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Abstract Raman spectroscopy can be used for sensitive
detection of carotenoids in living tissue and Raman map-
ping provides further information about their spatial dis-
tribution in the measured plant sample. In this work, the
relative content and distribution of the main carrot
(Daucus carota L.) root carotenoids, �-, �-carotene,
lutein and lycopene were assessed using near-infrared
Fourier transform Raman spectroscopy. The pigments
were measured simultaneously in situ in root sections
without any preliminary sample preparation. The
Raman spectra obtained from carrots of diVerent origin
and root colour had intensive bands of carotenoids that
could be assigned to �-carotene (1,520 cm¡1), lycopene
(1,510 cm¡1) and �-carotene/lutein (1,527 cm¡1). The
Raman mapping technique revealed detailed informa-
tion regarding the relative content and distribution of
these carotenoids. The level of �-carotene was heteroge-
neous across root sections of orange, yellow, red and
purple roots, and in the secondary phloem increased
gradually from periderm towards the core, but declined

fast in cells close to the vascular cambium. �-carotene/
lutein were deposited in younger cells with a higher rate
than �-carotene while lycopene in red carrots accumu-
lated throughout the whole secondary phloem at the
same level. The results indicate developmental regulation
of carotenoid genes in carrot root and that Raman spec-
troscopy can supply essential information on caroteno-
genesis useful for molecular investigations on gene
expression and regulation.
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Abbreviations NIR: Near-infrared · FT: Fourier 
transform

Introduction

Carotenoids are ubiquitous natural pigments that serve
essential functions in photosystems of higher plants
(Demmig-Adams et al. 1996). Moreover, they occur in
non-photosynthetic tissues of some Xowers and fruits
enhancing attractiveness to pollinators and animals dis-
persing seeds. Carrot storage root is also a rich source of
carotenoids, which are bioavailable to animals and
human beings (Horvitz et al. 2004). It is well known that
�- and �-carotene can be converted to vitamin A (Olsen
1989) and carrot is one of the main sources of these com-
pounds in the US diet (Rubatzky et al. 1999). The ability
of quenching singlet oxygen by carotenoids implies their
antioxidant property that plays an important role in the
prevention of several diseases. Lycopene and lutein pres-
ent in some carrot types are valuable phytonutrients in
the prevention of cancer, cardiovascular disease and
macular degeneration (Fraser and Bramley 2004).

Carrot root has a very complex carotenogenesis and
various carotenes and xanthophylls may be synthesized
and deposited there. The carotenoid composition of the
typical coloured forms is well agreed. Orange carrot con-
tains predominantly �-carotene (45–80%) accompanied
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by �-carotene that together constitute up to 95% of total
carotenoids (Simon and WolV 1987). Although orange
rooted carrots are the most familiar nowadays, yellow
and purple types were domesticated Wrst in Afghanistan
about tenth century and were cultivated since then in
Asia and Europe. Orange and white carrots have been
known in Europe for the recent 400 years only and were
transferred to North America and Japan. Red coloured
carrots evolved in China and India around the eigh-
teenth century where they are still available (Rubatzky
et al. 1999). In the yellow carrot lutein and �-carotene are
mainly found, but traces of �-carotene are also reported.
SigniWcant amounts of lycopene are present only in red
roots that contain also �-carotene while �-carotene is
usually below the detection limit. Purple roots can pos-
sess a similar carotene composition as orange roots, but
the presence of dark anthocyanins masks the orange col-
our (Buishand and Gabelman 1980; Nicolle et al. 2004;
Surles et al. 2004).

Carotenoids determine not only root colour but they
also aVect the perception of carrot taste and Xavour that
inXuence the consumer preference (Alasalvar et al. 2001;
Habegger and Schnitzler 2005). Colour and aroma com-
pounds are highly associated and thus the carotenoid
degradation pathway is considered a key route for the
formation of volatile compounds in many plants, also
during a long-term storage of carrots (Ayers et al. 1964;
Lewinsohn et al. 2005). Furthermore, it has been found
that carotenoid cleavage products may also act in plant
defence (Bouvier et al. 2005).

