1 mg/g

for leave-one-out cross-validation.

While the regression coefficient may seem low, it is important to consider the many
differences between the Raman measurement and the HPLC measurement. Raman
spectroscopy reflects the abundance of rosmarinic acid within the leaf, which is not necessarily
the amount of rosmarinic acid available for extraction. Extraction is rarely 100% efficient. In
addition, the Raman analysis likely measures only the rosmarinic acid near the adaxial surface
since absorption and scattering limit the light penetration through the leaf. While the HPLC
analysis directly measures the extracted rosmarinic acid, it is time and cost consuming to perform.
Compared with hours to days to obtain HPLC data, it only takes minutes to complete the Raman

analysis and this may facilitate large-scale daily or weekly measurements of many plants.



Table 1. Raman peak area ratios, 1600 cm™' peak areas, and HPLC-measured rosmarinic acid

concentrations.
(1600 cm™ /740 | (1600 cm*1/1000 | (1600 cm /1521 . IHLE RESMETE
cm™) peak area | cm'') peak area | cm') peak area | 1600 °:1 Ran:an conc:(rzllt‘:ation
ratios? ratios? ratios? RESKEIES (mglg)®
Avg. £ Std. Avg. £ Std. Avg. £ Std. e foftd' Avg. £ Std.
KI110 Set
| 20+ 20 3020 3+2 22+9 456 £ 0.6
I 20 £ 20 40 £ 20 3+2 21+9 50 £1
1} 25+ 3 47+ 8 3.7+£0.8 21+8 41.0+£0.2
v 103 28+9 1.6+0.6 187 47 £1
Native Set
\" 2010 3020 212 17 +9 6.8+0.8
Vi 106 20+ 20 14+0.8 12+5 6.1+0.6
Vil 5+3 17 +£8 1.1+£0.8 12+8 13.1+£0.2
Vil 63 189 1.0+£0.6 12+7 125+0.6
IX 64 20+ 10 1.3+£0.9 12+8 15.8+0.6
R2¢ 0.42 0.57 0.47 0.71 --
2 Averages from all representative spectra for all plants within sets I, Il, lll, etc., including epidermal cells

and trichomes.

b On a dry weight basis. The sample mass from all pots within each set was collected and divided into
three equal parts for HPLC measurements. Average value from three replicate measurements.

°R? js from the linear correlation between the peak area ratios or peak areas and the mean rosmarinic
acid concentration measured by HPLC. (The correlation analysis was performed on the values prior to
rounding to the correct number of significant figures).

3.3 Rosmarinic Acid Abundance: Cellular Structure and Leaf Age

The statistical analyses of the 1600 cm™ Raman peak areas for all 422 spectra were
further evaluated to determine if differences in the plant type, cellular structure or leaf age affect
rosmarinic acid abundance. Figure 2A shows the distribution of 1600 cm™' Raman peak areas for
leaves from KI110 and Native plants. The p-value using the t-test is smaller than 0.0001, which

indicates a significant difference of the peak areas between the two types of plants.

There were two relevant structures within the spearmint adaxial leaf surface, epidermal
cells and trichomes. Optical images of representative epidermal cells and a trichome are
displayed in Figure 1B. Figure 2B shows the plot of the 1600 cm™ peak area for KI110 and Native

trichomes and epidermal cells. As expected, the peak areas of either the epidermal cells or



trichomes of the KI110 plants were statistically larger than the Native plants, with the p-value less
than 0.0001. The peak areas for the trichomes were larger than for the epidermal cells for both
types of plants, with the p-values less than 0.0001. These data indicate that rosmarinic acid
abundance varies within the cellular structures of the leaves. In order of rosmarinic acid
abundance: KI110 trichomes > Native trichomes > KI110 epidermal cells > Native epidermal cells.
This conclusion is very useful: spatially-dependent physiological information about rosmarinic
acid in spearmint leaves has been gained using Raman spectroscopy. In order to limit the
influence of different cellular structures on the analysis, a large sample area should be measured
when comparing different plant populations. The measured area is controlled by the size of the
laser spot, or as used in this study, by averaging the spectra from many locations across the leaf.
Finally, the distribution of metabolites among different cellular structures must always be
considered when applying a spectroscopy technique to plant samples since the observation of
different cellular structures may lead to different conclusions. Thus we considered the influence

of cellular structures on all additional analyses.
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Figure 2. (A) Box and whisker plot of the rosmarinic acid abundance determined from the 1600
cm™ peak area within KI110 and Native plants. (B) Box and whisker plot of the rosmarinic acid
abundance determined from the 1600 cm™ peak area for the epidermal cells and trichomes of

KI110 and Native plants. A p-value < 0.0001 was represented with ++++ in both plots.

