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Abstract

Background: Shade avoidance syndrome (SAS) commonly occurs in plants experiencing vegetative shade, causing
morphological and physiological changes that are detrimental to plant health and consequently crop yield. As the
effects of SAS on plants are irreversible, early detection of SAS in plants is critical for sustainable agriculture. However,
conventional methods to assess SAS are restricted to observing for morphological changes and checking the expres-
sion of shade-induced genes after homogenization of plant tissues, which makes it difficult to detect SAS early.

Results: Using the model plant Arabidopsis thaliana, we introduced the use of Raman spectroscopy to measure
shade-induced changes of metabolites in vivo. Raman spectroscopy detected a decrease in carotenoid contents in
leaf blades and petioles of plants with SAS, which were induced by low Red:Far-red light ratio or high density condi-
tions. Moreover, by measuring the carotenoid Raman peaks, we were able to show that the reduction in carotenoid
content under shade was mediated by phytochrome signaling. Carotenoid Raman peaks showed more remarkable
response to SAS in petioles than leaf blades of plants, which greatly corresponded to their morphological response
under shade or high plant density. Most importantly, carotenoid content decreased shortly after shade induction but
before the occurrence of visible morphological changes. We demonstrated this finding to be similar in other plant
species. Comprehensive testing of Brassica vegetables showed that carotenoid content decreased during SAS, in both
shade and high density conditions. Likewise, carotenoid content responded quickly to shade, in a manner similar to
Arabidopsis plants.

Conclusions: In various plant species tested in this study, quantification of carotenoid Raman peaks correlate to the
severity of SAS. Moreover, short-term exposure to shade can induce the carotenoid Raman peaks to decrease. These
findings highlight the carotenoid Raman peaks as a biomarker for early diagnosis of SAS in plants.
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reduced Red:Far-red (R:FR) light ratio, which is sensed by
phytochromes, a family of R/FR-absorbing photorecep-
tors in plants [1, 2]. Upon exposure to vegetative shade,
plants respond by reaching for more light to overcome
the shaded condition. This adaptive response, known
as shade avoidance syndrome (SAS), includes stem and
petiole elongation, hyponastic leaves, reduced leaf devel-
opment, early flowering, and increased senescence [1,
2]. However, SAS also weakens the plant’s structure and
immunity [1, 2]. Hence, SAS affects many agronomic
traits such as reduced grain yield or plant biomass [3, 4].

Studies of SAS have largely focused at the genetic level.
Using the model plant Arabidopsis thaliana, many genes
involved in the signaling mechanisms underlying SAS
have been characterized [5-7]. While gene expression is
important to understand the initial response of shade-
avoiding plants, downstream changes in hormone and
metabolite levels are also crucial in determining a plant’s
final morphological and physiological response [8, 9].

Hormonal studies of SAS have become more compre-
hensive in recent years [8, 9], but so far, few studies have
investigated changes in metabolites during SAS [10, 11].
Current analytical techniques for plant hormones/metab-
olites have improved with the technological advance-
ment of chromatography and mass spectrometry [12, 13].
Although these conventional methods are specific and
accurate, their analyses depend on the extraction method
and metabolites of interest [14]. Moreover, sample prep-
aration is usually a limiting factor in high-throughput
plant hormone/metabolite analysis. Therefore, there is a
need for new technologies to easily monitor metabolite
levels in a non-invasive manner and in real-time.

In the last decade, optical spectroscopies, in particular
Raman spectroscopy, have been widely used for real-time
measurements of metabolites in microbial and mamma-
lian cells [15-19]. Raman spectroscopy, discovered in
1928 by C.V. Raman and K.S. Krishnan [20], measures the
inelastic scattering of laser light, which results in a char-
acteristic ‘fingerprint’ of vibrational frequencies for each
molecular species present. The convergence of interest in
plant metabolomics and maturity of Raman spectroscopy
have stimulated recent exploration of optical biomarkers
for plant stress. In particular, carotenoid and anthocya-
nin Raman spectra were shown to have similar response
in cold, high light, drought, and salinity stresses [21].
Despite its potential, further research using Raman spec-
troscopy in plants remains largely unexplored.

Here, using Raman spectroscopy with near-infra-
red (830 nm) excitation wavelength, we could detect
metabolite changes owing to SAS in different plant tis-
sues. Particularly, carotenoid levels in both leaf blades
and petioles were highly responsive to shade condi-
tions and its response was more dramatic in petioles.
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Carotenoid levels quickly decreased upon shade expo-
sure and occurred prior to any visible changes in plant
morphology, which allowed for real-time monitoring
and early diagnosis of SAS. Importantly, this finding was
consistent across multiple plant species that we exam-
ined, highlighting its suitability as a biomarker for SAS in
plants.

Results

Raman spectra analysis of Arabidopsis leaf blades

and petioles during SAS

To investigate if Raman spectroscopy could identify
metabolites that change in response to shade, we estab-
lished shade conditions that were low in Red:Far-red
(R:FR) light to induce SAS in Arabidopsis plants. Wild-
type (WT, Col-0) Arabidopsis seedlings (10 days after
germination, DAG) were grown under three different
light conditions: white light (WL) for normal growth of
Arabidopsis, moderate shade (MS) for partial vegetative
shade, and deep shade (DS) for severe shade for 7 days
(d). Figure 1a, b and Additional file 1: Fig. Sla show that
MS condition reproducibly induced typical SAS in WT,
including hyponasty of rosette leaves, elongation of peti-
oles and reduction of leaf blades. SAS became more obvi-
ous in DS condition, showing that our shade setup can
induce different severities of SAS in plants (Fig. 1a, b,
Additional file 1: Fig. S1a). These morphological changes
were accompanied by the shade-induced expression
of marker genes such as A. thaliana Homeobox Protein
2/4 (AtHB2/AtHB4) and Phytochrome Interacting Factor
3-Like 1 (PILI), which were highly induced under short
durations of MS and DS treatment (Fig. 1c) [7, 22]. Like-
wise, the induction of the flowering time gene Flowering
Locus T (FT) in shaded conditions indicated the early
flowering of SAS plants (Fig. 1c) [23].