Carotenoid molecules consist of a long central chain
with a conjugated double-bond system, which is a light-
absorbing chromophore responsible for the characteris-
tic colour of these compounds. The colour of main carrot
carotenoids, lutein, �-carotene, �-carotene and lycopene
varies from yellow to red (Simon and WolV 1987). Sev-
eral major genes determine the accumulation of orange,
yellow or red pigments in carrot (Simon 1984; Poon and
Goldman 2002), but their quantitative composition is
additionally aVected by quantitative trait loci (QTL,
Santos and Simon 2002). DiVerential level of carotenoids
between the secondary phloem and xylem is also under
genetic control and is commonly used as a genotype
descriptor. Moreover, the colour of both tissues is com-
posite that apparently complicates further study on
mechanisms regulating carotenogenesis. Variability in
qualitative and quantitative composition of carotenoids
in a whole carrot root is well documented; some authors
analysed the secondary phloem and xylem separately as
they are easily distinguishable (Buishand and Gabelman
1979). However, ambiguous colour delimitation within
the tissue and the limits of standard analytical methods
constrain more detailed investigations.

New prospects of carotenoid analysis directly in an
intact plant tissue have been recently demonstrated by
the use of Fourier transform (FT) Raman spectroscopy
(Baranski et al. 2005; Schulz et al. 2005). Although carot-
enoids occur in carrot as minor components at the ppm
level, a very sensitive detection can be achieved by

Raman measurements due to a signal enhancement
caused by the pre-resonance eVect of the analyte (Ozaki
et al. 1992). Moreover, laser excitation in the near-infra-
red (NIR) region allows the obscuring Xuorescence of
biological material to be avoided. Raman spectroscopy is
also considered to be non-destructive to plant tissue and
thus spectral information can be obtained directly from
the investigated sample without the need for carotenoid
extraction (Schrader et al. 1999). That feature allows sev-
eral measurements to be performed at the same point
without any harm. Additionally, a spatial distribution of
individual carotenoids can be assessed when spectra are
collected point by point across a deWned root section and
then integrated at their characteristic wavelengths. Such
data are further reconstructed into 2- or 3-dimensional
maps and compared to a visual image of the sample.

The main carrot carotenoids synthesized according to
the isoprenoid biosynthetic pathway diVer in the length
of their central polyene chain and side groups (Fig. 1).
Stretching modes of conjugated C=C and C–C bonds in
the central chain give in Raman spectra two intense
bands near 1,525 and 1,155 cm¡1, respectively. Generally,
the wavenumber position of the Wrst band is correlated
with the length of the polyene chain and can be used for
identiWcation purposes. Thus carotenoids with 11, 9, 8
and 7 conjugated C=C bonds have their characteristic
bands at about 1,510, 1,525, 1,530 and 1,536 cm¡1,
respectively. The band position can be additionally
slightly inXuenced by carotenoid side groups and cova-
lent bonds to other plant constituents. Thus the spectral
position of –C=C– stretching vibrations provide infor-
mation about the structure of the investigated carote-
noids that have already enabled the main carotenoids
occurring in orange and yellow carrot roots to be
detected (Schulz et al. 2005).

In spite of the fact that carrot is an important dietary
source of carotenoids and that inheritance of root colour
has been studied for several years, little is known about
carotenogenesis in root tissue. The demand for improved
carrot cultivars of high nutritional value requires
detailed information on the regulation of the carotenoid
biosynthesis and sequestration. Raman spectroscopy can
provide insight into carotenoid accumulation directly in
living tissue that is not available using previously applied

Fig. 1 Carotenoid biosynthetic pathway restricted to four main car-
rot root pigments. LCY-b lycopene �-cyclase, LCY-e lycopene �-cy-
clase, CRTR-b �-ring hydroxylase, CRTR-e �-ring hydroxylase,
CYC-b chromoplasts-speciWc lycopene cyclase
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analytical techniques. In this paper, we assess a complex
carotenoid composition directly in various intact carrot
roots of diVerent colour using FT¡Raman spectroscopy;
the main carotenoids are identiWed and their relative
contents are compared. We also evaluate spatial distribu-
tion and deWne tissue speciWc accumulation of these car-
otenoids across individual root sections. The achieved
results demonstrate the potential of Raman spectroscopy
for non-destructive carotenoid analysis and are believed
to serve as a background for the study on the regulation
of carotenoid accumulation.

