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infection. Apart from monitoring the external influences, the state of the plant itself must be tracked. However,
the modern methods for plant analysis are expensive and require plants processing often in a destructive way.
Optical spectroscopy can be used for the non-invasive monitoring requiring no consumables, and little to none
sample preparation. In this context, we found that the red beet growth can be monitored by Raman spectroscopy.
Our analysis shows that, as plants age, the rate of betalain content increases. This increase makes betalain dom-
inate the whole Raman spectra over other plant components. The dominance of betalain facilitates its use as a
molecular marker for plant growth. This finding has implications in the understanding of plant physiology, par-
ticularly important for greenhouse growth and the optimization of external conditions such as artificial

© 2019 Published by Elsevier B.V.

1. Introduction

Food production and food security are at the topmost list of critical
issues affecting the non-stopping growing of human population. Mod-
ern agriculture is strongly influenced by technology to improve effi-
ciency and make it more sustainable. By putting together information
from sensors, satellites, and soil sampling, farmers can significantly re-
duce the use of material and human resources and pesticides. The in-
crease in farming performance has strong environmental and
economic implications. However, complex systems for highly-
performance farming lack a cost-efficient and objective method to mon-
itor plant growth [1].

Generally speaking, the fruit ripening and leaf senescence are
governed by external (nutrient availability, draught, and other
stressors) and internal factors (plant age) [2]. While the fruit ripening
is visible by the color change due to the increase in carotenoid content,
an earlier sign is the change of glucose level, this is observed in many
vegetables and fruits [3,4]. Carotenoids contents also decrease on infec-
tion sites [5]. Similarly, the leaf senescence is manifested first by protein
degradation, further by the change of color, and only then after it is
followed by DNA damage [6]. By catching the early changes in the
state of the plant, a farmer could take measures to enhance or recover
crops growth.
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Most techniques for biochemical plant analysis are based on chro-
matographic methods [7,8]. This method of separating the mixture
into components is based on distinguishing their physical and chemical
properties. One of these methods is solid-phase microextraction (SPME)
that is a successful solvent-free sampling technique. The advantage of
the method is the absence of the use of solvents for the extraction of
analytes from absorption coatings [9]. But SPME typically requires
collecting the samples from the field, extensive sample preparation,
and costly consumables. While suitable for laboratory studies, it is not
a cost-efficient tool of precision agriculture. Optical methods like infra-
red spectroscopy (IR) [10,11] and Raman spectroscopy, on the contrary,
offer consumable-free and specific and quantitative chemical analysis
[12]. While Raman spectroscopy involves the excitation of a molecule
by inelastic scattering with a photon (from a laser light source), infrared
spectroscopy detects the absorption of photons, with the molecule
being excited to a higher vibrational energy level [13]. The spread of
Raman spectroscopy is highly aided by the development of chemomet-
ric software and portable Raman spectrometer devices that nowadays
can fit on the palm of our hands [14-16].

In most cases, optical measurements can be carried out directly on
plant tissues in the field eliminating complications involved with
lengthy and cumbersome sample preparation requirements. The vibra-
tional bands from the measured sample provide information about the
chemical composition, including both primary and secondary metabo-
lites. Also, based on such markers related to individual plant substances,
spectroscopic analyses in principle allow the discrimination of different
types of chemotypes and even distinguishing among the same species.
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With the development of Raman spectroscopy, this method has become
widely used and has the advantage to determine the composition of the
substance [17]. Raman spectroscopy is most sensitive to carotenoid con-
tent and is widely and successfully used for the structural and com-
pound analysis of various plants, vegetables, and fruits [5]. The use of
Raman scattering of light on plants began with the study of cellulose
[18] and the skeletal component of plants [19]. Over the last decade,
the possibility of Raman spectroscopy as a non-destructive method
was demonstrated on several cellulose fibers, for example, flax, cotton
[20], jute, ramie, Kapok, sisal, and coconut fibers [21]. An assessment
of the presence of cellulose in apples and comparison of structural dif-
ferences of cellulose of different origin was successfully carried out
[22]. The classification of various vegetable oils and the quantitative
evaluation of olive oil falsification by Raman spectroscopy were also
performed by several groups [23]. In this work, the red beet was se-
lected for the demonstration of the method potential for several rea-
sons: the monitoring of the leaf state would give insights in the
development of the root that is much harder to access by others
methods. Microelements in the red beet promote healthy hematopoie-
sis, increase iodine level in the body ensuring the health of the thyroid
gland. Folic acid helps to form the nervous system of the fetus in preg-
nant women [24]. Moreover, the red beet pigment, betalain, is an im-
portant lipotropic substance that regulates fat metabolism, prevents
liver infiltration, and decreases blood pressure. Another reason for the
study of the beet is its economic significance. In some emerging econo-
mies, like in Russia, red beet makes an important economic impact since
it is used as a sugar precursor. Since the year 2000, a program has been
underway to increase sugar beet production to reduce dependence on
sugar imports [25].