We built a tabletop Raman spectroscopy instrument
with specific near-infrared (830 nm) excitation wave-
length. As light signaling in plants involves perception
and response to visible light, we chose the 830 nm excita-
tion laser to avoid activating any light signaling pathways.
Moreover, this wavelength of light was found to provide
the largest signal-to-background of the various excitation
wavelengths considered (450—830 nm). The optical back-
ground here was dominated by off-resonant chlorophyll
autofluorescence excited by the infrared laser. This infra-
red excitation wavelength falls within a spectral window
of very low optical absorption in most plant leaves [24],
resulting in negligible photodamage to the plant tissues
or metabolites even if the laser exposure used is 30 times
longer compared to that used here.

Using this purpose-built Raman spectroscopy sys-
tem (Additional file 1: Fig. S1b), we investigated changes
of metabolites in each rosette leaf of WT Arabidopsis.
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Fig. 1 Application of Raman spectroscopy for SAS in Arabidopsis. a Phenotype of 17-days-old WT Arabidopsis plants under white light (WL)
and two different shade conditions, moderate shade (MS) and deep shade (DS). Upper panel, top-down view of plant. Lower panel, side view of
plant. Scale, 1T cm. b Ratio of petiole length to leaf blade area for visualising severity of SAS (n =8). ¢ Relative expression of shade-induced genes
in Arabidopsis plants in a (n=3). AtHB2/4, A. thaliana Homeobox Protein 2/4; PIL1, Phytochrome Interacting Factor 3-Like 1; FT, Flowering Locus T. d
Total carotenoid content (ug/g fresh weight) of plants in a (n=3). e Raman spectrum peaks representing carotenoids (1004 cm~", 1150 cm ™!
and 1521 cm™") of Arabidopsis under shade conditions in a (leaf blade: n =8, petiole: n =4). f Relative gene expression of carotenoid biosynthesis
genes in Arabidopsis plants in a (n=3). DXS, 1-deoxy-D-xylulose-5-phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; HDR,
hydroxymethylbutenyl 4-diphosphate reductase; PSY, Phytoene Synthase; PDS, Phytoene Desaturase. Bars denote average =+ SE. Statistical significance
between WL and shade was determined by two-tailed Student’s t-test: *P < 0.05; **P < 0.01; ***P <0.001
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Basically, the spectral intensities were low in the old
leaves and increased in accordance to their leaf num-
ber (Additional file 1: Fig. S1c). This suggests that the
metabolites in the leaf became less concentrated as the
leaf aged. During the aforementioned shade treatment,
10-days-old Arabidopsis plants were subjected to shade
treatment for 7 days, which exposed the third rosette leaf
to the full duration of shade treatment during its devel-
opment (Additional file 1: Fig. S1d). Hence, to ensure that
the sampled leaf accurately represented the effect of the
shade treatment, the third rosette leaf was chosen for all
further Raman spectroscopy measurements.

The spectra obtained for Arabidopsis leaf blades and
petioles under shade treatments showed the same spec-
tral pattern and peak numbers (Additional file 1: Fig.
S2a). We could not find any additional or missing peaks
within the spectral range measured by our current
Raman system. However, we noted that the intensity of
most peaks above 700 cm ™! Raman shift decreased under
shade conditions. This result confirms previous stud-
ies, which showed that the levels of multiple metabolites
decreased under shade [10, 11].

To identify the peaks with the largest change under
shade conditions, we performed a principal component
analysis (PCA) plot using these data (Additional file 1:
Fig. S2b). As an additional verification of metabolite
changes under shade, the clustering of points were clearly
separated in WL and DS, while clustering of points
obtained under MS was an intermediate between WL
and DS. By plotting the PCA coefficients against Raman
shift, we then identified the peaks at 1150 cm™! and
1521 cm ™! Raman shift as the largest change under shade
(PC1) (Additional file 1: Fig. S2b). Based on our Raman
spectrum library of chemical standards, we identified
the 1150 cm™! and 1521 cm™! peaks to be present in all
tested carotenoids (Additional file 1: Fig. S2c). Further-
more, the carotenoid standards share a third Raman peak
at 1004 cm™' Raman shift (Additional file 1: Fig. S2c).
A previous study showed that shade condition reduces
carotenoid biosynthesis and the total carotenoid content
in Arabidopsis [25], and our results here support these
previous observations. For verification, we extracted and
quantified total carotenoid content in our samples using
conventional UV-VIS spectroscopy and found similar
results (Fig. 1d).

Figure le shows that in Arabidopsis plants, the
carotenoid Raman peaks (1004 cm™!, 1150 em™! and
1521 cm™) highly decreased in DS in both leaf blade and
petiole. All peaks have similar decreases in intensity: in
leaf blades, the 1004 cm™! peak decreased by 4% in MS
and 15% in DS, the 1150 cm™* peak decreased by 5% in
MS and 18% in DS, and the 1521 cm™! peak decreased
by 4% in MS and 19% in DS (Fig. 1e). Interestingly, shade
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caused a greater decrease in peak intensity for carot-
enoid and other peaks in the petioles than in leaf blades
(Fig. le, Additional file 1: Fig. S2a), as the 1004 cm ™" peak
decreased 22% (MS) and 37% (DS), the 1150 cm™! peak
decreased by 24% (MS) and 37% (DS), and the 1521 cm™*
peak decreased by 33% (MS) and 50% (DS), suggesting
that more metabolomic changes occurred in the petioles
during SAS (Fig. 1e). As all peaks showed a similar trend
under shade and the 1521 cm™! peak was less affected
by autofluorescence, subsequent experiments focused
on the 1521 cm™! peak as a representative of carotenoid
Raman peaks.