Materials and methods

Plant material

Cultivated carrots (Daucus carota L. ssp. sativus (HoVm.)
of diVerent root colour and origin were grown in the
experimental garden of the BAZ and used for analyses:
typical orange ‘Bolero’ F1 (Vilmorin, FR) and ‘Regulus
Imperial’ (Nordic Gene Bank, Alnarp, SE, Acc. No.
13955), dark orange ‘Beta III’ and ‘HCM’ (USDA, ARS,
University of Wisconsin, Madison, USA), orange with
purple outer phloem ‘Purple Haze’ F1 (Bejo Zaden, NL),
completely purple line ‘bejo 01-0102’ (Bejo Zaden, NL),
yellow line ‘Purple Stem Selection’ (Warwick HRI,
Genetic Resources Unit, Wellesbourne, UK, Acc. No.
HRIGRU 6519) and red ‘Panipat Special’ (Warwick
HRI, Acc. No. HRIGRU 6754); additionally, white wild
carrot from BAZ collection 32793/BAZ-GB. Root discs
of about 3 mm thickness were transversely cut and used
for analyses without any further preparation. Pure �-car-
otene, �-carotene, lutein and lycopene standards were
purchased from Sigma-Aldrich.

Raman measurements

Raman spectra were recorded using a Bruker NIR-FT-
Raman Spectrometer (model RFS 100) equipped with a
Nd:YAG laser, emitting at 1,064 nm, and a germanium
detector cooled with liquid nitrogen. The instrument was
equipped with an xy stage, a mirror objective and a
prism slide for redirection of the laser beam. Compared
with the standard vertical sampling arrangement, the
samples were mounted horizontally. Carrot root discs
were mounted between two glass slides to avoid any
movement and deformation during the measurement.

Single measurements from carrot roots were obtained
with 128 scans and an unfocused laser beam of 200 mW.
One hundred and twenty-eight scans and a laser power
of 10 mW were used for spectral analysis of carotenoid
standards in the solid state. Most spectra were obtained
with a spectral resolution of 4 cm¡1 (for yellow carrot
resolution of 2 cm¡1 was used) in the wavenumber range
from 100 to 4,000 cm¡1. Line and 2D Raman measure-
ments were obtained point by point moving the xy stage;
x and y directions of the accessory were automatically

controlled by the spectrometer software. The samples
were irradiated with a focused laser beam of 100–
200 mW of a diameter about 0.1 mm; in most cases four
scans were collected at each measured point. The spectra
collected from the mapped areas were baseline corrected
and processed by the Bruker Opus/map software pack-
age v. 4.3. The maps were obtained by integration of the
spectra at a band characteristic for an analyte and col-
oured according to the Raman intensity.

Results

Fourier transform Raman spectroscopy was applied for
carotenoid analysis in intact white, yellow, orange, red
and purple carrot storage roots. The obtained spectra
diVered in the position of the bands characteristic for the
main carrot carotenoids as well as in their intensity.
These features allowed visualization of the carotenoid
spatial distribution present in the analysed roots.

IdentiWcation of the main carotenoids

In the Raman spectra obtained from various carrots,
the –C=C– stretching vibration of the carotenoid sig-
nal was observed within a wavenumber range between
1,500 and 1,540 cm¡1, but the position of this band
depended on the colour of the analysed root (Fig. 2).
Only for white carrots no signal was detected in this
range, which conWrmed that the observed bands for col-
oured roots were related to carotenoids and not to the
other plant constituents. For both orange and purple
roots the band was symmetric and located at
1,520 cm¡1 that enabled its identiWcation as a character-
istic band of �-carotene according to previous reports
(Schulz et al. 2005). For yellow roots the bands were
shifted and much broader in comparison to the band of
�-carotene. The evident asymmetry suggested their
complex composition resulting from the presence of
various carotenoids in the tissue.

Fig. 2 Carotenoid characteristic bands of FT-Raman spectra ob-
tained from carrot roots of diVerent colour
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It is well documented that lutein and �-carotene
accompany �-carotene in yellow roots (Alasalvar et al.
2001; Nicolle et al. 2004); thus, the observed band can be
considered as consisting of two overlapped signals: the
Wrst dominating at 1,520 cm¡1 (�-carotene) and the sec-
ond of lower intensity at about 1,527 cm¡1, which can be
assigned to lutein or �-carotene (Schulz et al. 2005). The
later both pigments have nine conjugated C=C bonds in
the central chain and the only structural diVerence
between them is restricted to the presence of hydroxyl
groups in the terminal rings. In such case the wavenum-
ber position of �1 stretching vibration for both carote-
noids should be similar and thus discrimination between
lutein and �-carotene can be hardly observed. ConWrma-
tion of this fact comes from the spectra of pure lutein
and �-carotene standards where the discussed diVerence
in the position of the �1 band is only 1 cm¡1 (Schulz et al.
2005). Therefore, both carotenoids could contribute to
the observed band at 1,527 cm¡1, so we did not discrimi-
nate between them.