Beetroots are used in food production, but it is also possible to con-
sume leaves since they show up to five times higher oxygen radical ab-
sorbance capacity (ORAC) values than the roots [26]. Leaves and roots
are rich in phenolic compounds and flavonoids, whose concentration
is rising to the 55-60th day of growth while the old leaves tend to accu-
mulate oxalates [26]. Their concentrations have been shown to be influ-
enced by the growth conditions [27]. Besides beetroots, betalains were
also found in different quinoa grains in a previous study using chroma-
tography [28]. Also, the amount of macro- and micronutrients or toxins
in red beet, as in any other plant, depends on the growth conditions, in-
cluding illumination, namely on the spectral characteristics of the illu-
mination and its intensity [29]. Motivated by its antioxidant
properties, a previous report showed the increase of total betalain con-
tent in hairy roots of red beet with age [30]. The amount increased from
6th to 15th day and reached its maximum at 15th day. However, the
sugar composition in the growth medium affects not only the root mor-
phology but also suppresses the betalain synthesis [31]. Other reasons
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can affect the content of betalain; water stress leads to betalain and phe-
nolics accumulation in the roots [32] while increasing fiber contents in
all the parts of the plant [33]. The fiber accumulation was also observed
under severe light reduction [32]. All these works illustrate the rele-
vance of being able to track the changes that occur in the plant chemis-
try over time, and this is the exact question we want to investigate for
the case of red beet using Raman spectroscopy.

2. Experimental
2.1. Red Beet Samples

The red beet cultivar “Bona” was chosen as a model plant. The plants
were purchased from Sortsemovoshch, St. Petersburg, Russia. Experi-
mental samples of red beet were previously sprouted for two days be-
fore the seedling emergence. The samples were evenly separated into
pots (7 seeds per pot). The pots were placed in cells with a microclimate
and irradiation control - phytotrons (Fig. 1ab). Throughout the experi-
ment, the temperature of 23 + 2 °C and humidity 70% were kept con-
stant in all cells. The plants were watered manually every day with
300 ml of distilled water for each pot.

The operating modes of irradiation were selected in such a way that
the total flux of light in the region of photosynthetically active radiation
(PAR) was the same in all cells of phytotrons (Table 1S), but at the same
time made different spectral quality (Fig. 1c). The photoperiod was
fixed to 16 h. The adjustment of illumination modes was carried out
by changing the light-emitting diodes (LED) current. This was the
most convenient and easily controlled method for controlling the inten-
sity of the LED's radiation, that was the selection of the radiation spec-
trum of the entire facility. The parameters of the irradiation facility,
given in Table 1S and Fig. 1c, were measured using a “TKA-Spectrum”
(PAR) spectrophotometer (TKA Scientific instruments Russia).

2.2. Raman Experiment

The red beet stems were fixed on glass slides by double-sided tape.
The Raman spectroscopy experiments were performed with a DXR2Xi
Raman Imaging Microscope from Thermo Fisher Scientific U.S.A. We
found that using a tightly-focused laser beam (785 nm, 10x objective
and N.A. 0.25), we could obtain spectra with a good signal/noise ratio,
1 s exposure time, 15 repetitions, and 10 mW power at the sample.
When using a confocal microscopy setup, the probed volume is limited
by the optics to a few micrometers, and thus the substrate's signal does
not need to be considered. For every cell, two stems were selected for
the Raman measurements. For older red beet stems, two points were
measured on each stem. For younger red beet samples, due to lower
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Fig. 1. (a) Picture of the “Phytotron” greenhouse used to grow the beets (b) Phytotron greenhouse layout: 1 - the frame, 2 - phytotron cells, 3 - lamps with independent regulation of the
plant irradiation, 4, 5 - irrigation system (lower and upper tanks), 6 - microclimate system, 7 - electrical power and control system. (c) [llumination spectra of the two different cells used.
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signal intensity for younger red beets (see Fig. 3ac), three points were
chosen on each stem to get accurately averaged spectra. For this case,
we used 2 s exposure time, 15 repetitions, and 10 mW laser power at
the sample. Therefore, for each cell, we obtained 4 spectra of older
stems and 6 spectra of younger stems. Afterward, the fluorescence back-
ground subtraction and spectra intensity normalization were per-
formed with respect to the peak at 1394 cm™!. Then the normalized
spectra from four measured points of old stems and six spectra from
six measured points of young stems were averaged separately. We
also analyzed all individual spectra manually (before average) since
some statistical information could be lost by averaging. We found that
although there are spectral variations in the components, it is the inten-
sity ratio of betalain to carotene that remains a robust indicator from
sample to sample and from one harvest to another. Different averaged
spectra like spectra of older and younger stems, spectra of the cells 1
and 2 were plotted together to compare them.

