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Light control of the respiration of exogenous glycerol in the 
red macroalga Grateloupia doryphova 
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Heterotrophic activity in macroalgae has been little studied, but the red macroalga Grateloupia doryphora is known to grow in light at a 

higher rate in a glycerol-containing medium than in seawater. The effects of 0.1 M exogenous glycerol in seawater (SW90-gly) on the 

respiration rate of G. doryphova and the role played by light were investigated. The algae pretreated for 2 h in the light and in SW90-gly 

evolved oxygen and fixed carbon dioxide ( H ~ ~ c o , ) ,  but also evolved radioactive I4co2 from [L4~]glycerol. The rate of oxygen 

evolution was lower than that of samples in seawater, due to a high respiration rate and/or a partial inhibition of photosynthesis induced 
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non-photosynthetic patterns were operating. In darkness, after pretreatment in the light in SW90-gly, samples showed a high oxygen 

uptake rate just after the light was turned off. Twenty minutes of darkness were enough to decrease this high respiration rate to that of 

samples in seawater. The oxygen uptake observed in al1 experiments with glycerol was mitochondrial as it was inhibited by potassium 
a 

cyanide and salicylhydroxamic acid (SHAM). Pretreatment of samples in the light in SW90-gly with the photosynthetic inhibitor DCMU !. 
did not inhibit ensuing dark respiration, thus providing evidence for a non-photosynthetic effect of the light. The highest dark respiration E 
rate was observed after the samples were pretreated in monochromatic blue light in glycerol-containing media. - 
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Introduction 

Inorganic carbon is the major source of carbon for most 
algae. Nevertheless, the ability of algae and in particular 
microaigae to take up and utilise organic carbon as a 
carbon source is well documented (Cheng & Antia, 1970; 
Saunders, 1972; Bennet & Hobbie, 1972; Neilson & 
Lewin, 1974 and references therein; Ukeles & Rose, 
1976; Cihweiitz et al., 1978; Nicoias et al., 1980; Kirst & 
Bisson, 1983; Schwelitz et al., 1987; Markager & Sand- 
Jensen, 1990; Lewitus et al., 1991). Heterotrophic activity 
in macroalgae has been reported in a few scattered 
references (Neilson & Lewin, 1974; Markager & Sand- 
Jensen, 1990). Recently we reported that the red macro- 
alga Grateloupia doryphom grew at a high rate, with an 
increase in fresh weight 400% greater than in controls, in 
a glycerol-containing medium. Glycerol also promoted 
morphogenesis (rapid axial regeneration); it was the only 
effective organic carbon source for this alga (Robaina et 
al., 1990a, b). The rather high concentration of glycerol 
used (0.1-0.3 M) might not be relevant to normal 
ecological or metabolic processes. However, an interest- 
ing point was that Iight was essential for alga1 growth at 
such glycerol concentrations. 

To promote algal growth, any effective carbon source 
must provide both carbon skeletons and energy through 
respiratory catabolism. Respiration is not totally sup- 
pressed in light (Azcon-Bieto & Osmond, 1983; Peltier 
& Thibault, 1985; Brechignac & Furbank, 1987; Turpin 
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ef  al., 1988; Turpin, 1991), particularly when the endo- 
genous leve1 of carbohydrate is high and the cells are 
growing (Azcon-Bieto & Osmond, 1983). 
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We therefore hypothesised that the necessity for light o 

to permit accelerated growth in G .  doryphora cultivated 
with glycerol could stem from an interaction between 
light, glycerol and respiration. The aim of the present 
work was to study the effects of exogenous glycerol and 
light on the respiration rate of G .  doyphora.  

Materials and methods 

Plant material 

Grateloupia d o ~ p h o r a  (Montagne) Howe (voucher speci- 
mens deposited at Las Palmas herbarium (LPA, sheet no. 
129) was coilected on the NE coast of Gran Canaria 
(Canary Islands). Highly pigmented thalli with minimum 
contamination by algal epiphytes were selected. Two 
hours after collection, they were cleaned in the labora- 
tory by washing them first with distilled water and then 
with autoclaved seawater. The remaining epiphytes were 
brushed off under a stereomicroscope. 