To further verify the decreased carotenoid content in
shade conditions, we measured the expression of genes
related to carotenoid biosynthesis, which are known to be
down-regulated in etiolated plants [26]. Expression levels
of upstream methylerythritol 4-phosphate (MEP) path-
way genes (I-deoxy-D-xylulose-5-phosphate synthase,
DXS; 1-deoxy-D-xylulose 5-phosphate reductoisomerase,
DXR; hydroxymethylbutenyl 4-diphosphate reductase,
HDR) and the first committed step of carotenoid bio-
synthesis (Phytoene Synthase, PSY) were down-regulated
under shade conditions, with lower gene expression in
DS (Fig. 1f). As such, these results show that carotenoid
content decreased in both Arabidopsis leaf blades and
petioles during SAS and were relative to the severity of
the shade condition. Using Raman spectroscopy, we
showed that carotenoid content in petioles were more
responsive to shade than leaf blades.

Early diagnosis of SAS using Raman spectroscopy

After establishing that the carotenoid Raman peaks are
indicative of SAS, we then asked if these metabolites
would respond early to shade. To test this, WT Arabi-
dopsis plants were subjected to different durations of
DS treatment before measuring their Raman spectra
(Fig. 2a). With longer exposure to shade, the plants devel-
oped more severe SAS, with morphological changes after
1-3 days of shade treatment (Fig. 2b, c). Furthermore,
morphological changes affected leaf number 3 onwards,
verifying the measurement of the third rosette leaf in
Raman spectroscopy (Fig. 2c). Surprisingly, changes in
the carotenoid peak intensities were detected before
morphological changes occurred, starting from just 4 h of
DS condition (Figs. 2d, Additional file 1: Fig. S3). Carot-
enoid peak in both leaf blades and petioles decreased
between 4 h to 3 days of shade treatment, reaching a
steady state level from 3 days onwards (Fig. 2d). Simi-
lar to the results thus far, there was a larger decrease in
peak intensity in the petioles (18% at 4 h to 53% at 7 days)
compared to the leaf blades (8% at 4 h to 24% at 7 days),
confirming that petioles were more reactive to shade. To
account for ontogenetic effects on carotenoid content, we
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Fig. 2 Time-course experiment of SAS using Raman spectroscopy in Arabidopsis. a Schematic diagram of different durations of shade treatment.
WL, white light; DS, deep shade. b Phenotype of plants under time-course shade treatment. 10-days-old Arabidopsis plants were subjected to a
time-course 7 days shade treatment as in a. Upper panel, top-down view of plant. Lower panel, side view of plant. Scale, T cm. ¢ Ratio of petiole
length to leaf blade area in time-course plants (n=3). d Carotenoid Raman peak of time-course shade treatment in Arabidopsis plants in b
(leaf blade: n =10, petiole: n=8). Bars and graph denote average £ SE. Statistical significance between control and different durations of shade
treatment was determined by two-tailed Student’s t-test: *P <0.05; **P <0.01; ***P <0.001




Sng et al. Plant Methods (2020) 16:144

designed another time-course experiment, which tracked
the daily development of SAS and Raman peak changes
under WL and DS (Additional file 1: Fig. S4a). Similar
results verified that prolonged shade treatment caused a
large decrease in the carotenoid peak intensities, espe-
cially in the petioles (Additional file 1: Fig. S4b). Together,
these results highlight that the intensity of the carotenoid
peaks responded quickly to shade and occurred before
obvious morphological changes. These results suggest
that carotenoid Raman peaks can be used as a marker for
early diagnosis of SAS.

Reduced carotenoid content in phytochrome mutants

SAS is mediated by phytochrome signaling, which
has photo-reversible activation/inactivation depend-
ent on the R:FR ratio [27]. Among the five Arabidopsis
phytochromes (PHYA-PHYE), PHYA and PHYB are
regarded as key players in regulating SAS [27]. Under
high R:FR PHYB is the predominant phytochrome that
prevents SAS such as petiole elongation and reduction of
leaf blade area, whereas under low R:FR PHYA blocks the
excessive elongation of seedlings [27, 28].

To investigate if the decreased intensity of carotenoid
Raman peaks during SAS is associated with phytochrome
signaling, we used Arabidopsis phytochrome mutants
(phyB-95€ and phyA-211) and measured their Raman
spectra under shade conditions. Consistent with previous
studies, phyB-95¢ displayed constitutive SAS, whereas
phyA-211 showed no SAS under WL but more severe
SAS than WT when under shade (Fig. 3a, Additional
file 1: Fig. S5a) [1, 28-30]. Under all growth conditions,
phyB-98€ displayed similar and very low intensities for
carotenoid Raman peaks, reflecting its constitutive SAS
(Figs. 3b, Additional file 1: Fig. S5b). In phyA-211, the
carotenoid peaks in leaf blades and petioles decreased
in MS and DS, following a similar trend as WT in shade
(Fig. 3b, Additional file 1: Fig. S5b). However, phyA-211
has lower intensities than WT under all conditions and
phyA-211 petioles have a larger decrease in intensity (45%
in MS, 70% in DS) than WT petioles (22% in MS, 50% in
DS) (Fig. 3b). This is consistent with the knowledge that
PHYA senses low R:FR light and reduces the severity of
SAS, thus the loss of PHYA causes a greater sensitivity
to SAS [28]. Extraction of total carotenoids further veri-
fied the changes observed in the carotenoid Raman peaks
(Fig. 3c). Therefore, the results show that the reduction in
carotenoid content is caused by phytochrome-mediated
SAS.

