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Abstract By using NMR spectroscopy, a non-invasive

investigation technique, we performed in vivo experiments

aimed at uncovering the metabolic pathways involved in

the early response of Fabrea salina cells to ultraviolet

(UV) radiation. This hypersaline ciliate was chosen as a

model organism because of its well-known high resistance

to UV radiation. Identical cell samples were exposed to

visible radiation only (control samples, CS) and to UV-

B ? UV-A ? visible radiation (treated samples, TS), and

NMR spectra of in vivo cells were collected at different

exposure times. Resonances were identified through one-

and two-dimensional experiments. To compare experi-

ments performed at variable irradiation times on different

culture batches, metabolite signals affected by the UV

exposure were normalized to corresponding intensity at

s = 0, the zero exposure time. The most affected metab-

olites are all osmoprotectants, namely, choline, glycine-

betaine, betaines, ectoine, proline, a-trehalose and sucrose.

The time course of these signals presents qualitative dif-

ferences between CS and TS, and most of these osmo-

protectants tend to accumulate significantly in TS in a UV

dose-dependent manner. A picture of the immediate stress

response of F. salina against UV radiation in terms of

osmoprotection, water retention and salting-out prevention

is described.
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Abbreviations

NMR Nuclear magnetic resonance

UV Ultraviolet

CS Control samples

TS Treated samples

Introduction

It is well known that exposure of living matter to ultraviolet

(UV) radiation can cause a broad variety of damages:

photochemical alterations of nucleic acids and proteins,

often mediated by active oxygen species and free radicals

(Caldwell et al. 1998), formation of cyclobutane pyrimi-

dine dimers in the DNA (Brash 1997), and biochemical and

physiological processes such as reduction in mRNA syn-

thesis, decreased enzyme production (Kumar et al. 1996;

Sinha et al. 1996, 1998), long-term biological conse-

quences like morphogenetic aberrations, and impaired

growth and restricted mobility (Kennedy 1995). In plants, a

partial inhibition of photosynthesis is also observed

(Caldwell et al. 1998). In ecological communities, UV

radiation alters the equilibrium by compromising the sur-

vival of less-resistant species and favoring the more

resistant ones (Häder et al. 1998; Marangoni et al. 2004).

One of the major concerns regards the stability of marine

ecosystems, which are the most important producers of
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organic matter on our planet (Häder 2004). UV-B radiation

(280–315 nm) can deeply penetrate along the water col-

umn (Malloy et al. 1997; Hargreaves 2003), therefore

affecting photosynthetic and non-photosynthetic marine

organisms with significant DNA damage and reduction of

the photosynthetic rate. This results in a decrease in pri-

mary productivity, which, in turn, negatively influences all

trophic levels in the food chain (Melis et al. 1992; Sinha

et al. 2004). Moreover, the reduced photosynthetic activity

contributes to increasing the greenhouse effect by reducing

the total ocean CO2 absorption, thus establishing a strong

link between different global climate changes (Häder et al.

2007a).

To reduce the impact of UV-induced damages, marine

organisms have developed several repair and attenuation

mechanisms, such as blue light and UV-A (315–400 nm)

activated DNA repair processes (Buma et al. 1996; Sinha

et al. 2004), storage of protecting agents like carotenoids

and detoxifying enzymes (Middleton and Teramura 1993),

and the de novo production of mycosporine-like amino

acids (MAAs) or other photo-protective compounds (Sinha

et al. 1999; Adams and Shick 2008) and light-avoidance

motility behavior (Spudich and Spudich 2008).

UV effects at the ecological level have recently been

investigated by applying some of the modern ‘‘omics’’

approaches, like genomics and proteomics, which have

respectively assessed the genes and the proteins that are

affected by UV exposure. Among omic sciences, meta-

bolomics studies the complete set of metabolites/low-

molecular-weight intermediates, which are context

dependent and vary according to the physiology, devel-

opmental or pathological state of the cell, tissue, organ or

organisms (Oliver et al. 2002; Harrigan and Goodacre

2003; Lindon et al. 2006; Griffiths 2007). In particular,

environmental metabolomics characterizes the interactions

of living organisms with the environment, aiming at

understanding organismal responses to abiotic stressors,

including both natural (i.e., temperature or UV-B radia-

tion) and anthropogenic (i.e., pollution) factors (Lois

1994; Day et al. 2001; Broeckling et al. 2005; Bundy et al.