Oxygen exchange monitoring in glycerol-containing media 

Autoclaved seawater (osmolality 1.1 osmol kg-') was 
diluted to 90% (v/v) with double distilled water, and 
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glycerol added to adjust osmolality to 1.1 osmol kgP' and 
glyceroi concentration to 0.1 M (SW90-gly solution). 
This operation avoided causing osmotic stress to algal 
samples incubated in glycerol-containing solutions 
(Robaina et al., 1990a, b). 

To test the effects of glycerol and light the thalli were 
always pretreated for 2 h in SW9O-gly at an appropriate 
photon flux density (PFD, see below), then oxygen 
exchange was measured with an oxygen electrode 
(Orion) immediately after transfer of c. 1.6g fresh 
weight of algae to 70ml new solution of SW90-gly in 
biological oxygen demand (BOD) bottles. Oxygen 
uptake or evolution rates were obtained from changes 
in oxygen concentration when uptake or evolution was 
proceeding linearly (10-20 min). 

We simulated oxygen uptake by purging oxygen from 
the solution with nitrogen, and oxygen release by 
bubbling oxygen through a solution previously purged 
with nitrogen. No differences were seen in SW90-gly 
media compared with simulation in seawater. Therefore, 
neither glycerol nor seawater dilution in SW90-gly 
appeared to influence the results obtained. 

Al1 the operations were conducted with a continuous 
controlled water flow at 20 "C around the BOD bottles. 
When required, light (Unomat halogen lamp) was pro- 
vided from the sides and the bottom of the chamber. 

Epiphytic bacteria associated with G. doryphora thalli 
were removed by an ultrasound bath (Polne-Fuller ef al., 
1980; Robaina ef al., 1990b) producing a turbid bacterial 
solution (c. 5 m1 per 10 g fresh weight algae). Oxygen 
uptake was less than 10% of the rates observed with algae 
when 5 m1 turbid bacterial solution was added to SW90- 
gly in the same experimental conditions that we used for 
algae. 

Oxygen exchange in lighf 

Photosynthesis versus irradiance (P vs 1)  curves were 
obtained by recording oxygen exchange in light at PFD 
frnm 0 t e  700 llrnn! nhntnn E-' S-'. Samples we:e --  --- Y--- r-*----- 
pretreated for 2 h in SW90-gly and light at each PFD to 
be tested (0-700 pmol photon m-2 S-'). We compared 
them with samples in seawater. To establish whether 
glycerol inhibited oxygen evolution (i.e. it not only 
increaseci respiraiion but aiso inhibited photosynthesis), 
we first demonstrated that the short-term effect of 
glycerol (samples incubated for only 20min in SW90- 
gly and light or dark) on dark respiration was slight. Then 
we monitored the oxygen evolution rate of some samples 
that had not been pretreated, which were incubated over a 
20 min period in SW90-gly at a PFD of 100 pmol photon 

-2 -1 m s .  

Effecfs of light prefreafmenf on oxygen exchange in darkness 

We tested the effect of previous PFD on the respiration 
rate in ensuing dark conditions. Samples that had been 
kept in dim light (10pmol photon mP2 S-') were 

pretreated at higher PFD (100 or 700pmol photon m ' 
S-') in SW9O-gly for 2 h. Once the light was turned oti, a 

linear rate of oxygen uptake was obtained. We compared 
these results with a control kept in darkness for 2 h. 

To determine the time period over which light influ- 
enced dark oxygen uptake, the thalli were pretreated for 
2 h at 100 pno l  photon m-2 S-' in SW90-gly. Then, the 
time-course of the oxygen uptake rate after the light was 
turned off was followed by measuring the oxygen uptake 
immediately and 8, 12 and 16 min afterwards. 

The photosynthetic inhibitor 3-(3,4-dichlorophenyI)- 
1,1-dimethylurea (DCMU, Sigma) was used to check 
whether the influence of the light during the ensuing 
dark period was related to prior photosynthetic activity 
under light preincubation conditions. The samples were 
pretreated by incubating for 120 min at 100 pmol photon 

-2 -1. m S in SW90-gly with 10 p M  DCMU (a high enough 
concentration to inhibit completely oxygen evolution in 
G. doryphora; authors' unpublished data). Oxygen uptake 
rate was measured in subsequent darkness. 

Tn  estahlirh the contrihiitim ef mi toh~ndr ia  te the 
oxygen uptake observed, some samples were preincu- 
bated in SW90-gly at IOOpmol photon mP2 S-' for 
120min and then the respiratory inhibitors potassium g 

N 

cyanide (KCN; 1mM) and salicylhydroxamic acid 
(SHAM; 25 mM) were added and the light was turned off. 