Raman spectra analysis at high density planting

Besides vegetative shade, high density planting also
causes low R:FR light and induces SAS [31]. To further
verify our results obtained from the shade experiment,
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we planted Arabidopsis plants under low to high densities
and measured their Raman spectra. Figure 3d shows that
high plant densities (9-25 plants/pot) resulted in increas-
ingly severe SAS in Arabidopsis plants. The measured
Raman spectra reflected this change in SAS, as the carot-
enoid Raman peak had lower peak intensity at higher
planting densities (Fig. 3e, Additional file 1: Fig. S6). Sim-
ilar to the shade treatment results, the peak intensities
in the petioles showed more significant decrease (55%
decrease in 25 plants/pot) than those in the leaf blades
(14% decrease in 25 plants/pot) (Fig. 3e). These results
show that the carotenoid peak in a Raman spectrum can
also be used as a marker to detect SAS caused by high
density planting conditions in Arabidopsis.

Raman spectra analysis of leafy vegetables under shade
conditions

To further validate the use of Raman spectroscopy in
SAS, we investigated its application in Brassica species.
Two species of leafy vegetables, Kai Lan (Brassica olera-
cea var. alboglabra) and Choy Sum (Brassica rapa var.
parachinensis) were treated under shade for 14 days.
While Kai Lan reacted to the shade conditions with both
reduction of leaf blades and elongation of petioles, Choy
Sum under shade developed smaller leaf blades but no
significant elongation of the petioles (Fig. 4a, b, Addi-
tional file 1: Fig. S7b).

Raman spectroscopy was applied to the first true leaf
of each vegetable as it received the full duration of shade
treatment (Additional file 1: Fig. S7a). Figure 4c shows
that the carotenoid peak of Kai Lan leaf blade and peti-
ole decreased under both MS and DS (leaf blades, 17%
and 37%; petioles, 7% and 41%, respectively). While
Choy Sum leaf blades decreased their carotenoid peak
intensity by 23% in DS, its petioles had no significant
change regardless of the shade condition (Fig. 4c). This
result may explain the lack of petiole elongation in Choy
Sum compared to Kai Lan, especially in the true leaves
(Fig. 4a, b, Additional file 1: Fig. S7b). The reduction in
extracted total carotenoids in Kai Lan and Choy Sum
under shade was verified by measuring total carotenoid
content in homogenized plant tissues (Fig. 4d). Similar
to Raman peak intensities, carotenoid content in petioles
of Choy Sum was very low compared to that of Kai Lan
(Fig. 4c, d). Together, these results show that SAS in Kai
Lan is similar to Arabidopsis, whereas only Choy Sum
leaf blades but not petioles responded to shade. Impor-
tantly, the differences between leaf blades and petioles
can be clearly detected by measuring their respective
carotenoid Raman peaks, making it a useful diagnostic
tool for SAS in these Brassica species.

Interestingly, the 1045 cm™' Raman peak in Kai Lan
and Choy Sum petioles showed a distinctively opposite
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(See figure on next page.)

determined by two-tailed Student’s t-test: *P <0.05; ***P <0.001

Fig. 4 Raman spectra analysis of leafy vegetables under shade. a Phenotype of Kai Lan and Choy Sum in shade conditions. Scale, 5 cm. b Ratio

of petiole length to leaf blade area of plants in a (n=3). c Carotenoid Raman peak of Kai Lan and Choy Sum (Leaf blade: n =8, petiole: n=4).

Bars denote average =+ SE. d Total carotenoid content (ug/g fresh weight) from Kai Lan and Choy Sum in a. e Relative expression of homologues

of Arabidopsis shade-induced genes in Kai Lan and Choy Sum leaf blades and petioles. X-axis represents duration of exposure to DS (n=3). PIL]I,
Phytochrome Interacting Factor 3-Like 1; PAR1, Phytochrome Rapidly Regulated 1; 1AA29, Indole-3-acetic acid Inducible 29; XTH33, Xyloglucan:xyloglucosy!
Transferase 33. WL, white light; MS, moderate shade; DS, deep shade. N.D,, not detected. Statistical significance between WL and shade was

trend under shade. While most peaks in the Raman spec-
tra decreased under shade conditions, the 1045 cm™!
Raman peak increased in only DS (Additional file 1: Fig.
S7c). This suggests that Kai Lan and Choy Sum petioles
specifically accumulate a different metabolite under DS,
which was not observed in Arabidopsis.

To further investigate the difference between leaf blades
and petioles of Kai Lan and Choy Sum during SAS, we
measured the expression of homologues of Arabidopsis
shade-induced marker genes (PILI; PARI, Phytochrome
Rapidly Regulated 1; IAA29, Indole-3-acetic acid Induc-
ible 29; XTH33, Xyloglucan:xyloglucosyl Transferase 33),
which were up-regulated under shade treatment [32,
33]. Generally, gene expression fold-change in Kai Lan
were either similar or higher than Choy Sum, which may
explain the more severe SAS seen in Kai Lan (Fig. 4e). In
both leaf blades and petioles of Kai Lan, the marker genes
were highly up-regulated after short durations of shade
treatment but gradually decreased over time (Fig. 4e).
However, their expression patterns were slightly differ-
ent in Choy Sum. For instance, the expression of XTH33
homologue was down-regulated in Choy Sum leaf blades
under shade and PILI homologue was not detectable
in Choy Sum petioles regardless of the shade duration
(Fig. 4e). Moreover, while the expression of PARI homo-
logue in Kai Lan returned to the baseline over time, the
PARI homologues in Choy Sum (especially petioles)
remained induced after prolonged shade treatment. In
Arabidopsis, PAR1 inhibits phytochrome interacting
factors (PIFs) from reducing carotenoid biosynthesis in
shaded conditions [25]. Therefore, the prolonged induc-
tion of PARI homologue in Choy Sum may explain the
smaller decrease in carotenoid levels during SAS. These
results may correlate the differences in SAS response and
respective carotenoid Raman peaks between Kai Lan and
Choy Sum petioles.