The statistical analysis of rosmarinic acid abundance within leaves of different ages was
explored to see if there was variation between younger and older leaves. There were hundreds
of leaves on each spearmint plant. New leaves emerge from the top of the seedling, and the
leaves farther down the stem are older. In this study, the leaves were counted from the top of the
plant, as the older leaves can be the first to die and may not be consistent from plant to plant.
Leaf 3 was the third leaf from the top of the plant stalk, and so on for leaf 4 and 5. Figure 3 shows
the plot of the 1600 cm™' Raman peak areas for leaves 3, 4, and 5 from KI110 and Native plants.
One-way ANOVA was performed for rosmarinic acid abundance within leaves of different ages
for epidermal cells in KI110 plants (Figure 3A), trichomes in KI110 plants (Figure 3B), epidermal

cells in Native plants (Figure 3C), and trichomes in Native plants (Figure 3D). There were no



statistical differences in the 1600 cm™ Raman peak areas for leaves with different ages within
each plant and cell type, which indicates that any of the leaves (leaf 3, 4 or 5) may be measured

without changing the results of the analysis.

A KI110 Epidermal Cells B KI110 Trichomes C Native Epidermal Cells D Native Trichomes

|
if%** -

0.0

1600cm' Raman Peak Area

Leaf 3 Leaf4 Leaf5 Leaf3 Leaf4 Leaf5 Leaf3 Leaf4 Leaf5 Leaf3 Leaf4 Leaf5

Figure 3. Box and whisker plot of the rosmarinic acid abundance determined from the 1600 cm-*
peak area within leaves of different ages in: (A) KI110 epidermal cells, (B) KI110 trichomes, (C)
Native epidermal cells, and (D) Native trichomes. No statistically significant differences were
measured with leaves of different ages; the p-values obtained from one-way ANOVA are shown

in Supplemental Table 4.

3.4 Rosmarinic Acid Abundance Determined from Raman Spectra with Principal Component

Analysis (PCA)

The aforementioned regression analysis required fitting the Raman peak area, which is
suitable for some purposes but may not be suitable for rapid screening of a large number of plants.
Thus, a chemometric model that required minimal spectral processing was developed to

differentiate plants by rosmarinic acid abundance.



Principle component analysis (PCA) was pursued because it is a simple model that is
useful for dimensionality reduction. As shown in Figure 4A, the percentage of variance in the
Raman data that is explained in principal component (PC) 1, PC2, and PC3 is 77.89%, 9.42%,
and 5.43%, respectively. The majority of the variance in PC1 is in the spectral region around 1600
cm™ as shown in the PCA loadings in Figure 4B, suggesting that PC1 may be suitable for
determining relative rosmarinic acid abundance. As expected, PC1 does order the spectra based
on the rosmarinic acid abundance measured by the 1600 cm™' peak area (i.e., the average PC1
for KI110 trichomes > PC1 for Native trichomes > PC1 for KI110 epidermal cells > PC1 for Native
epidermal cells, Figure 4C). Of course there is considerable spread in the PC1 value for a given
plant and cell type, which likely represents a spread in the rosmarinic acid abundance given the
data in Figure 2B. However, it is not possible to confirm this as each data point in Figure 4C
represents the Raman analysis of a few leaves, and there is not enough sample to perform an
HPLC analysis on a few leaves. The important conclusion is that PC1 can be used as a rapid

screen of relative rosmarinic acid abundance in spearmint plants.

PC2 (Figure 4C) and PC3 were also analyzed (Supplemental Figure 2). PC2 and PC3
partially separated the data based on Native and KI110 plant types. Thus the variance captured
in these PCs is most likely representative of plant type and only to a lesser extent capturing
variance based on rosmarinic acid abundance. This may be useful in some applications, but was

not the goal of this work.
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Figure 4. Results from PCA analysis. (A) Percentage of the variance explained in the principal
components (PCs) of the Raman spectra. (B) PCA loadings of PC1-PC4. (C) Score plot of PC1

and PC2.

In summary, this work reports the correlation between Raman data collected from leaves
and the rosmarinic acid abundance in spearmint plants. The linear regression model using the
Raman peak area and PCA model show the most promise in supporting large scale screens for
determining optimal harvest time or to advance plant breeding efforts. Discovering plant variants
with high yields of a desired metabolite generally requires screening large plant populations.*345
Raman spectroscopy has the potential to be used as a low-cost and rapid preliminary screening
method to discover useful variants that may benefit plant breeding efforts, although additional
work in support of these efforts is required. These studies used a laboratory-grade Raman
instrument so that the Raman spectra could be spatially mapped on the leaf. Raman spectroscopy
is compatible with remoting sensing and handheld devices, so it may be possible to measure the
rosmarinic acid abundance in the field without any sample preparation and without damaging the
plants. A suggested future avenue to investigate is the use of a handheld Raman spectrometer

for measurements in the field or greenhouse. A handheld Raman spectrometer typically has a



working distance of about 5-10 mm and a spot size in a range from several microns to several
millimeters. The focus of this work is rosmarinic acid in spearmint, but models can also be
envisioned for future rapid in situ Raman measurements to quantify the concentration of other
metabolites in other plant types. Similarly, while the focus of this work is leaves, we have also

shown that Raman spectroscopy can be used for the analysis of stems and roots.*®
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