We exarnined the effect of light quality on dark 
respiration. The samples were maintained in seawater in 
darkness overnight. The algae were then incubated in 
SW9O-gly and exposed to monochromatic blue (450nm 
peak provided by Silvania 18W blue fluorescent and 5 
Rohm Plexiglas PG627 filter) and red (640nm peak 
provided by Silvania 18W red fluorescent and Rohm 
Plexiglass PG502 filter). PFD was adjusted to 18 pmol 5 
photon m-2 sP1 and the monochromatic light was 
supplied for 17min. After incubation we measured the 
oxygen uptake rate in ensuing darkness. 

Radioisofopic experimenfs 

To establish whether glycerol was actually being respired 
and not just activating respiration of endogenous sub- 
strates, we trapped carbon dioxide from algal samples 
(10Omg fresh weight) incubated (for 2h j  in light or 
darikness in 2mi seawater wich 1 pCi (37 kBq)[U- 
14 Clgiycerol (8.2 mCi mmol-', 0.3 MBq mmol-l; NEN, 
UK; 61  p M  final concentration of glycerol). Trapping 
involved acidification with 5 N HCl before bubblirg the 
air from the incubation vial to an adjacent one filled with 
the trapping solution Solvable (NEN, UK). The dpm 
values in the trapping solution were measured using a 
Pharmacia Wallace 1410 Liquid Scintillator Counter, using 
Formula 989 (NEN, UK) as scintillant. Regardless of light 
or dark conditions, 2 h of incubation with radioactive 
glycerol were necessary to obtain significad counts in the 
trapping solution. 

Inorganic carbon fixation was monitored by incubating 
the algal samples for 20 min in 20 m1 seawater with 1 pCi 
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Results and discussion 
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Fig. 1. Photosynthesis versus irradiante curves of samples 
pretreated in glycerol-containing medium (SW90-gly) and of 
seawater controls Samples were pretreated for 2 h  m S W ~ g l y  
or seawater in light of each PFD to be tested (0-700 pmol 
photon m-' S-') Data shown are the mean &SE of three runs 
with three replicates in each 

[ 1 4 ~ ] ~ a ~ ~ ~ ,  (42.6 mCi mmol-l, 1.6 GBq mmoi-l; NEN, 
UK). We followed standard methods for carbon isotope 
techniyes in macroalgae (Pregnall, 1991). Carbon fixa- 
tion rates in seawater after light or dark incubations in 
SW90-gly or in seawater were calculated by using the 
equation: 

Fixed carbon (pmol C mg-' Chl a h-') 

- 
dpm treatment x DIC x 1.05 

- 

dprnTxmgChla  x t  

where dpm treatment is the dpm in the dimethylsulph- 
oxide (DMS0)-soluble fraction of the sample; DIC is the 
carbon (pmol) in 20 m1 seawater with 1.86 mM dissolved 
inorganic carbon; 1.05 is a correction factor; dprn T is the 
total dpm added to incubation vial; and t is the time in 
hours. Chi a was extracied in 90% aceione and deter- 
mined spectrophotometrically using the equations of 
Jeffrey & Humphrey (1975). 

The carbon fixation rate of samples incubated in SW90- 
gly and light was quantified as described above and 
compared with the carbon fixation rate of samples in 
seawater. Temperature and light were adjusted as 
described for the oxygen exchange experiments. 

Ctatistics 

Sigmaplot software (Sigrna) was used to obtain the slopes 
of regression lines for oxygen concentration over time. 
Al1 the experiments were performed from two to six times 
(r) with three replicates in each (n), with closely similar 
results. One-way ANOVA was used to compare the 
results obtained in the different treatments with controls 
in CWa@g!y (Epict.t stzkistics sn fk i~ j a r e ) ,  Fig. 2 WP 

present the results for the most representative experi- 
mental example. 

The efects of glycerol and light prefreatmenf in light 

The incubation of field-collected thalli of G. doryphora in 
SW9O-gly did not promote a metabolic shift from an 
ai+ntrnphir te  a hi!!y heternfriphic mnde nf nutrition in ......,..., 
light. The P vs 1 curves (Fig. 1) show that samples 
pretreated in light and with glycerol for 120 min evolved 
oxygen at al1 light irradiances. 