2009).

Here we focus on the moderate halophile ciliate Fabrea

salina (optimal growth at 5–16% NaCl) for two main

reasons. First, although it has an important role in the

stability of the ocean’s ecosystems, playing a prominent

role in aquatic food webs as a trophic link between phy-

toplankton and metazoan zooplankton, only a few reports

deal with the effect of UV radiation on F. salina (Ma-

rangoni et al. 2004). Second, this extremophile shows a

well-known strong resistance to UV radiation (Moeller

1962), suggesting that the molecular devices involved in

sensing and reacting against UV are very efficient and, per

se, have potentially valuable applications.

It has been demonstrated that UV irradiation (in par-

ticular, UV-B) causes a transient increase of cell speed and

a progressive decrease of positive phototaxis (Martini et al.

1997). We have recently reported (Marangoni et al. 2011)

that NMR-based metabolomics of in vivo F. salina cells is

able to successfully investigate UV-induced alteration of

metabolic profiles. We analyzed: (1) control samples (CS)

exposed to visible light (Vis) and (2) treated samples (TS)

exposed to polychromatic radiation ranging from UV-B to

Vis at increasing irradiation time exposures. Multivariate

data analysis based on in vivo NMR spectra showed dif-

ferences in metabolic profiles of CS with respect to TS.

Principal component analysis (PCA) revealed different

trends and clusters in the samples, and clearly indicated

UV-induced dose-dependent signals. We successfully

identified two clusters of signals that appeared to be spe-

cifically induced by UV irradiation, characterized by a

different lifetime. The first cluster, the earliest and most

transient, included acetate and formate, and was interpreted

as a stress indicator. Their NMR signals increased imme-

diately after the first minutes of irradiation, returning to a

basal value after 15 min, when the system was probably

recovering from stress. The second cluster contained sev-

eral metabolites, almost all of which were osmoprotectants,

whose signals appeared to be UV dose-dependent and did

not disappear for the entire duration of the experiments.

This cluster was interpreted as the most interesting path-

way of UV response, most likely induced by UV-operated

membrane poration that turns a radiative stress into an

osmotic one.

To better characterize such UV-induced late response of

F. salina cells, we herein specifically focused on the sec-

ond cluster of metabolites. To safely compare different

batches of F. salina cells, concentration variations of

metabolites affected by UV exposure at variable irradiation

time were estimated by normalizing to the intensity at zero

exposure time and quantified. Through relative quantifi-

cation of metabolite concentration, we suggest that an

increase of osmoprotectant concentration during the

experiment time proves that the first target of UV radiation

most likely is the cell membrane.

Materials and methods

F. salina cultures

Cells of the halophile heterotrichous ciliate F. salina,

originating from a strain collected ca. 6 years ago from a

salt marsh in Torre Colimena (TA, Italy), were cultivated

in sterilized artificial sea water (salinity of 76%) and fed

with the microalgae Dunaliella salina grown at the same

water temperature and illumination cycle used for
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F. salina. All cultures were subjected to a light/dark cycle

of 15-h light and 9-h dark, the light sources being two

fluorescent lamps emitting in the Vis (Philips TLD 30 W/

54, Royal Philips Electronics, Amsterdam, The Nether-

lands). F. salina cells were starved for 2 days before the

experiments and collected by filtration with filters of

30-lm pore size (permeable to D. salina) to rule out any

possible algal contamination.

Irradiation protocol

In order to irradiate the samples as close as possible to the

NMR spectrometer, a home-made mobile irradiation

apparatus was built. It was equipped with six lamps, four

emitting in the UV (Philips PL-S 9W/12/2P 1CT, Royal

Philips Electronics, Amsterdam, The Netherlands) and two

emitting in the Vis (Philips PL-S 2P 9W/840, Royal Philips

Electronics, Amsterdam, The Netherlands). This setup

allows the switch on all six lamps or only the Vis-emitting

ones. The spectra of both irradiation regimes were mea-

sured using a calibrated ORIEL INSTANSPEC IV radio-

metric spectrograph (LOT-Oriel Europe, Milan, Italy), and

the results are reported in Fig. 1. In Table 1 the total

irradiances supplied in the two irradiation regimes are

compared with the environmental values derived from

Eldonet Database (Häder et al. 2007b). The UV-B emitting

lamps are clearly able to efficiently cover the UV-A

spectral band, generating a polychromatic irradiation that

mimics a UV-B-enriched solar spectrum.

