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Abstract

Rhodotorula glutinis is known to accumulate large amounts of carotenoids under

certain culture conditions, which have very important industrial applications. So

far, the molecular mechanism of regulating carotenogenesis is still not well

understood. To better understand the carotenogenesis process, it requires methods

that can detect carotenogenesis rapidly and reliably in single live cells. In this paper,

a method based on laser tweezers Raman spectroscopy (LTRS) was developed to

directly detect carotenoids, as well as other important biological molecules in

single live R. glutinis cells. The data showed that the accumulation of carotenoids

and lipids occurred mainly in the late exponential and stationary phases when the

cell growth was inhibited by nutrient limitation. Meanwhile, the carotenoid

concentration changed together with the concentration of nucleic acids, which

increased in the first phase and decreased in the last phase of the culture. These

data demonstrate that LTRS is a rapid, convenient, and reliable method to study

the carotenogenesis process in vivo.

Introduction

Carotenoids represent a group of important natural pig-

ments widely used in the pharmaceutical, cosmetic, food,

and feed industries. The biological sources of carotenoids

have received more attention because they have lower

toxicity and higher bioavailability than their chemically

synthesized counterparts. Several microorganisms, includ-

ing bacteria, algae, molds, and yeasts, are able to produce

carotenoids. Among these microorganisms, yeasts such as

Phaffa rhodozyma and Rhodotorula glutinis are of commer-

cial interest due to their unicellular nature and high growth

rate. Rhodotorula glutinis can produce carotenoids when the

cell is under stress, such as nutrient limitation (Simpson

et al., 1964). Carotenoid content in wild strains of R. glutinis

is relatively low for industrial purposes, and efforts have

been made to increase the carotenoid content through strain

improvement (Bhosale & Gadre, 2001a) and optimization of

the culture condition (Wang et al., 2007). Recently, Frengova

& Beshkova (2009) reviewed the factors affecting caroteno-

genesis in the yeast Rhodotorula. However, the molecular

mechanism of carotenogenesis regulation is still not well

understood.

The conventional methods for quantifying the total

carotenoid level in microorganisms involve UV (Tereshina

et al., 2003) or HPLC (Kaiser et al., 2007) measurement

after organic solvent extraction. However, the extraction

step may cause degradation or isomerization of carotenoids,

affecting the measurements. In addition, the in vitro meth-

ods based on solvent extraction can only obtain information

regarding the averaging effect of a population of cells. To

better understand the regulation of carotenogenesis, it

requires the development of rapid, convenient, and reliable

methods, which could quantify the carotenoid content in

live cells.

In recent years, Raman spectroscopy has been widely

applied in biological fields like disease diagnosis (Kanter

et al., 2009), tissue engineering (Notingher et al., 2003),

microorganism identification (Buijtels et al., 2008), and

protein conformation determination (Rousseau et al.,

2004). The main drawback of the traditional confocal Ra-

man microscopy is that the target cell must be immobilized

by physical or chemical approaches. Combining Raman

microscopy with optical tweezers makes it possible to

analyze single, live, moving cells in medium. This new

combined technique, called confocal laser tweezers Raman
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spectroscopy (LTRS), has been extensively used in studies of

optically trapped chromosomes (Ojeda et al., 2006), spores

(Huang et al., 2007), Escherichia coli cells (Chen et al., 2009),

and mitochondria (Tang et al., 2007).

Raman spectroscopy is extraordinarily sensitive to the

detection of carotenoids, especially when using an excitation

wavelength resulting in the resonance Raman effect, most

frequently that at 514.5 nm (Vitek et al., 2009). On the other

hand, photodamage may occur for living cells when using

the 514.5 nm wavelength for excitation (Snook et al., 2009).

The use of a longer wavelength, such as near-infrared

wavelength, can substantially decrease the photodamage

effect (Ashkin et al., 1987). Raman spectroscopy has been

reported to detect carotenoids from intact plants (Baranski

et al., 2005), human retina (Bernstein et al., 1998), and

fungal pellet (Papaioannou et al., 2009). However, most of

the investigations have been performed at the tissue level,

and thus do not permit further understanding of the

carotenoid accumulation process in unicellular microorgan-

isms, such as R. glutinis. These single cell analysis techniques

can help to get more information, which might be buried

during bulk measurements.