However, the rate of oxygen evolution in SW90-gly 
was 40-50% lower than that of seawater-incubated 
samples. This could be because: (1) the algae evolved 
the same quantity of oxygen (gross photosynthesis) but 
with a greater consumption by respiration before oxygen 
left the cells; (2) the algae produced a lower quantity of 
oxygen in gross photosynthesis; or (3) both phenomena 
occurred together. 

The fact that G. doyphora grew in a glycerol-containing 
medium in light (Robaina ef al., 1990a, b) suggested that 
uptake and respiration of giyceroi occurreci. in the present 
study the samples evolved radioactive carbon dioxide 
when incubated with [ ~ - ' ~ ~ ] ~ l ~ c e r o l  both in light and in 
darkness (12 000 I 3600 and 9000 + 100Odpm, respec- 

e 

tively). The evolution of radioactive carbon dioxide from 
samples incubated with radioactive glycerol in the light is 
clear evidence for the respiration of glycerol by field- % 
collected thalli. Accordingly, the lower rates of net 
oxygen evolution observed in the presence of glycerol 
may be attributed to a higher rate of oxygen uptake due to 
the respiration of glycerol in light. - E 

In addition to the reduction of net oxygen uptake due 
to respiration of glycerol in the light, it is also possible 

n 

that the alga evolved less oxygen (i.e. had a lower rate of $ 
gross photosynthesis). The incubation of the samples with 2 
giycerol in the light (100 pmol photon m 2 S-') for only 
20min decreased the oxygen evolution rate to 14% of 
those for samples in seawater (270 21 pmol O, mg-' 
Ch! a h-l). 

Glycerol affected important structural features of the 
photosynthetic apparatus in Pyrenornonas salina Santore 
(Cryptophyceae) (Lewitus et al., 1991). The use of organic 
carbon sources retarded greening in Euglena (Eugleno- 
phyceae) (Schwelitz ef al., 1987). Wyman (1992) reported 
a short-term effect of glycerol in which it uncouples 
energy transfer between phycoerythrin and other bilipro- 
teins of the Synechococcus (Cyanobacteria) phycobilisome. 
It is possible that glycerol reduced photosynthetic per- 
formance in G. doryphora also; this requires further 
investigation. 

It should be noted that the algae recover their photo- 
synthetic activity from 14% of the control value in the 
short-term incubation (20rnin) to 40-50% in samples 
incubated for longer (120min; Fig. 1). 

Table 1 shows the carbon fixation rates in light and 
darkness for samples preincubated with glycerol in light. 
The hiyhest leve1 of carbon fixation was obtained in light 
after preincubation with glycerol in light. It was signifi- 
cantly higher (@01<p 5 0.05) than the highest rate of 
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Table 1. Carbon fixation rate (pmol C mg-' Chl a h~ . ' )  in light 

and dark of samples pretreated for 2 h in light (at 100pmol  

photon m-' S-'), in SW90-gly or  seawater. Controls were 

samples kept in darkness 

Medium Light Dark Control 

Sw90-gly 1017 5 125"' 37.5 1 6.7** 72.5 I 5.8"' 
Seawater 684 +_ 75"' 36.6 i &O** 100.8 i &7** 

Data shown are the means f SE from three experiments with three 
replicates in each, statistically compared with controls in SW90-gly. 
n.s.. non-significant; "0.001 <p 1 0.01; *'*p < 0.001 

oxygen evolution (i.e. that for the non-glycerol-treated 
controls) seen in Fig. 1, which is in contrast to the rather 
low oxygen evolution rate discussed above. 

The pathways of non-photosynthetic carbon fixation 
/: - .- ... l . . . -  <:- ---L -.... 1-L:- - .. - L L  \ ---LLL..L- 
(1.C. dlldt>LCLUtlC C d l U U X y l d t l L i ~  t>iiLIIWdYSI LlldY CUILLIIVULC 

more in glycerol-incubated samples than in samples 
coming from seawater since these samples respired at a 
higher rate. Anaplerotic fixation of inorganic carbon 
normally joins respiratory metabolism at the PEP leve1 
and leads to the accumulation of (inter alia) organic acids. 
We simply checked the pH of the homogenates from 
glycerol-incubated samples. The pH went down to a 
value of 2.75-3.00 in samples incubated with glycerol 
in light, whilst it was around pH 7.0 in those incubated in 
seawater. We have observed (unpublished) that samples 
exposed to glycerol and light accumulated more radio- 
activity frorn H'~co,- in the anionic fraction than did 
samples in seawater, in which radioactivity accumulated 
preferentially in the neutral fraction. 