Early diagnosis of SAS in leafy vegetables using Raman
spectroscopy

We then investigated if carotenoid Raman peaks can also
be used in the early diagnosis of SAS in leafy vegetables
as it was applicable in Arabidopsis. Both vegetables were
subjected to a 14 days time-course experiment under DS
condition, similar to the time-course shade experiment

performed with Arabidopsis plants (Fig. 2a). Both Kai
Lan and Choy Sum displayed increasingly severe SAS
as the duration of shade treatment increased (Fig. 5a).
Morphological changes in both Kai Lan and Choy Sum
started after 3 days of shade treatment, as petioles of
Kai Lan were elongated and leaf blades of both vegeta-
bles were reduced in size (Fig. 5b). Raman spectra of Kai
Lan and Choy Sum in the time-course shade treatment
showed that the carotenoid peak reduced in all samples
during SAS except Choy Sum petioles (Fig. 5¢, Additional
file 1: Fig. S8), which is consistent with our findings in
Fig. 4c. After 14 days of shade, the carotenoid peak of Kai
Lan leaf blades and petioles decreased by 50% and 49%
respectively, while Choy Sum leaf blades showed a 29%
decrease at 14 days shade and Choy Sum petioles dis-
played no significant changes (Fig. 5c). Carotenoid peak
intensity decreased within 1 to 3 days of shade treatment
in Kai Lan and Choy Sum (Fig. 5¢, Additional file 1: Fig.
S8). This decrease preceded clear morphological changes
of leafy vegetables under shade condition (Fig. 5b).
Therefore, these results show the relative shade toler-
ance in Choy Sum and demonstrated that the decrease in
carotenoid Raman peaks can be used in early identifica-
tion of SAS in Brassica vegetables.

Raman spectra analysis of leafy vegetables grown at high
density

Next, Raman spectra analysis was performed in Kai Lan
and Choy Sum grown at low to high plant densities. At
high density, both Kai Lan and Choy Sum developed SAS
that were similar to those under shade conditions (Fig. 6a,
b, Additional file 1: Fig. S9a). The carotenoid Raman peak
also followed a similar trend to those observed in the
shade conditions (Figs. 4c, 6¢), thereby showing that this
finding is likewise applicable in high density growing of
non-Arabidopsis plants.

Detection of SAS across various plant species using Raman
spectroscopy

To demonstrate the general utility of Raman spectros-
copy for the early diagnosis of SAS in plants, we tested
other types of vegetables and plants, including Bok Choy
cultivars (Brassica rapa var. chinensis), Romaine Let-
tuce (Lactuca sativa L. var. longifolia), and two tobacco
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Fig. 5 Time-course experiment of SAS using Raman spectroscopy in leafy vegetables. a Phenotype of leafy vegetables under time-course shade
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Phenotype of Kai Lan and Choy Sum in low to high density conditions

species, Nicotiana benthamiana and Nicotiana tabacum.
Figure 7a shows that all tested plants displayed differ-
ent degrees of SAS when subjected to shade treatment.
Baby Bok Choy, Bok Choy Purple King, and Romaine
lettuce were more sensitive to shade compared to the
two tobacco species (Fig. 7a). These were detected by
Raman spectroscopy, as the carotenoid peak intensi-
ties decreased in both leaf blades and petioles of two
Bok Choy cultivars and Romaine lettuce in MS and
DS (Fig. 7b). The 1045 cm™' Raman peak also clearly
increased in Romaine lettuce petioles under shade (Addi-
tional file 1: Fig. S10), which is similar to Kai Lan and
Choy Sum petioles in DS (Additional file 1: Fig. S7c).
Plants of N. benthamiana showed clear SAS only in DS,
while N. tabacum did not show any elongation of petioles

under shade (Fig. 7a). This greater tolerance to shade
corresponds to the smaller decrease in carotenoid peak
intensities of leaf blades under shade and no clear trend
in the petiole carotenoid peak (Fig. 7b). Overall, our
results demonstrate that carotenoid levels and its Raman
peaks are widely applicable as a biomarker of SAS regard-
less of the plant species.

Discussion

In this study, we showed that the decrease of total
carotenoids in plants, which is indicative of SAS, can
be detected by Raman spectroscopy as three major
peaks in the Raman spectra (1004 cm™, 1150 cm™! and
1521 cm™'). While a previous study showed the poten-
tial of Raman spectroscopy in identifying general abiotic
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stress in Coleus lime [21], here we used multiple plant
species that showed different degrees of shade response
and measured Raman spectra in different tissues
(leaf blades and petioles). Additionally, we performed

comprehensive experimental approaches for SAS study
and found total carotenoids as a Raman spectroscopy
biomarker for SAS. While a previous report showed that
the total carotenoid content in Arabidopsis was reduced
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during SAS [25], the results here further demonstrated
it in other plant species, including Brassica vegetables,
lettuce, and tobacco plants. Likewise, the 1521 cm™!
carotenoid peak intensity decreased under shade for all
plants with SAS. Although the 1521 cm™! peak is known
to overlap with Raman signals of anthocyanins [34], the
changes to 1150 cm™" and 1521 cm™ carotenoid peaks
were similar in all of our experiments, suggesting that our
results were not affected by the overlap.