In this paper, we developed a method based on LTRS

to carry out rapid, real time measurements of the total

carotenoids, as well as nucleic acids and lipids inside single

R. glutinis cells. The LTRS technique permits the capture of a

single cell suspended in a solution in the focus of a near-

infrared laser beam and the subsequent analysis of this cell

using Raman spectroscopy, from which the levels of carote-

noids can be determined from the intensity of the 1509 cm�1

band in Raman spectra.

Materials and methods

Microbial strains, culture conditions,
and preparation of the sample

The strain of R. glutinis was kindly provided by Ms. Lianzhu

Teng at Guangxi University. Single colonies of R. glutinis

from YPD plates (containing 10 g of yeast extract, 20 g of

peptone, 20 g of dextrose, and 15 g of agar L�1) were

inoculated into a liquid YPD medium (containing no agar)

and incubated at 28 1C for 16 h to obtain the preculture. The

preculture in exponential phase was used as the inoculum

for 50 mL of carotenoid production medium. The produc-

tion medium was composed of dextrose (40 g L�1), KH2PO4

(8 g L�1), MgSO4 � 7H2O (0.5 g L�1), and yeast extract

(5 g L�1), with a final pH of 6.0. The inoculum was placed

in a 250 mL shaking flask, shaken at 200 r.p.m., and incu-

bated at 28 1C for 72 h. A 500-mL aliquot of cells was

withdrawn at 4-h intervals to measure growth and collect

Raman spectra.

Experimental setup and Raman measurements

Details of the LTRS method have been published elsewhere

(Xie et al., 2002, 2005). A circularized beam from a diode

laser at 780 was spatially filtered and then introduced into an

inverted microscope (Nikon TE2000U) equipped with an

objective (� 100, NA 1.30) to form a single-beam optical

trap. A R. glutinis cell in the phosphate-buffered saline (PBS)

was trapped about 10 mm above the bottom of cover slip

with a gradient force generated by the focused beam. The

same laser beam was used to excite Raman scattering from

molecules inside the trapped cell. The spectrum was ob-

tained by a liquid-nitrogen-cooled charge-coupled detector.

The spectral resolution of our Raman system was about

6 cm�1. The Raman measurement of an individual cell was

performed with a 10-s exposure time and 30 mW excitation

power. The Raman spectra of 100 cells were collected for

each time point. The PBS background spectrum was

recorded with the same acquisition condition without the

trapped cells and subtracted from the spectra of individual

cells. The subtracted spectra were then smoothed using the

Adjacent-Averaging filter method. Preprocessing of spectral

data was performed using MATLAB 7.0 software. The total

carotenoid level in an individual cell was estimated from the

peak intensity at 1509 cm�1 in its Raman spectrum.

Preparation of b-carotene standard curve

b-Carotene standard (purchased from Sigma-Aldrich) was

dissolved in chloroform and diluted into a series of concen-

trations: 62.5, 125, 187.5, 250, 312.5, 375, 437.5, and

500 mg L�1. For each measurement, a 150-mL aliquot of

b-carotene solution was added to the sealed holder and its

Raman spectrum was acquired with the same experimental

parameters used for determining the cell spectra. The Ra-

man spectrum of the pure chloroform was taken as back-

ground and subtracted from the above-mentioned spectra.

A standard curve for carotenoid quantification was linearly

fitted by correlating the b-carotene concentration with the

peak intensity at 1518 cm�1 in its Raman spectrum.

Results and discussion

Quantitative analysis of carotenoids in live
R. glutinis cells using LTRS

Carotenoids are a family of isoprenoids containing a char-

acteristic polyene chain of conjugated double bonds. In R.

glutinis cells, carotenoid pigments predominantly consist of

b-carotene, torulene, and torularhodin (Sakaki et al., 2002).