In each experiment cells were collected and concen-

trated by filtration, and randomly divided into two identical

samples that counted about 40,000 cells each. They were

put in quartz cuvettes (usually employed for optical fluo-

rescence measurements) that are fully transparent to actinic

radiation. Control samples (CS) were exposed to only the

visible component of the radiation, while treated samples

(TS) were exposed to the entire spectrum (UV-B ? UV-

A ? Vis). NMR spectra of TS samples were recorded at

s = 7, 15, 22, 30, 37, 45 and 60 min of total irradiation,

while CS samples were sampled every 15 min, as CS

showed a less variable trend. Experiments were in qua-

druplicate, using a different cell culture each time. CS and

TS of the same culture batch were run in parallel and

processed with exactly the same protocol, the only differ-

ence being the spectrum of the actinic radiation. During

irradiation and spectrum acquisition, the temperature was

kept constant at 23�C.

NMR sample preparation

After irradiation, 630 ll of each F. salina sample was

rapidly transferred to an NMR tube, adding 70 ll of a D2O

solution [containing 0.1 mM sodium 3-trimethylsilyl

(2,2,3,3-2H4) propionate (TSP) as an internal chemical shift

reference for 1H spectra and 3-mM sodium azide] to pro-

vide a field frequency lock, therefore reaching a total

volume of 700 ll.

NMR measurements

All spectra were recorded on a 600-MHz Bruker Avance

spectrometer (Bruker BioSpin GmbH, Rheinstetten, Ger-

many) equipped with a CryoProbeTM fitted with a gradient

along the Z-axis. One-dimensional (1D) 1H-NMR spectra

were collected at 300 K with the excitation sculpting pulse

sequence (Hwang and Shaka 1995) to suppress the water

resonance. We used a double-pulsed field gradient echo

with a soft square pulse of 4 ms at the water resonance

frequency, with the gradient pulses of 1 ms each in dura-

tion, adding 128 transients of 65,536 complex points, with

a spectral width of 7,002.8 Hz. Time-domain data were all

zero-filled to 131,072 complex points, and prior to Fourier

Fig. 1 Emission spectra for the UV and Vis irradiation regimes. In

black the area covered by UV lamps, in gray the area covered by the

visible lamps

Table 1 Irradiance values for the three main spectral bands for

treated (exposed to regime 1) and control (exposed to regime 2)

samples

Spectral

band

Regime 1 (UV-

B ? UV-

A ? Vis)

irradiance values

(W/m2)

Regime 2

(Vis)

irradiance

values (W/m2)

Environmental

values

(average

range)

(W/m2)

Vis 78.09 51.79 400–420

UV-A 9.85 0.04 50–55

UV-B 16.13 0.00 1.0–1.3

UV-B/UV-A 1.64 0.00 0.018–0.026

Environmental values, reported as reference, are derived from the

Eldonet database (Häder et al. 2007b)
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transformation an exponential multiplication of 0.6 Hz was

applied. Two-dimensional (2D) NMR spectra [namely,
1H–1H clean total correlation spectroscopy (TOCSY) and

natural abundance 1H–13C heteronuclear single quantum

coherence (HSQC)] were acquired and processed as

reported (Marangoni et al. 2011). 1D and 2D TOCSY

spectra were referred to the TSP signal, assumed to reso-

nate at d = 0.00 ppm; 2D HSQC spectra were referred to

the alanine bCH3 signal, assumed to resonate at 1.49 ppm

for 1H and 16.80 ppm for 13C.

Signals intensity sampling and time course monitoring

We have previously identified many of the signals present

in the NMR spectra of F. salina (Marangoni et al. 2011).

Furthermore, by means of principal component analysis

(PCA), a specific set of signals was recognized as signifi-

cantly related to UV radiation exposure. Here we focus on

the most significant ones, namely choline, glycine betaine/

b-alanine betaine, betaines, ectoine, proline, sucrose and a-

trehalose, whose chemical shifts are listed in Table 2. In

order to be able to compare different experiments and

avoid the large variations of the absolute values, the

intensity of each signal was obtained from each sampling

and normalized against the value at the beginning of each

experiment (s = 0).