Our results suggest that the change in carotenoid con-
tent may be correlated with the development of typical
SAS, such as shade-induced petiole elongation and inhi-
bition of leaf blade expansion. This hypothesis is sup-
ported by our observation that Arabidopsis phyB-95¢
mutant, having constitutive SAS, showed very low carot-
enoid peak intensities that did not change in leaf blades
and petioles regardless of shade. Similarly, petioles of
Choy Sum and tobacco species, which did not signifi-
cantly elongate under shade, showed minimal changes
in carotenoid peak intensities. All other plant samples
that showed SAS under shade displayed a corresponding
decrease in carotenoid peak intensities. These changes
were verified by quantification of extracted total carot-
enoids and the reduced expression of carotenoids biosyn-
thesis genes in shade.

Moreover, we found the 1045 cm™! Raman peak to
increase in only petioles of Choy Sum, Kai Lan, and
Romaine lettuce under shade. This Raman peak was
recently identified to be a nitrate Raman peak in Arabi-
dopsis and leafy vegetables [35], but further study is
needed to investigate the reason for its induction in peti-
oles of Choy Sum, Kai Lan, and Romain lettuce under
shade.

As our Raman spectroscopy system allowed us to
sample small areas of a leaf, we discovered that the
changes in carotenoid peak intensities under shade
were remarkably different between leaf blades and peti-
oles, as well as between plant species. This suggests that
while different plant species vary in their sensitivity to
shade, shade-related genes also respond differently in
leaf blades and petioles as shown in Fig. 4e, which ulti-
mately results in different levels of metabolites accu-
mulated during SAS. Separate analysis of leaf blade and
petiole metabolite content using a non-invasive method
has not been well-studied thus far. Hence, our finding
in this study highlights the importance and applicability
of Raman spectroscopy in analyzing the heterogeneity
of metabolites within different parts of a plant, which
can be applied to other studies besides SAS. For exam-
ple, Raman spectroscopy was used to detect natural
plant metabolites in the roots of gentian, turmeric, gin-
ger, and Triphyophyllum peltatum [36, 37]. However,
the use of Raman spectroscopy to study abiotic stress
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response in root tissues is still unexplored. Further-
more, future studies could explore the use of Raman
spectroscopy to understand how plants regulate metab-
olites and for rapid screening of germplasms.
Conventional analytical methods in plant research
using mass spectrometry-based techniques and nuclear
magnetic resonance spectroscopy require homogeniza-
tion of plant tissues, followed by extraction and quantifi-
cation of the metabolite [14], which can be laborious and
unsuitable for in vivo monitoring of metabolites. Moreo-
ver, as extracted metabolites have variable stability, even
minor changes in procedure can have a major impact on
the observed metabolome. Using a purpose-built Raman
spectroscopy system, we were able to demonstrate carot-
enoid Raman peaks as a biomarker for early diagnosis and
real-time monitoring of SAS in vivo and in a non-invasive
manner with the following advantages: this method (1)
takes only a minute to perform each measurement, allow-
ing for faster and easier quantification per sample, (2) is
not harmful to the plant as there is no pretreatment, (3)
eliminates bias that may be introduced by sample prepa-
ration for conventional analysis [38], and (4) enables us
to focus on individual seedlings, specific tissues (e.g. leaf
blade or petiole) or cells. Reflectance spectroscopy and
hyperspectral imaging are other rapid and non-invasive
techniques that can provide information about the rela-
tive concentration of photopigments [18, 39—41]. Raman
spectra of carotenoids exhibit narrow spectral features
which allow us to clearly assess their abundance. Even
so, certain carotenoid Raman peaks may overlap with
the peaks from other compounds. To ensure that these
measurements specifically represent the changes to total
carotenoid content, all three carotenoid Raman peaks
should be observed for proportional decrease in inten-
sity. Unbiased analysis of the data using PCA shows that
these peaks vary together—appear together as one princi-
pal component—indicating that they are vibrational states
of the same molecule. Higher resolution Raman analysis
can distinguish between peak intensities and positions
of different carotenoids to measure changes to specific
carotenoids, instead of inferring total carotenoids as
a single peak. Finally, the data presented here uses the
intensity of the carotenoid peak internally referenced
to the Raman spectral peak intensity at 590 cm ™!, Such
an internal reference may not be readily available for
other spectroscopic techniques making them sensitive
to leaf morphology and orientation. Hence, our finding
in this study highlights the importance and applicability
of Raman spectroscopy in analyzing the heterogeneity
of metabolites within different parts of a plant. We note
that the Raman peak responses may differ between plant
species and the duration of shade treatment. To address
this, Raman spectra information of different plant species
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undergoing SAS can be stored in a database for users to
assess their plant’s condition.

Conclusions

Our study showcased the potential application of Raman
spectroscopy in early diagnosis of SAS. Severity of SAS
response can be quantified by the carotenoid Raman
peak intensity. In addition, significant decrease in the
peak intensity can be detected after short duration of
shade treatment. By using phytochrome mutants, we
verified this decrease in the carotenoid peak to be attrib-
uted to SAS. Decrease of carotenoid Raman peaks during
shade were reproducible under natural growing condi-
tions at high plant-density, which mimics the situation in
commercial agriculture. By demonstrating this method
across various plant species, we showed that this method
is widely applicable for detecting SAS in plants.

Methods

Plant materials and plant growth

We used wild-type (Col-0), phyB-95€, phyA-211 as A.
thaliana materials [30, 42]. All vegetable seeds were pur-
chased from Ban Lee Huat Pte. Ltd. Singapore.