The spectrum obtained from red carrot was also
asymmetrical. The dominant band at 1,520 cm¡1 could
be assigned to �-carotene similarly as for the other col-
oured carrots whereas the lower wavenumber vibration
seen as a shoulder at about 1,510 cm¡1 was due to red
lycopene, which is another main carotenoid of red carrot
(Buishand and Gabelman 1980). Lycopene is an acyclic
11-conjugated carotene occurring as the principal pig-
ment in red tomato fruits, where it has been already iden-
tiWed by FT-Raman spectroscopy as responsible for �1
stretching vibration occurring at 1,510 cm¡1 (Schulz
et al. 2005).

Distribution of �-carotene

The occurrence of strong �-carotene signals in the spec-
trum of orange and purple carrot roots gives a good pre-
condition to apply Raman mapping technique for
investigation of its distribution. For that purpose, mea-
surements were taken point by point in two dimensions
and the collected spectra were integrated at 1,520 cm¡1.
The obtained map was then coloured according to the
band intensity that corresponded to �-carotene concen-
tration in the analysed tissue. In all roots, �-carotene dis-
tribution was heterogeneous across the root section
independently on the carrot genotype and resembled a
pattern of concentric rings of high and low carotene lev-
els, which could not be distinguished so clearly by visual
examination (Fig. 3). Generally, the highest accumula-
tion could be found in the secondary phloem, whereas
periderm/pericyclic parenchyma and the tissue along the
vascular cambium were relatively poor in this com-
pound. SigniWcant accumulation of �-carotene in the sec-
ondary xylem could be seen for genotypes known as
possessing an elevated carotenoid content such as ‘Beta
III’ (Fig. 3b) or ‘HCM’ (Fig. 3c), which had a dark
orange core. Additionally, carotene accumulation in the
secondary phloem showed often a star-shape pattern,
which could be compared to the rays of diVerent

intensity of orange colour. Repetitive measurements of
the same root performed with a resolution of 100 �m
produced maps that clearly demonstrated the presence of
characteristic carotenoid rays (Fig. 4). Further increase
of the resolution to 25 �m revealed that the carotene-rich
rays are undoubtedly separated by parenchyma of lower
carotene content. The level of carotenoids in the oil ducts
and surrounding cells was below detection limit, and
appeared as blue spots on Raman maps. Slightly lower
colour intensity in such tissue was hardly distinguishable
by visual colour inspection and it was not enough pro-
nounced to state that the oil duct cells could be free of
carotenoids (Fig. 4c, d).

Relative distribution of �-carotene and �-carotene/lutein

A line mapping was performed by collecting a series of
spectra from measurements taken in one dimension
along the radius of a transversely cut root. Several line
mappings executed on the same orange root as well as
roots of various cultivars conWrmed heterogeneous dis-
tribution of �-carotene, but enabled additionally better
visualization of diVerences in carotene content between
adjusted tissues. Raman intensity is proportional to the
concentration of the analyte molecule so the curve pre-
sented in Fig. 5 demonstrates the relative level of �-caro-
tene in the tissue along the root radius. A general
tendency was observed that despite homogeneous
orange colouration in the secondary phloem the �-caro-
tene level increased from the periderm towards the core,
but then it declined rapidly in tissue close to the vascular
cambium. The distribution was not symmetrical and the
maximum accumulation was located in younger phloem.
In the secondary xylem, a small increase of the �-caro-
tene level was observed in the vicinity of the vascular
cambium, which was not perceived by visual examina-
tion. The innermost tissue usually of lower colour satura-
tion was relatively poor in �-carotene, except for
carotene-rich cultivars.