3. Results and Discussion
3.1. Analysis of the Raman Spectra of Leaves and Stems

Fig. 2 shows the spectra of stem and leaves. An intense purple color
characterizes the stems, while the leaves have red and green shades as
can be seen from the pictures in Fig. 2.

The most intense feature in the Raman spectrum of the green leaf
appears at 1527 cm™'. It typically appears for conjugated polyene
chain (—C=C—) in carotenoids [32,34]. The C—C and C—N and
stretching modes of carotenoids appear at 1187 and 1158 cm ™!, and
1004 cm ™! mode is attributed to CH; in-plane rocking mode. Chloro-
phyll also shows the bands at 1553, 1287, 989 and 919 cm ™! that are
assigned in Table 1. The Raman spectra of the stem are dominated by
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Fig. 2. Top: photographs from the different parts of red beet investigated in this work.
Bottom: Raman spectra of leaves and stems with the main peak positions labeled, and
the molecular structure of betalain presented as an inset.

Table 1
Raman bands observed in the spectra (in cm~') and their assignments for red beet leaves
and stems.

Green Red 43-Day 13-Day Assignment

leaf leaf  stem stem

1610 1607 1610 1610 1Be=12C

1553 1554 - - Chlorophyll v(pyrimidine ring) + 8(CHs)

1527 1526 1524 1524 Carotenoid —C=C—

1486 1492 - - 5(CHs)

1438 1438 - - CH3/CH; bend

1391 1389 1394 1394 CH rocking

1354 1354 1349 1349 v(C—NO,)

1328 1328 1330 1330 C—H, 0—H

1287 1290 - - Chlorophyll v(C—N) + p(CH3)

1267 1268 - - =CH-rocking modes

1225 1228 1230 1230 N—H bending vibration and C—N
stretching

1187 1189 - - Carotenoids C—C stretching mode

1158 1158 - - Protein (stretching C—C, C—N)
carotenoid

1112 1116 - - Carbohydrates C—OH bending

- - 1086, 1086, Bc=s

1106 1106

1049 1046 1050 1050 C—O0—H vibrations

1004 1002 - - Carotenoid in-plane CHs; rocking

989 987 - - Chlorophyll

919 919 - - Chlorophyll

- - 889 889 p(CHy) + v(C—=C)

- - - 764 Tryptophan

747 746 745 - Asym C—S—C

576 570 - - Carbohydrates, 5 ((—C—0) + 1(C—0)

532 532 532 532 C—0—C glycosidic link

the three peaks at 1394 cm™!, 1524 cm™ ! and 1610 cm ™' as well as
weaker but pronounced modes at 1086, 1106, and 1158 cm™!. The
modes at 1387 (with a lower-frequency shoulder), 1517, 1603, and
also weaker 562, 1014, 1115, 1157 and above 1800 cm ™' appear for pu-
rified betalain [35], the red-purple pigment in red beet, a water-soluble
nitrogen-containing pigment (4-(2-oxoethylidene)-1,2,3,4-
tetrahydropyridine-2,6-dicarboxylic acid). The molecular structure of
betalain is depicted in the inset of Fig. 2 [36]. In the plant, betalain is
found together with betaxanthin, a yellow or orange dye. The average
amount of betalains is about 1% of solid weight [37]. Despite the rela-
tively low concentration in plants, betalains exhibit a strong Raman sig-
nal due to high optical absorption. The literature still lacks a thorough
interpretation of betalain spectra and the physical origin of the different
vibrations experimentally observed. According to previous reports
[38,39], the vibration at 1610 cm™! is attributed to C=C and (=N
stretching modes in the pyridine and indole rings. Based on DFT calcu-
lations [40], it was also predicted a vibrational mode at 1603 cm ™! at-
tributed to two in-plane C—C stretching modes on the
C10—C11=C12—C13=C14—C15 chain but their calculations do not
include the assessment of Raman activity and thus cannot be directly
applied to the spectral interpretation. The reported modes of isolated
carotenes in red beet appear to be at 1523 and 1055 (C—C) and 1021/
993 (C—CH3) cm™! [32,34,41]. The mode at 1394 cm™! originates
from the deformation of CH3 bonds [42]. A range of less-specific bands
is also visible in the spectra and is listed and assigned in Table 1. The
spectra from red beet leaf appear to be a mixture of two components.
We confirmed this by matching the assignment of the Raman bands to
carotenoids and betalain. We also suggest that the double-feature at
1524 cm~! is composed of two modes: the carotenoid feature at