All seeds were subjected to cold stratification at
4 °C in darkness for 3 days before germination and
growth in soil at 21 °C, 60% relative humidity under
long day conditions (16 h light/8 h dark) and in WL
(PPFD=100 pmol cm~? s}, R:FR=3.0). All seedlings
except leafy vegetables were transplanted to individual
pots 7 days after germination (DAG), and then subjected
to their respective treatments. Leafy vegetable seedlings
were transplanted 2 DAG, followed by their respective
treatments.

Shade and plant density treatments

Light treatment includes three conditions as follows: WL
as a control (PPFD=100 pmol cm™? s~!, R:FR=3.0),
MS (PPFD=60 pmol cm™? s7!, R:FR=0.7), and DS
(PPFD =30 pmol cm ™2 s, R:IFR=0.2). WL was provided
by Panasonic fluorescent tubes FL40SS and FR light was
supplemented by CCS Asia ISL-150X150FR light emit-
ting diodes (LEDs) to achieve the R:FR ratios. Top-down
lighting was provided in all experiments.

Arabidopsis thaliana seedlings at 10 DAG were sub-
jected to 7 days of shade treatment, followed by imme-
diate phenotype measurements or Raman spectroscopy.
Vegetable seedlings were grown to 3 DAG, followed by
14 days of shade treatment. N. benthamiana and N. taba-
cum seedlings were grown to 10 DAG and subjected to
14 days of shade treatment.

For the plant density experiment, all A. thaliana, Kai
Lan and Choy Sum seedlings were germinated, grown,
and transplanted as described above. Plants were
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transplanted into different densities and grown until
24 DAG under WL, followed by immediate phenotype
measurement or Raman spectroscopy.

Measurement of plant phenotype

Plants were dissected into individual leaves and, if appli-
cable, its stem. Digital photographs of the dissected plant
were taken. Petiole length, leaf blade area, and stem
length were subsequently measured by using the photo-
graphs in Image] software [43] and Leaf] plugin [44].

Raman spectroscopy

Raman spectra were measured using a purpose-built sys-
tem designed for 830 nm excitation. The sample holder
featured a 100 pm thick fused silica sampling window
used for both excitation and collection of the Raman
signal. An aspheric lens was used to focus the excita-
tion light and collected the Raman scattered light. The
lens was chosen with a depth of>1 mm focus, so that
the Raman signal from the entire cross-section of a leaf
was collected. The excitation laser used with this system
was a fiber coupled laser (Innovative Photonic Solutions,
USA) operating at 830 nm, delivering approximately 100
mW of laser power to the sample. Light was delivered
from the laser to collimating optics via a 105 micron core
multimode fiber. The collimated light was passed through
a Semrock MaxLine Laser Line 830 filter (Semrock Inc.,
USA) to remove any amplified spontaneous emission
from the laser and any background generated within
the delivery fiber. The filtered light was coupled into the
optical path of the excitation lens by 830 nm RazorEdge
Dichroic™ laser beamsplitter (Semrock Inc., USA) oper-
ated as a dichroic mirror. Collected light was passed back
through the Semrock filter and then through additional
830 nm RazorEdge® ultrasteep long-pass edge filter
to further attenuate Rayleigh scattered excitation light
before being delivered to the spectrometer using an F#
matching lens. Spectra were acquired using Kymera 328i
spectrograph (Andor, UK) employing the grating was
600 g/mm, blazed at 850 nm wavelength. For each sam-
ple of plant leaf, 5 spectra were collected with an integra-
tion time of 10 s per sample spot. Cosmic ray events were
identified in the 10 s spectra and removed. After cosmic
ray removal, the individual 10 s spectra were smoothed
across wavelength using the Savitzky-Golay filter func-
tion (MATLAB Inc., USA) with 5th order polynomial
and frame length of 11. A representative sample spec-
trum was created by taking the mean value of the five
filtered and smoothed spectra at each wavelength. The
sample spectrum resulting from this processing con-
tained Raman and fluorescence signal primarily from the
leaf. To generate the leaf Raman spectra presented in the
results section, any residual fluorescence was removed
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by performing a positive residual style polynomial sub-
traction as described elsewhere [45]. Calibration of the
Raman shift was performed using a polystyrene sample
with a well-known Raman spectrum [46]. Raman spec-
tra CCD counts were normalised to the 590 cm ™! Raman
shift before comparison between samples.

Plant samples for Raman spectroscopy
For A. thaliana, to ensure that the leaf received the full
shade treatment, leaf blades and petioles of the third true
leaf were used for measuring the Raman spectrum. Simi-
larly, for Kai Lan and Choy Sum, leaf blades and petioles
of the first true leaf were chosen for Raman spectroscopy.
We measured the Raman spectra from two locations
per leaf blade (one on each side of the midvein) and one
location in the middle of the petiole. A minimum of three
biological replicates were used per plant sample. Two-
tailed Student’s t-test was used to determine P-values.

RNA extraction and quantitative reverse
transcriptase-polymerase chain reaction (QRT-PCR)

Total RNA was extracted from finely ground plant sam-
ples using Ribospin Plant (GeneAll). The concentration of
extracted RNA was determined by using NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific). Reverse
transcription was performed using M-MLV reverse tran-
scriptase (Promega).

Relative gene expression were quantified by 7900HT
Fast Real-Time PCR system (Applied Biosystems). The
reaction mixture consisted of TB Green® Premix Ex Taq"™"
(Tli RNase H Plus) ROX Plus (TaKaRa), cDNA from plant
samples, and primer pairs in Additional file 2: Table S1.