Visual inspection on yellow roots allowed the second-
ary phloem and xylem to be distinguished, but within
those tissues diVerences in colour intensity were diYcult
to assess. The same line mapping technique revealed that
the distribution of the main carotenoids across the root
is complex and allowed to compare their relative level
in the same tissue. For that purpose, the intensity of the
–C=C– stretching mode was integrated at 1,520 cm¡1

for �-carotene and at 1,527 cm¡1 for �-carotene/lutein
and presented as curves along the root radius (Fig. 5b).
In spite of no orange colouration, �-carotene was
detected and its distribution followed an asymmetrical
pattern similar to that found for orange root with the
maximum at intense yellow tissue. At the same time, �-
carotene/lutein occurred at lower level and their distribu-
tion was more uneven. Elevated amounts of �-carotene/
lutein were observed in several measured points along
the root radius and were particularly well identiWed in
the secondary xylem. In comparison to �-carotene, the
maximum amount of �-carotene/lutein in the secondary
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phloem was shifted towards the vascular cambium and
some of their local minima corresponded to �-carotene
peaks. Periderm/pericycle parenchyma contained ele-
vated amounts of �-carotene/lutein.

To visualize the shift between the maxima of �-caro-
tene and �-carotene/lutein in a section of yellow root,
2D Raman mapping was performed with the band inte-

gration done at the same wavelengths as for the line
mapping presented above. The obtained maps con-
Wrmed that �-carotene accumulated predominantly in
the secondary phloem (Fig. 6b) while maxima of �-caro-
tene/lutein (Fig. 6c) were localized at regions where the
�-carotene level declined. Thus, high amounts of �-caro-
tene/lutein were evident in the xylem, in the phloem

Fig. 3 Visual images of a quarter of transversely cut carrot roots
and their Raman maps coloured according to the band intensity in
the range of 1,517–1,523 cm¡1 related to �-carotene content; orange
‘Bolero’ F1 (a), dark orange ‘Beta III’ (b), dark orange ‘HCM’ (c),

purple-orange ‘Purple Haze’ F1 (d), purple line ‘bejo 01–0102’ (e).
Mapping increment of 250 �m (a, b), 400 �m (c), 500 �m (d) and
300 �m (e). Microscopic section of carrot root at early secondary
growth stained with toluidine blue (f )

Fig. 4 Raman maps obtained from a section of orange ‘Bolero’ F1
root with mapping increment of 500 �m (a), 100 �m (b) and 25 �m
(c), respectively. The maps are coloured according to the band inten-

sity in the range of 1,517–1,523 cm¡1 related to the �-carotene con-
tent in the carrot root. d Microscopic image of the same fragment as
in map (c) stained with toluidine blue; od oil duct, pr phloem rays
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along vascular cambium and periderm. Additionally,
they accumulated in the secondary xylem produced
between the adjusted vascular cambium developing
across the secondary phloem towards periderm that was
almost free of �-carotene.

Relative distribution of �-carotene and lycopene

The Raman maps obtained from a quarter of trans-
versely cut red root and generated from bands at 1,520
and 1,510 cm¡1 revealed the distribution of �-carotene
and lycopene, respectively (Fig. 7). The distribution of �-
carotene was similar to that observed before in the roots
of the other colours; also a characteristic ray pattern
could be noticed. However, this distribution was not con-
sistent with a visual root appearance since red colour of
outer phloem was pronounced and masked any orange
colouration coming from �-carotene. Mapping of lyco-

pene showed that this pigment was also accumulated
more in the secondary phloem than in the xylem. How-
ever, in contrary to the other carotenoids it was distrib-
uted relatively homogeneously in the secondary phloem
and thus no distinctive maximum concentration of this
pigment could be found. That Wnding was in contrast to
visual examination, which showed a gradient of red col-
our from the periderm towards the secondary cambium.

Discussion

We have recently demonstrated that FT-Raman spec-
troscopy is a powerful technique that enables detection
of carotenoids in orange and yellow carrots (Schulz et al.
2005). The Raman mapping provided further informa-
tion on the carotenoid spatial distribution and thus het-
erogeneous carotene content in the orange roots was
postulated (Baranska and Schulz 2005). Here, we have
analysed carrots of diVerent origin to assess the distribu-
tion of the main carrot carotenoids occurring in roots of
diVerent colour. Moreover, we observed relationships in
their distribution and related them to the root tissues.