1527 cm ™! and a betalain feature at 1517 cm™ 1.

3.2. Raman Spectra of Growing Beet

In Fig. 3 we show the Raman spectra of red beet stems with different
ages, 13 and 43 days old. Each spectrum in the left-hand side is an aver-
age of all the spectra taken on one stem. The data include the results for
stems from cell 1 (top row) and cell 2 (bottom row). For easier
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Fig. 3. Raman spectra of red beet stem. (a) Non-normalized cell 1. (b) Normalized cell 1. (c) Non-normalized cell 2. (d) Normalized cell 2.

comparison, the spectra in the right-hand side are the normalized spec-
tra averaged for both measured stems. The obvious difference is the in-
crease in the signal intensity with the plant's development. We also
observed a significant change in the intensity ratios for the two peaks
at 1517 cm™! and 1523 cm™!. Their ratio for the 43-day old plant was
1.00 and 0.96 for the cells 1 and 2; for the 13-day old stems, it was
0.87 and 0.89 respectively. Also, we found an increase in the
1610 cm™ ! mode intensity observed for betalain as compared to caro-
tene. To the best of our knowledge, most of the studies on red beet
were performed on the roots while the question of pigment accumula-
tion in leaves and stems was not investigated until now. The betalain ac-
cumulation also explains the apparent disappearance of some bands in
the normalized spectra of the old beets stems as they get screened by
the much larger signal from betalain.

The other observed peaks originate from the remaining plant com-
ponents such as saccharides, amino acids, and probably essential oils.
The unambiguous assignment is difficult because many modes would
be covered by the intense pigment signal. In particular, we found that
the intensity and FWHM of several peaks such as at 417, 1270, and
1349 cm™! change with the increase in red beet age. Following previous
literature reports, we found that the peak at 417 cm ™" accurately refers
to the saccharides. Other peaks that change their intensity can be attrib-
uted to saccharides and amino acids [41]. For the older plants, the
Raman signal/noise ratios were better than for the younger ones. We at-
tribute this intensity difference to the betalain quantity increase in the
stem. This increase in betalain concentration over time resulted in a
Raman signal so intense that it even masked the signal from other com-
ponents in the beet. Another possible explanation that sugar contents
decrease with plant age would contradict the work by Austin [43] and
is thus not considered further here. However, the data previously re-
ported are not conclusive and thus in follow up works the investigation

of red beet at different laser excitations will help elucidating changes in
other plant components absorbing under a particular spectral range (in
green or red that are common lasers in Raman investigations). This
spectral matching is what gives rise to resonant Raman spectroscopy
and could allow complementing the insights reported in this work.

4. Conclusion

Our work offers a novel way to investigate the dynamics of plants
growth based on the Raman spectroscopy tracking of betalain. As red
beets grow, the nutrients contents are constantly changing. But the
growth rates are not the same for the different compounds inside the
plant. We found that the accumulation rate of betalain is higher than
that of any other component in the plant's stem. This fast increase rate
makes the nutrients redistribute in the stem of red beet. This situation
could introduce complications in the Raman analysis making it hard to
see the signature of other components in the spectra obtained from
older stems. Contrary to our expectations, we found that the illumina-
tion conditions possibly did not play the major role in the time-
evolution of betalain in red beets, like for the case of sugar, but the larg-
est factor affecting composition was the plant's age. Therefore, for the
first time, our results show that betalain can be used as a biomarker
for plant age in red beet. This work demonstrates the power of Raman
spectroscopy for the non-destructive and fast characterization of plants
and their nutrients obtained in greenhouses at different developing
times and under different conditions. These results demonstrate the
spectroscopic tracking of a plant's component providing a new informa-
tion tool for crops engineering and optimized farming.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.saa.2019.01.006.
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