While the observations described above provide evi- 
dence for a higher anaplerotic fixation of carbon with 
glycerol in light, the results of light-to-dark transition 
(Table 1) unexpectedly indicated that any such anaplerotic 
fixation in glycerol did not continue from the light period 
to the ensuing dark as might have been expected. 

These data suggest that incubation of G. doyphora in 
light with glycerol in the medium led to the activation of 
a nnn-nhntnclrnChoCir plttPrr! Of czrbcn fiXatjnn, WhiCh " ""L. y""."", s...""' 

results in higher 14c-carbon fixation rates and lower net 
oxygen evolution rates. Determining whether this relates 
to respiratory metabolism, to anaplerotic pathways or to 
specific pathways derived from glycerol metabolism 
requires precise identification of the compounds accumu- 
lated after incubation in glycerol. 

The efect of glycerol and light pretreatment in darkness 

Photosynthesis and respiration have opposing effect on 
net oxygen exchange, thus complicating measurements in 
the light. More valuable and readily interpretable results 
were expected to be obtained in darkness following 
- - - L - - - L - - - '  :- -1 1  - - A  I : - L L  
~ I C L l C d l l l l C I l L  111 ~ 1 y L C I U l  d l l U  1 1 ~ 1 1 1 .  

The results in Table 2 confirm that thalli collected from 

Table 2. Oxygen  uptake rate ( / ~ m o l  O, mg- ' Chl a h- ')  in the 

dark of samples after 2 h pretreatment in SW90-gly o r  seawater 

in the light (700 or  100 pmol photon m-' S-') 

Pretreatment (pmol photon m-' S - ' )  

Medium 700 1 O0 Dark 

SW90-gly 176 & 9" 147 +_ 9' 119 & l on '  
Seawater 98 I 2' 100 I 2 *  59 k 9" 

Data are the means SE of six experiments with three replicates in each, 
statistically compared with samples pretreated for 2 h in SW90-gly in 

darkness. 
ns., non-significant; *0.01<p 5 0.05; **@001<p < 0.01. 

their natural habitat were able to respire at a high rate 
after 2 h of pretreatment in glycerol. The fact that they 
evolved 14c0, from [14~]glycerol, as discussed above, 
L L L .  : . l .  1 TL.. 
I I I U I C ~ L C S  L I M L  u l r y  I C S ~ I I C U  C A U ~ C I I U U ~  61 YCCIUI. 1 I I C  

presence of light in the pretreatment also played an 
important role. The respiration rate in the dark increased 
significantly with increasing PFD of the pretreatment in 
the preceding light period (Table 2). 

D 

- - 
Light plays a central role in the uptake and metabolism f 

of organic carbon in several algae (Cheng & Antia, 1970; 
m 

Bennet & Hobbie, 1972; Neilson & Lewin 1974; Andersag 
& Pirson, 1976; Nicolas et al., 1980; Kirst & Bisson, 1983; 
Markager & Sand-Jensen, 1990). G. doryphora did not 
grow on glycerol in the dark (Robaina et al. 1990b) even % 

a 

though glycerol was respired in the darkness by field- ! 
collected thalli (Table 2). The rate of respiration of 
exogenous glycerol is apparently not adequate to E 
permit growth. We suggest that the combination of 
light-dependent carbon metabolism (and energy transduc- 
tion?) with the presence of glycerol (carbon and energy) is 
necessary to promote growth. 

Following the occurrence of this light effect on dark 
respiration (Fig. 2) ,  it was observed that in contrast to the 
normal post-illumination respiratory burst in seawater 
samples, the time-course in glycerol medium showed a 
decrease in dark respiration within 2Omin of the light 
bpjng tGmPd &. Thic iS nrnhahly dile tg the shift frcrn r----- 
light-activated respiration in glycerol medium to normal 
dark respiration. A sharp increase in dark respiration 
within 2 min of the end of the light period is less plausible 
than a continuation of a higher rate in the light, although 
it is possible. 