The registered Raman signals of �-carotene were very
strong and partially overlapped the signals of the other
carotenoids. However, shoulder bands could be clearly
assigned to lycopene and �-carotene/lutein, and their
characteristic wavenumbers have already been described
in the previous report (Schulz et al. 2005). The diVerence
between Raman signals of pure standards of lutein and �-
carotene was too small to distinguish between both pig-
ments, so generally we considered these carotenoids
together. However, in yellow roots, lutein dominates
while �-carotene is often not detectable (Alasalvar et al.
2001; Nicolle et al. 2004), so in those roots the observed
band can be assigned mainly to lutein. The assignment of
the characteristic bands gave a good precondition to
apply the mapping technique, which supplies information
about spatial distribution of the investigated molecules
and enables a semi-quantitative comparison between
diVerent sample regions. Moreover, the ratio between the
content of diVerent molecules can be estimated. Such
comparison is possible due to the fact that the data on all
sample components are collected from the measured

Fig. 5 FT-Raman measurements of carotenoids in carrot root of
orange ‘Regulus Imperial’ (a) and yellow line ‘Purple Stem Selec-
tion’ (b). The plots show the intensity of the C=C vibrational mode
at 1,520 cm¡1 for �-carotene (a, b) and at 1,527 cm¡1 for �-carotene/
lutein (b); measurements were taken every 100 �m along a root radi-
us; pp periderm and pericycle, sp secondary phloem, vc vascular
cambium, sx secondary xylem

Fig. 6 Image of a root section of yellow ‘Purple Stem Selection’ (a)
and its Raman maps coloured according to the band intensity in the
range of 1,517–1,523 cm¡1 for �-carotene (b) and 1,524–1,530 cm¡1

for �-carotene/lutein (c); mapping increment of 500 �m; pp periderm
and pericycle, sp secondary phloem, vc vascular cambium, sx sec-
ondary xylem
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point at the same time and then information on the
chosen molecules can be retrieved (Baranska et al. 2005).
Finally, the principal advantage of FT-Raman spectros-
copy with incitation in the NIR range over standard ana-
lytical methods is the possibility for taking measurements
from living tissue, so the identiWed carotenoids can be
analysed directly in the tissue/cells where they are depos-
ited (Schrader et al. 1999). We therefore used this tech-
nique for mapping carotenoids along the root radius or
across the surface of the transversely cut root to visualize
the level as well as proportions of individual carotenoids
accumulated in various root tissues.

Several reports on the diVerence in carotenogenesis
between the secondary phloem and xylem are available
and that diVerence is usually taken into account in
detailed carrot examination. Buishand and Gabelman
(1979) visually distinguished non-tinge roots where the
secondary phloem and xylem had a similar colour, and
tinge carrot with very diVerent colour between phloem
and xylem. However, tinge roots showed often continu-
ous variation of colour, particularly in phloem, and sev-
eral classes of colour intensity had to be considered. The
similar approach was used for red carrots and their segre-
gating progenies (Buishand and Gabelman 1980). Fur-
ther chemical analysis of root sections comprising the
secondary phloem or xylem conWrmed that the observed
colour diVerence was related to the carotenoid content in
the tissue, but it was also found that roots of less intense
orange colour could possess higher level of carotenoids
than those of more intense colouration, so visual classiW-
cation was not always accurate. Our results are clearly
congruent with those Wndings as we usually observed a
diVerence in carotenoid level between the secondary
phloem and xylem. Distribution in the secondary xylem
diVered also between various carrots. Carotene-rich culti-
vars such as ‘Beta III’ and ‘HCM’ showed in our experi-
ments elevated amounts of �-carotene while the other
carrots were poor in this pigment. In many roots we
observed, however, a notable �-carotene increase in a
near distance from the vascular cambium while the inner-
most part of the root was usually almost free of this

pigment. Moreover, we found that in the secondary
phloem, �-carotene accumulated gradually and increased
from very low at periderm to the maximum at about two-
third of the phloem radius and then declined fast in cells
close to the vascular cambium. Such distribution was
observed in all orange, yellow and red carrots as well as
in purple roots where anthocyanins completely masked
visual colour perception. Variable carotene content
across the root could aVect visual colour assessment;
however, such uneven distribution was found even in
roots where no colour diVerentiation was perceived.
These results indicate that both tinge and non-tinge roots
have heterogeneous carotene accumulation within the
secondary phloem as well as xylem. Therefore, the use of
the whole phloem or xylem tissue sections for chemical
analyses does not provide complete data for detailed
characterization of carotenoid content in various root
tissues.