Results and discussion

Figure 2 depicts a typical homonuclear TOCSY spectrum

(Fig. 2a) and the corresponding heteronuclear HSQC

spectrum (Fig. 2b) of in vivo F. salina cells, UV-irradiated

for 37 min. The spectra allowed the identification of the
1H–1H (TOCSY) and the directly bonded 1H–13C (HSQC)

correlations, and the proton and carbon assignments of the

discussed metabolites are reported in Table 2. We acquired

1D and 2D spectra of TS samples at s = 7, 15, 22, 30, 37,

Table 2 1H and 13C chemical shift assignments (d, ppm) of the

selected metabolites for F. salina (labeled according to Marangoni

et al. 2011)

Entry Metabolite d 1H d 13C Group

12 Proline 2.01 23.40 cCH2

2.08 29.10 b0CH

2.36 29.10 bCH

3.29 44.90 dCH

3.45 44.90 d0CH

4.09 61.04 aCH

13 Ectoine 2.25 18.95 CH3

18 Choline moiety 3.21 51.35 NCH3

4.03 53.26 aCH2

19 Betaines 3.25 55.86 N(CH3)3

3.89 68.64 NCH2

20 Glycine betaine/

b-alanine betaine

3.28 53.84 NCH3

3.93 66.29 aCH2/bCH2

22 a-Trehalose 3.42 69.46 C4H

3.58 71.20 C5H

3.73 72.85 C3H

3.75; 3.85 60.12 C6H

86 72.40 C2H

5.24 94.65 C1H

23 Sucrose 3.43 72.40 G4H

3.65 62.00 F1H

3.85 63.20 F6H

3.98 74.43 F4H

5.40 92.87 G1H

Fig. 2 In-vivo 2D spectra of F. salina cells irradiated with UV for

37 min. a TOCSY and b HSQC. Cross peaks are labeled according to

the assignments reported in Marangoni et al. (2011)
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45 and 60 min of total irradiation and corresponding CS

samples. Within experimental errors, the spectra well

reproduce those already reported (Marangoni et al. 2011),

confirming the reproducibility of the approach.

Choline signal time course

The time course of choline signal is similar in both CS and

TS, showing a decreasing trend that reaches a plateau after

30 min of total exposure time (Fig. 3), but with TS sig-

nificantly lower than CS. The choline CS variation is of

unknown origin and does not appear to be linked to os-

moprotection activity, especially when compared with the

time course of glycine-betaine (Fig. 4), which slightly

decreases in CS. In higher organisms, choline participates

in a large number of reactions. Besides the transformation

of choline in glycine-betaine, the two main ones are the

syntheses of phosphatidylcholine (essential for the cell

membrane) and of acetylcholine, which has not been

proved to exist in F. salina. The most reasonable expla-

nation for the observed decrease in CS is a normal syn-

thetic activity for the cell membrane maintenance. On the

contrary, the more accentuated decreasing trend in TS

suggests an osmoprotection activity, as the decrease in

choline is a premise for the increase in glycine-betaine

(Fig. 4), which derives from it and is a more effective

osmoprotectant.

Glycine-betaine signal time course

In CS glycine-betaine shows a slow decreasing trend, with

ca. 50% reduction after 1 h of total irradiation time

(Fig. 4). On the contrary, in TS it shows a strong increase

beyond 400% of the initial intensity after 45 min of total

exposure to UV radiation. Glycine-betaine is usually

employed in cells as a homocysteine detox agent, and

therefore its decrease in CS could be linked to a normal cell

function. On the contrary, the strong increase in TS sug-

gests a required osmoprotectant function, with glycine-

betaine being one of the most effective protectants for cell

membranes (Jolivet et al. 1982; Mansur 1998). On the

other hand, glycine-betaine/b-alanine betaine, besides the

osmoregulating function, stabilizes the oxygen evolution

activity of the photosystem protein complex (Yeo 1998) in

photosynthetic organisms. TS also shows an increase in

alanine (data not shown), which is probably involved in the

production of the b-alanine betaine through its mehtylation

(McNeil et al. 1999) via N-methyl and N,N-dimethyl b-

alanines. As stated above, the observed decrease of choline

moieties for TS (Fig. 3) is consistent with the synthesis of

glycine betaine via oxidation, which increases for cumu-

lative UV radiation (Fig. 4).