A. thaliana gene sequences were referred from the
Arabidopsis Information Resource (https://www.arabi
dopsis.org), and gene expression was normalized to
UBQI1 as the internal control. Reference gene sequences
for Choy Sum (Brassica rapa FPsc v1.3) and Kai Lan
(Brassica oleracea capitata v1.0) were obtained from Phy-
tozome [47]. Homologues with the highest similarity to
Arabidopsis genes were selected and gene expression was
normalized to homologues of Arabidopsis ACT2.

Measurement of total carotenoid content by ultraviolet-
visible (UV-VIS) spectrophotometer

Plant samples were frozen in liquid nitrogen and ground
into a fine powder before extraction. Fresh weight was
measured and used for normalization between samples.
To extract total carotenoids, 100 mg fresh weight of the
sample was resuspended in 1 mL of 100% methanol and
kept on ice in darkness for 20 min. After centrifugation at
16000g at 4 °C for 4 min, the supernatant was transferred
to a separate tube. Sample extractions were repeated
until the sample loses all coloration. All extracts were
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pooled together. Absorbance values at 470 nm, 653 nm,
and 666 nm were measured using Spark multimode
microplate reader (Tecan) and total carotenoids were cal-
culated based on the formula as described elsewhere [48].

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513007-020-00688-0.

Additional file 1: Fig. S1. Verification of shade conditions and deter-
mining leaf number of Arabidopsis plant for Raman spectroscopy. a
Measurements of petiole length and leaf blade area of wild type (Col-0)
Arabidopsis plants grown in shade conditions. Bars denote average + SE
(n =4). b Left panel, schematic diagram of purpose-built Raman Spec-
troscopy system used in this study. Right panel, photograph of the Raman
Spectroscopy system. Inset shows the leaf of a plant resting on the sample
holder for measurement. ¢ Left panel, Raman spectrum for each leaf
number. Inset focused on 1521 cm ™" Raman peak. Right panel, measured
peak intensities at 1521 cm™' Raman shift. Bars denote average 4 SE (n

= 8). d Development of leaf number 3 of Arabidopsis plant. Numbers
represent leaf number, according to order of development. C represents
cotyledon. Scale, T cm. WL, white light; MS, moderate shade; DS, deep
shade; DAG, days after germination. Fig. S2. Raman spectra of Arabidopsis
plant under shade conditions. a Raman spectra of Arabidopsis leaf blades
and petioles under different shade conditions. (leaf blade: n = 8, petiole:
n = 4). b Three-dimensional principal component analysis (PCA) plot of
wild type (Col-0) Arabidopsis under shade conditions. c Raman spectra
for carotenoid standards. WL, white light; MS, moderate shade; DS, deep
shade. Fig. $3. Raman spectra of same-age wild type (Col-0) Arabidopsis
plants with different duration of shade treatment. Number of hours (h) or
days (d) represents the duration of shade treatment. Control plants are not
exposed to shade. (leaf blade: n = 10, petiole: n = 8). Fig. S4. Raman spec-
tra of Arabidopsis plants from seedling to mature stage in time-course
shade experiment. a Phenotype of plants at different age and different
durations of shade treatment. 10-days-old plants were subjected to 7 days
treatment of white light (WL) or deep shade (DS). b Carotenoids Raman
peak of plants in a. Dashed line indicates difference in peak intensity
between WL and DS. DAG, days after germination. Fig. S5. Raman spectra
of Arabidopsis phytochrome mutants under shade conditions. a Petiole
length and leaf blade area of phyB-95“ and phyA-211 under shade. Bars
denote average =+ SE (n = 3). b Raman spectra of leaf blades and petioles
of phyB-9° and phyA-211 in a (leaf blade: n = 8, petiole: n = 4). WL, white
light; MS, moderate shade; DS, deep shade. Fig. S6. Raman spectra of wild
type (Col-0) Arabidopsis leaf blades and petioles in low to high density
planting. (leaf blade: n =5, petiole: n = 3). Fig. S7. Raman spectra of leafy
vegetables under shade conditions. a Development of leaf number 1
(blue arrowhead) in vegetables. Scale, 2 cm. b Measurements of petiole
length, leaf blade area, hypocotyl length, and epicotyl length of Kai Lan
and Choy Sum grown in shade conditions. Bars denote average =+ SE (n =
3). ¢ Raman spectra of leaf blades and petioles of Kai Lan and Choy Sum
in a (leaf blade: n=8, petiole: n = 4). WL, white light; MS, moderate shade;
DS, deep shade; C, cotyledon. Fig. $8. Raman spectra of leafy vegetables
with different duration of shade treatment. a Raman spectra of leaf blades
and petioles of Kai Lan (n = 5). b Raman spectra of leaf blades and peti-
oles of Choy Sum (n = 4). Fig. S9. Raman spectra of leafy vegetables in
high density planting. a Measurements of petiole length, leaf blade area,
hypocotyl length, and epicotyl length of Kai Lan and Choy Sum grown

in low to high density conditions. Bars denote average & SE (n =4). b
Raman spectra of leaf blades and petioles of Kai Lan and Choy Sumin a
(leaf blade: n = 6, petiole: n = 4). Fig. $10. Raman spectra of various plant
species under shade conditions. (Baby Bok Choy: leaf blade n = 7, petiole
n = 4; Bok Choy ‘Purple King'": leaf blade n = 6, petiole n = 6; Romaine
Lettuce: leaf blade n = 6, petiole n = 6; Nicotiana benthamiana: leaf blade
n = 3, petiole n = 3; Nicotiana tabacum: leaf blade n = 6, petiole n = 3).
WL, white light; MS, moderate shade; DS, deep shade.

Additional file 2: Table S1. List of primers used in gRT-PCR analysis.
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