Microscopic observations revealed that carotenes
deposited in root chromoplasts show crystalline appear-
ance (Frey-Wyssling and Schwegler 1965). However, the
density of crystalline �-carotene (1.00 g ml¡1) indicates
that chromoplasts do not contain pure carotene crystals.
Reiter et al. (2003) have proposed that a hydrophobic
core of crystalloid �-carotene is stabilized by ampho-
philic constituents such as protein or residual mem-
branes. The application of a non-ionic detergent for
carotene extraction from carrot root allowed caroteno-
proteins to be isolated (Milicua et al. 1991; Dietz Bryant
et al. 1992). Later, Zhou et al. (1994) have found that the
18 kDa protein-containing carotenoid complex was the
major one associated with the pigments within the carrot
chromoplasts although associated only with a small per-
centage of total carotenoids. They also postulated that
this complex might function enzymatically in carotenoid
synthesis. However, it has not been shown precisely
which carotenoids occur in complexes, so far. In Raman
spectroscopy, the signal is obtained from both crystalloid
and amorphic forms of a molecule, but also if a molecule
binds to other plant constituents, for example to pro-
teins. Thus the spectra obtained from the carrot root

Fig. 7 Image of a root section of red ‘Penipat Special’ (a) and its
Raman maps coloured according to the band intensity in the range
of 1,517–1,523 cm¡1 for �-carotene (b) and 1,505–1,513 cm¡1 for

lycopene (c); mapping increment of 300 �m; pp periderm and pericy-
cle, sp secondary phloem, vc vascular cambium, sx secondary xylem
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may comprise information from various carotenoid
forms. The applied Raman mapping conWrmed that �-
carotene was accumulated predominantly in phloem rays
(Esau 1940), but additionally revealed that parenchy-
matic cells also contain this pigment although at a lower
level. The characteristic star-shape pattern of the rays
can be particularly well recognized when a higher map-
ping resolution is applied. At the same resolution, no
carotenoid signals were recorded in some areas. Compar-
ison of the Raman map and visual picture of the same
fragment of intact root tissue showed that the region free
of carotenoids is occupied by oil ducts and accompany-
ing cells (Fig. 4c, d). These cells accumulate mono- and
sesquiterpenoids responsible for carrot Xavour. The
observed lack of carotenoids indicates that after cell
diVerentiation during root development the mechanism
for sequestration of carotenoids, which are tetraterpe-
noids, is no longer supported.

�-Carotene or lutein, accompany �-carotene in orange
or yellow carrots and a big diVerence in their content was
observed between the secondary phloem and xylem in
tinge roots (Buishand and Gabelman 1979). The pre-
sented results demonstrate that the level of �-carotene/
lutein is also heterogeneous within each of those tissues.
A general trend in the distribution of �-carotene/lutein
was similar to that of �-carotene, but interestingly
several signiWcant deviations were observed: (1) the max-
ima of these pigments were usually shifted towards the
vascular cambium, (2) another local maximum close to
the periderm was often recognized, (3) an elevated
amount was observed in the secondary xylem produced
between adjusted cambium across the secondary phloem
where �-carotene was almost not detectable, (4) in the
secondary xylem their ratio to �-carotene was usually
elevated, and (5) in the secondary xylem local maxima
corresponded to local minima of �-carotene. Carrot
undergoes a secondary root growth initiated at the vas-
cular cambium. In both outer and inner root parts, new
cells are produced continuously and thus the cells along
the vascular cambium are the youngest. Due to that
expanding growth, the primary meristematic tissue, peri-
cycle, is moved outwards and localized close to periderm,
but is still active and produce a thin layer of new cells
(Esau 1940). Therefore, the Wrst three Wndings may indi-
cate that �-carotene/lutein are synthesized in younger
cells with a higher rate than �-carotene, but later, in
older cells, �-carotene dominates. The observed decline
of �-carotene and �-carotene/lutein in more outer
phloem may be related to the root developmental stage.
Young carrot roots are free of carotenoids and start to
accumulate them after the Wrst month of growth. Carote-
nogenesis intensiWes during vegetation and the maximum
of deposited carotenoids occurs usually short before the
secondary growth is completed (Phan and Hsu 1973).
Therefore, the diVerence in the carotenoid level within
the secondary phloem observed in Raman maps reXects
changes occurring during root growth with the oldest
root parts possessing the lowest amounts of carotenoids.
The similar tendency can be observed also in the second-

ary xylem although it is less pronounced as this root part
is usually much smaller and thus the decreasing caroten-
oid level inwards is evident in some roots only.