In this work, the Raman spectra of R. glutinis cells cultivated

for 12 and 32 h, as well as the pure b-carotene standard were

acquired in order to verify the existence of carotenoids in

the investigated stain (Fig. 1). The three fundamental
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carotenoid bands at 1505–1520 cm�1 assigned to C = C (n1)

in-phase stretching, 1156 cm�1 assigned to C–C (n2) stretch-

ing and 1005 cm�1 assigned to d(C = CH) in-plane rocking

modes of CH3 groups were clearly visible in all of the

spectra. Thus, to a high degree of certainty, these peaks

resulted from carotenoid compounds. The intensity of these

peaks for R. glutinis cells cultivated for 32 h was more than

30 times higher than those for cells cultivated for just 12 h. It

is noteworthy that the C = C (n1) peak was at 1509 cm�1 for

carotenoids present in cells, while it was at 1518 cm�1 for the

b-carotene standard. This difference may be attributed to

the fact that carotenoids usually bind to proteins or lipids in

R. glutinis cells and the C = C (n1) wave number is signifi-

cantly influenced by carotenoid interaction with other

molecules inside the cells (Schulz et al., 2005). Apart from

the above peaks assigned to carotenoids, peaks associated

with nucleic acids (located at 728, 783, 1095, 1338, and

1578 cm�1), proteins (located at 1005, 1080, 1209, 1258, and

1656 cm�1), and lipids (located at 1301 and 1741 cm�1) were

also observed in the Raman spectra of R. glutinis cells

cultivated for 12 and 32 h (these peaks were not as clear in

Fig. 1b as in Fig. 1a, for Fig. 1b had been divided by a factor

of 5 to match Fig. 1a and Fig. 1c). This provided abundant

information regarding the composition and structure of

intracellular molecules of R. glutinis cells. The major peak

assignments for R. glutinis cells are shown in Table 1.

Because the amount of Raman scattered light solely

depends on the molecules found in the sample and environ-

ment, the intensity of the Raman bands for carotenoids

should correlate linearly with the carotenoid concentration.

However, among three of the main Raman bands for the

carotenoids, the C = C (n1) intensity is significant and there

are no peaks from the other intracellular components in the

vicinity of C = C (n1). Therefore, this peak may be the best

choice for estimation of the carotenoid concentration. To

establish the relationship between C = C (n1) intensity and

carotenoid concentration, we determined the C = C (n1)

peak intensity for a series of diluted b-carotene solution.

The data were linearly fitted (R2 = 0.9982; Fig. 2), and can be

used as the standard curve for b-carotene quantification.

Because the C = C (n1) intensity is mainly dependent on the

polyene chain present in all of the carotenoids (substituent

groups have a minor effect), the total carotenoid content can

be directly estimated using the standard curve in future

experiments.

Kinetics of carotenoid content during
the culture process

For a batch culture of R. glutinis, the aeration, constituents,

and pH value of the culture medium vary throughout the

culture process. Cells growing under different environmen-

tal conditions will contain different amount of biological

molecules, which would generate their own Raman signals.

Monitoring the changes of the amount of biological

Fig. 1. Raman spectra of Rhodotorula glutinis cells and b-carotene

standard. The spectra are average from 100 cells cultured for 12 h (curve

A) and 32 h (curve B, divided by a factor of 5); 25 mg L�1 b-carotene

solution (curve C). For all measurements, the laser power was 30 mW at

780 nm and the data acquisition time was 10 s. The inset shows the

image of R. glutinis cells under trapping and measuring.

Table 1. Rhodotorula glutinis cell Raman band assignments

Peak position (cm�1) Assignment Reference

728 A (1), (2), (3)

783 C, T/DNA: O–P–O� (1), (2), (3)

853 p: Ring br. Tyr (1), (2), (3)

937 p: C–C bk. a helix (1), (3)

1005 p: Phe/car: CH3 rock (1), (2), (4)

1080 p: C–N str. (1)

1095 DNA: O–P–O� (1), (2), (3)

1128 p: C–N str. (1), (3)

1156 p: C–C/C–N str./car: C–C str. (1), (4)

1209 C–C6H5 str. Phe, Trp (1), (2)

1258 p: Amide III b sheet (1), (2)

1301 Lipids: CH2 twist (1)

1320 G/p: CH def (1), (3)

1338 A, G def/p: CH def (1), (2), (3)

1449 Lipids/p: CH def (1), (3)

1509 car: C = C str. (4)

1549 G (2)

1578 G, A (1), (2), (3)

1656 p: Amide I a helix (1), (2)

1674 T: C = O/p: Amide I b sheet (2), (5)

1741 Lipid: 4C = O ester (1)

1, Notingher et al. (2003); 2, Xu (2005); 3, Xie et al. (2007); 4, Vitek et al.