The inhibitors KCN and SHAM have been used to 
demonstrate that oxygen uptake by algae results from 
mitochondrial respiratory activity (Peltier & Thibault, 
1985; Brechignac & Furbank, 1987). Weger el al. (1989) 
inhibited photorespiratory (including Mehler reaction) 
oxygen uptake with an incubation in DCMU in mass 
spectrometry experiments. Our results with inhibitors 
(Table 3) showed that only KCN and SHAM inhibited 
LL- . . - L - l - -  :-- L L - L  ---- : - - L  ---. -..-.. .. 
L I K  u x y g c i i  u y i d n c ,  i i i r a i i i i i g  L I M L  I C ~ ~ I I ~ L U I  y u n y g e 1 1  

uptake in glycerol medium in light or dark reported in 
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O 8 12 16 20 

Time after Iight off (min) 

Fig. 2. Time course of oxygen uptake rate in darkness 0, 8, 12, 
16 and 20 min after the pretreatment of samples for 2 h in SW- 
gly in light (100 pmol photon m-2 S-'). Data shown are the 
most representative of six runs with three replicates in each. 

this work is mitochondrial. It should be noted that SHAM 
must be added to inhibit respiration (less than 20% 
inhibition with KCN alone), supporting the existence of 
the altemative pathway of respiration in G. doyphora. 

It is likely that in G. doyphora,  as in other organisms, 
glycerol is phosphorylated to glycerol-3-phosphate (De 
Koning ef al., 1987). If metabolism of glycerol or glycerol- 
derived organic carbon sources (i.e. endogenous path- 
ways) starts with phosphorylation in G. doyphora,  extra 
ATP would be required to metabolise the net influx of 
glycerol. This extra ATP could come initiaIly from 
photosynthetic thylakoid reactions; thus the light would 
be important to provide ATP in G. d o y p h o m  incubated in 
glycerol. Glycerol reduced (inhibited) pho t~s~n thes i s  
(Fig. I),, while respiration continued at the highest rate 
at PFD levels which were photoinhibitory for oxygen 
evolution (700 pmol photon m-' S-'; Fig. 1, Table 2) and 
DCMU addition in the light period did not inhibit dark 
respiration (Table 3). The light-activated respiration of 
glycerol does not seem to be dependent on 'photosyn- 
thetic ATP' supply to the metabolism of glycerol. 

Table 3. Oxygen uptake rate (pmol O2 mg-' Chl u h-') in the 
dark of samples after pretreatment for 2 h in SW90-gly or 
seawater in the light (100 pmol photon m-' S-') with the 
inhibitors KCN (1 mM) + SHAM (25 mM) or DCMU (10 pM). 
Controls were samples without inhibitors 

Medium KCN + SHAM DCMU Control 

Dark Red Blue 

Fig. 3. Effect of pretreatment with glycerol in monochromatic 
blue (450 nm peak) and red (640 nm peak) light on subsequent 
dark respiration. Photon flux density was adjusted to 18 pmol 
photon S-' for 17min. Results are expressed as a 
percentage of respiration in samples kept in darkness and 
represent the means of three runs with three replicates in each 
(100% wis  58.3 + hprno! O; mg-' Chl u h-'). 

In searching for a more precise roIe of light in the 
respiration of glycerol, the results in Fig. 3 clearly demon- 
strated differential effects of red and blue light. Samples 
under blue light increased respiration to 225% of values of 
control unexposed samples (dark rate, 100% in Fig. 3). This 
agrees with reports of blue-light activation of respiration 
(Andersag & Pirson, 1976; Kowallik & Schatzle, 1980; 
Kowallik, 1982; Ruyters, 1988). It also opens up an 
interesting field of research since G. doyphora incubated 
with glycerol provides a system for studying the effects of 
light on dark respiration under conditions in which respira- 
tory pathways are enhanced. 

In conclusion, glycerol inhibited oxygen evolution and 
enhanced mitochondrial oxygen uptake of field-collected 
thalli of G. doyphora.  The evolution of I4co2 from [U- 
14 r - 7  clgiycerol-inculaied dgae indicates :ha: glyc~ro! was 
actually respired. Light plays a central role by activating 
glycerol respiration, with evidence of the effects being 
related to the light quality (the greatest enhancement 
being by blue light). 
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SW90-gly 18  5*'* 96 f 1"' 98 I 2"' 
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