Betaines signal time course

The NMR signals stemming from betaines different from

glycine-betaines/b-alanine betaine and proline-betaine are

all grouped in an unresolved broad signal (see Table 2).

The behavior of this signal is difficult to understand as its

time course in CS is about constant, while it shows a strong

up-and-down oscillation in TS (Fig. 5) with a decreasing

average trend. Although the main role of betaines is in

osmoregulation, they are also used as an energy source

during periods of prolonged stress (Riou et al. 1991).

Therefore, the observed zigzagging variation could be

related to an on–off energy requirement. From the above

Fig. 3 Choline moieties time course for CS (solid line, filled circles)

and TS (dashed line, empty circles). Abscissa: the total exposure time

(min); ordinate: the signal intensity for choline, normalized in all the

samples against its value at s = 0. The error bar refers to the standard

error of the mean

Fig. 4 Glicine-betaine time course for CS and TS. Symbols and

notations are the same of Fig. 2
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considerations, we can hypothesize that betaines act as a

source for other osmoconformers (e.g., glycine-betaine/b-

alanine betaine, proline) to supply additive osmoprotection

in the UV-induced stress conditions.

Ectoine signal time course

The ectoine signal time course (Fig. 6) is qualitatively

similar to that of glycin-betaine (Fig. 4): decreasing in CS

and increasing in TS, albeit this is quantitatively less evi-

dent. The substantially opposite behavior of betaines and

ectoine (Figs. 5, 6) could be interpreted as a switch in

osmolyte buildup, since betaines accumulate in high pro-

portions with low cytoplasmatic NaCl and ectoine at a high

concentration of cytoplasmatic NaCl (Da Costa et al.

1998). Ectoine helps salt-tolerant organisms in highly

saline environments and slows the diffusion of water

through the cell membrane, allowing the single-cell

organisms to maintain the proper level of hydration.

Proline signal time course

The proline time course in CS and TS (Fig. 7) is very close

to that of ectoine (Fig. 6) and glycine-betaine (Fig. 4), as it

accumulates in TS and decreases in CS (Fig. 7). Proline

has an important role in osmoregulation. In different stress

conditions it holds multiple key functions such as forma-

tion of the carbon and nitrogen source, protection of

enzyme denaturation, regulation of cytoplasmic acidity and

detoxification of cells from free radicals (Alia et al. 1993;

Delauney and Verma 1993; Naqvi et al. 1997). Therefore,

the strong accumulation in TS plays a clear anti-stress

protection role.

a-Trehalose and sucrose

While they remain about constant in CS, a-trehalose and

sucrose slightly decrease in TS (data not shown). This trend

could be ascribed to the protective effect against the water

leakage caused by the UV-induced membrane poration.

Indeed, the principal role of a-trehalose is to allow the cell

to survive under anhydrous conditions, with the sugar

being able to form a gel that prevents the development of

damage to intracytoplasmic organelles and preserves them

in vital condition (Iturriaga et al. 2009).

Conclusions

We have demonstrated that changes in the metabolism of

F. salina cells after UV irradiation can be efficiently

Fig. 5 Betaines time course for CS and TS. Symbols and notations
are the same of Fig. 2

Fig. 6 Ectoine time course for CS and TS. Symbols and notations are

the same as in Fig. 2

Fig. 7 Proline time course for CS and TS. Symbols and notations are

the same as in Fig. 2
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investigated by in vivo NMR spectroscopy. Resonance

identification and detection of changes in the intensity of

some important osmoprotectants prove that the first cellular

reaction to radiation damage consists of a general accu-

mulation of osmoprotectants and anti-stress molecules.

This strongly suggests that the first target of UV radiation

(or the first revealed target) is the cell membrane. We are

currently investigating the second-level response of

F. salina upon UV irradiation, which is activated soon after

this ‘‘emergency call.’’
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Häder DP, Kumar HD, Smith RC, Worrest RC (2007a) Effects of

solar UV radiation on aquatic ecosystems and interactions with

climate change. Photochem Photobiol Sci 6:267–285
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