(2009); 5, Li-Chan (1996).

A, adenine; G, guanine; C, cytosine; T, thymine; def, deformation; Phe,

phenylalanine; str., stretching; br., breathing; bk, backbone; car, carote-

noids; p, proteins.
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molecules within cells using Raman spectroscopy may

increase our knowledge of substance metabolism for living

cells. Figure 3a shows the growth curve of R. glutinis and the

profile of carotenoid accumulation inside R. glutinis cells in

a batch culture. The cellular growth was monitored by

measuring the OD at 600 nm. At each time point, Raman

spectra of 100 randomly selected individual cells were

acquired. The carotenoid content within an individual cell

was estimated using the equation for the standard curve

mentioned above. Because the preculture used as inoculum

had grown in YPD broth for 16 h before inoculation, some

carotenoids should have accumulated inside cells when they

were transferred to the fresh carotenoid production med-

ium. The carotenoids formed during preculture decreased

rapidly soon after inoculation, and remained at a low level in

the early exponential phase (8–24 h). Some carotenoid

accumulation occurred from 28 to 44 h, and the maximum

carotenoid production rate was observed in the late expo-

nential phase and the stationary phase (48–60 h), with an

average rate of 40 mg L�1 h�1. The highest total intracellular

carotenoid level was about 1000 mg L�1 between 60 and 68 h.

The results show that carotenoids are synthesized mainly

when cellular growth is inhibited due to depletion of some

nutritional ingredients in the culture medium.

Carotenoids are secondary metabolites. As such, their

synthesis should be closely correlated with the state of

cellular growth and metabolic activity of other common

biomolecules within cells, like nucleic acids, proteins, and

lipids. Monitoring changes in these substances will improve

our understanding of the regulation of carotenogenesis.

However, the estimation of protein content using Raman

spectroscopy in R. glutinis cells is difficult because the

Raman peak at 1005 cm�1, which is commonly used for

protein quantification, coincides with the d(C = CH)

carotenoid band. In this paper, we monitored time-

dependent changes in the intensity of the 783 cm�1 peak

(assigned to nucleic acids) and the 1741 cm�1 peak (assigned

to lipids) during the culture process (Fig. 3b). The peak

intensity at 783 cm�1 correlated with the amount of

DNA and RNA, which reached a high level in early expo-

nential phase (8–20 h) and subsequently decreased until

the lowest value was reached in the late exponential

phase (48 h). Most of R. glutinis cells in the early exponential

phase are in rapid proliferation. In contrast, they are in

quiescence in the late exponential and stationary phases.

Cells in proliferation have more DNA than those in

quiescence due to chromosomal DNA replication. More-

over, the former possess a greater number of ribosomes,

which consist of rRNA and proteins, increasing the amount

of RNA. Consequently, the fluctuation of the 783 cm�1 peak

intensity reflects the changes in nucleic acids in cells and can

be used as a marker for metabolic activity involved in

Fig. 3. (a) Growth behavior of Rhodotorula glutinis (left scale, curve A) and time-dependent changes of carotenoid content in R. glutinis cells

submerged in culture (right scale, curve B). (b) Time-dependent changes in average intensities of the R. glutinis Raman band at 783 cm�1 (curve A) and

1741 cm�1 (curve B).