Unlike previously discussed pigments, lycopene in red
carrots is accumulated throughout the whole secondary
phloem at the same level. Also no pattern was found in
the secondary xylem, which contained low amount of
lycopene. Visually, red carrots exhibited more dark red
colour in the outer phloem while the younger part had
lower saturation. The uniform distribution of lycopene
and heterogeneous accumulation of �-carotene in the
same root indicates that the perception of red colour is
due to decreased amount of orange �-carotene in the
outer phloem rather than to elevated amounts of red
lycopene.

In the recent years much work has been devoted to
genetics and molecular biology of carotenoids. These
approaches have resulted in the identiWcation and clon-
ing of genes critical in the carotenoid biosynthesis
(Cunningham and Gantt 1998). According to the biosyn-
thetic pathway of carotenoids in plants, phytoene is the
Wrst molecule with a long polyene chain, which is typical
for this chemical class. A series of sequential desatura-
tions catalysed Wrst by pytoene desaturase (PSY) and
then by �-carotene desaturase (ZDS) converts phytoene
to phytoXuene, �-carotene and neurosporene and Wnally
lycopene; formation of lycopene requires additionally
carotene isomerase. Cyclic carotenoids are formed from
lycopene by cyclization of its end groups. Lycopene �-
cyclase (LCY-b) catalyses the formation of two �-rings
of �-carotene and one of �-carotene while lycopene �-
cyclase (LCY-e) is additionally required for the creation
of the �-ring of �-carotene. �- and �-ring hydroxylases
(CRTR-b and CRTR-e, respectively) convert �-carotene
to lutein (Taylor and Ramsay 2005). Several work on
gene expression and their regulation clariWed the mecha-
nism undergoing in fruit chromoplasts in parallel to that
in chloroplasts of photosynthetic tissue. Tomato fruit
has become a model for the investigation of regulation in
chromoplasts, but relatively little is known about these
mechanisms in underground storage organs in spite of
intensifying works in potato. The inheritance of the
genes conferring carrot root colour has been studied for
the last few decades, but carrot has become the target of
molecular investigations just recently. So far, only Santos
et al. (2005) commenced work in this Weld and suggested
that phytoene is an essential substrate for lycopene and
�-carotene production in carrot. Previous works on
tomato fruits indicate that carotene isomerase is required
for carotenoid biosynthesis that occurs in chromoplasts
in the dark and thus may be also critical in carrot root
(Isaacson et al. 2002). DiVerent rate of �-carotene/lutein
and �-carotene accumulation in root tissues presented in
our work may result from the fact that �,�-ring carote-
noids are synthesized via a separate pathway branch
than �,�-carotene. The former requires the activation of
two independent genes Lcy-e and Lcy-b while for the
latter Lcy-b expression seems to be suYcient. In tomato
chromoplasts additional cyclase (CYC-b) has been



1036
identiWed that also participates in the �-carotene synthe-
sis (Ronen et al. 2000), but there is no report whether this
enzyme is active in carrot root chromoplasts too. Our
observations of diVerent distribution of the discussed
pigments may indicate that they are developmentally
regulated and the expression of the lycopene cyclase
genes in carrot is at least partially controlled indepen-
dently. It is also probable that the regulation occurs
directly at the level of accumulation. Carotenoids are
sequestered as both crystals and lipoprotein complexes
depending on the chromoplast type and some homolo-
gous genes involved in that process have been found in
tomato (Vishnevetsky et al. 1999). Carrot root also
deposits carotenoids in various forms so an analogous
mechanism may function there.

The importance of carotenoids in plant ontogenesis
as well as for human nutrition has burst the molecular
study of carotenoid biosynthesis. However, the knowl-
edge about the regulation mechanisms of their synthesis,
accumulation and decomposition is still very limited.
The information available on the genetics of carrot car-
otenoids is based on either visual colour perception or/
and chemical analyses. So far, only root sections com-
prising the secondary phloem or xylem have been used
for analyses due to the method limitations. However, the
presented results achieved by applying Raman spectros-
copy indicate that carotenoid composition is tissue spe-
ciWc and the whole phloem or xylem sections are too big
to follow the pattern of pigment accumulation. The
recorded distributions of individual carotenoids demon-
strate that visual observations of root colour also do not
provide enough evidence for the accurate assessment of
carotenoid accumulation. Raman spectroscopy oVers
direct insight into carotenogenesis in living tissue and
allows to study carotenoid sequestration even at micro-
scopic dimensions. This new approach can supply valu-
able information on spatial diVerentiation of
carotenogenesis and serve as a basis for further molecu-
lar investigations on gene expression and regulation.
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