Fig. 2. Correlation between the C = C (n1) peak intensity and the

b-carotene concentration.
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cellular growth. Figure 3b shows that the profile of changes

in the 1741 cm�1 band intensity is similar to that of

carotenoid accumulation in R. glutinis cells, indicating that

the majority of the lipids are synthesized in the late

exponential and stationary phases. The changes in carote-

noid, nucleic acid, and lipid content within cells may be

explained as follows. In the early and middle exponential

phases, most cells are in rapid proliferation and large

quantities of carbon-based metabolites, like tricarboxylic

acid cycle metabolites, are used to generate ATP to meet the

energy demands of cellular growth. However, these metabo-

lites accumulate when cellular growth is inhibited due to

nutrient depletion in the medium during the late exponen-

tial and stationary phases. Thus excessive amounts of

metabolites are then converted into other products, includ-

ing lipids and carotenoids.

Comparison of LTRS and the traditional
HPLC method

This description of time-dependent changes in carotenoid

content inside cells of R. glutinis when submerged in culture

is in agreement with that measured by Bhosale & Gadre

(2001b) using HPLC. However, carotenoid quantification

based on LTRS has the following advantages over traditional

methods. First, it is less time consuming. The classic

extraction procedure using HPLC requires over 5 h. In

contrast, it only takes about 40 min to acquire Raman

spectra from 100 cells. Second, LTRS cannot cause degrada-

tion or isomerization of carotenoids when using a low-

power laser. Third, only a small amount of sample, for

example, not more than 200mL culture, is required for

carotenoid measurement. Finally, because no organic sol-

vent is used for LTRS, environmental pollution and health

hazards can be avoided.

Importance of single-cell analytical techniques

Most of our knowledge on the microbial fermentation

process has been obtained by inference from cell-population

level data, including information on substrate concentra-

tion, product concentration, and fermentation broth pH.

However, in many cases, a population of cells has a different

response to the environment due to heterogeneity within the

population. The increasing need to understand individual

cell behavior drives the development of single-cell analytical

Fig. 4. The variation of the carotenoid level in single cells. Ten randomly selected Raman spectra from the 100 spectral data of Rhodotorula glutinis cells

at 8 h (a), 16 h (b, divided by a factor of 2), 32 h (c, divided by a factor of 5), 48 h (d, divided by a factor of 20), and 64 h (e, divided by a factor of 50); and

100 measurements on a single cell cultured for 64 h (f, divided by a factor of 50).
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techniques. Of particular importance are techniques, like the

one presented in this paper, which will enable us to probe

the dynamic changes within an individual cell and the

intercellular variability that reveals the underlying mechan-

isms behind the coordination of multicellular behavior. In

this work, we assessed the variation in carotenoid levels per

cell over 100 single cells of R. glutinis at different time points

(8, 16, 32, 48, and 64 h). Figure 4 shows 10 randomly

selected Raman spectra from the 100 spectral data of R.

glutinis cells at each time point and Table 2 illustrates the

mean value and coefficient of variation (CV; SD/mean) for

carotenoid content inside the cells at these time points. In

the lag (8 h) and early exponential phases (16 h), most cells

were in rapid proliferation and had a low intracellular

carotenoid content. The variation in carotenoid levels

of cells was significant, giving a CV value of 144% and

241%, respectively. At 32 h, most cells entered the caroteno-

genesis phase and the heterogeneity in carotenoid levels

began to diminish, with a CV value of 63%. A further

decrease of variation in the carotenoid levels of cells could be

seen with the increase of the carotenoid content during the

late exponential and stationary phases; the CVs were

33% and 32%, respectively. The results indicate that the

carotenoid levels in individual cells in a population vary

significantly, especially for the population of cells in the lag

and early exponential phases. In order to estimate the

carotenoid level measurement errors, we made 100 measure-

ments on a single cell randomly selected from the sample at

64 h. The CV was 3%, well below the variation in the

carotenoid levels among 100 individual cells from the same

sample (CV 32%). This finding shows that cellular hetero-

geneity, rather than measurement error, is the main source

of significant variation. There are various reasons for meta-

bolic heterogeneity, including mutations, random transcrip-

tion events, and asymmetries in the distribution of nucleic

acids and proteins between mother and daughter cells in the

process of cellular division (Brehm-Stecher & Johnson,

2004). LTRS may provide further insight into differences in

the potential for carotenogenesis for individual cells and

what governs it.
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