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The effects of nitrogen starvation on photosynthetic efficiency 
were examined in three unicellular algae by measuring changes in 
the quantum yield of fluorescence with a pump-and-probe method 
and thermal efficiency (i.e. the percentage of trapped energy stored 
photochemically) with a pulsed photoacoustic method together 
with the inhibitor 3-(3,4-dichlorophenyl)-l,l-dimethylurea to  dis- 
tinguish photosystems I and II (PSI and PSII). Measured at 620 nm, 
maximum thermal efficiency for both photosystems was 32% for 
the diatom Thalassiosira weissflogii (PSII:PSI ratio of 2:1), 39% for 
the green alga Dunaliella tertiolecta (PSI1:PSI ratio of 1 :1), and 29% 
for the cyanobacterium Synechococcus sp. PCC 7002 (PSII:PSI ratio 
of 1 :2). Nitrogen starvation decreased total thermal efficiency by 
56% for T. weissflogii and by 26% for D. tertiolecta but caused no 
change in  Synechococcus. Decreases in the number of active PSll 
reaction centers (inferred from changes in variable fluorescence) 
were larger: 86% ( T .  weissflogia, 65% (D. fertiolecta), and 65% 
(Synechococcus). The selective inactivation of PSll under nitrogen 
starvation was confirmed by independent measurements of active 
PSll using oxygen flash yields and active PSI using P700 reduction. 
Relatively high thermal efficiencies were measured in  all three 
species in the presence of the PSll inhibitor 3-(3,4-dichlorophenyI)- 
1, l  -dimethylurea, suggesting the potential for significant cyclic 
electron flow around PSI. Fluorescence or photoacoustic data 
agreed well; in r. weissflogii, the functional cross-sectional area of 
PSll at 620 nm was estimated to be the same using both methods 
(approximately 1.8 x 10’ A’). The effects of nitrogen starvation 
occur mainly in PSll and are well represented by variable fluores- 
cence measurements. 

In marine phytoplankton, nitrogen limitation affects 
photosynthesis by reducing the efficiency of energy collec- 
tion due to loss of Chl a and increases in nonphotochemi- 
cally active carotenoid pigments (Herzig and Falkowski, 
1989; Geider et al., 1993). It also directly affects photochem- 
ical energy conversion because of decreases in protein syn- 
thesis that appear to affect chloroplastic proteins (and thus 
the proteins of PSI and PSII reaction centers) more strongly 
than cytoplasmic proteins (Rhiel et al., 1986; Kolber et al., 
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1988; Falkowski et al., 1989; Geider et al., 1993). There is 
some evidence that nitrogen deficiency affects the two 
photosystems differently (Rhiel et al., 1986; Kolber et al., 
1988), but this has not been systematically investigated. 

In intact cells, changes in photochemical energy conver- 
sion can be monitored through measurements of fluores- 
cence emissions and heat loss. Such techniques are based 
on a partitioning of the light energy absorbed by cells to 
losses as heat, losses as fluorescence, or E,; assumptions 
about the magnitude of the third term allow E ,  to be 
calculated from either the energy lost as fluorescence or the 
energy lost as heat. Both approaches have disadvantages. 
Fluorescence emission at ambient temperatures is almost 
entirely due to PSII (Krause and Weis, 1991); therefore, 
fluorescence cannot provide information about PSI. Pro- 
cesses in PSI may be particularly significant in organisms 
such as cyanobacteria in which PSI1:PSI ratios are typically 
less than unity (Kawamura et al., 1979) or under conditions 
under which ratios of PSI1:PSI change. Also, fluorescence 
emission represents only 2 to 5% of light energy absorbed 
by cells for healthy cells (Cha and Mauzerall, 1992); there- 
fore, a minor loss term is used to estimate E,. Alternatively, 
energy storage in both photosystems can be measured 
directly using time-resolved PPA (Malkin and Canaani, 
1994). PPA measures the sound wave created when ther- 
mal expansion of surrounding gases occurs because of heat 
loss during photochemical energy transduction in the sam- 
ple. Resolving differences between PSII and PSI, however, 
requires either excitation light that is specific to the indi- 
vidual photosystem or the use of selective inhibitors such 
as DCMU (Cha and Mauzerall, 1992). 

In this study, we examined the effects of nitrogen limi- 
tation in three diverse species of algae: a diatom (Thalas- 
siosira weissflogii) in which the PSI1:PSI ratio was approxi- 
mately 2:1, a green alga (Dunaliella tertiolecta) having a 
PSI1:PSI ratio of approximately 1:1, and a cyanobacterium 
(Syneckococcus sp. PCC 7002) with a PSI1:PSI ratio of 1:2 
(Herzig and Dubinsky, 1993). We characterized the number 

Abbreviations: A+,,,, the maximum change in the quantum 
yield of fluorescence (= F,/F,); E,, energy stored in the photo- 
synthetic system; F,, maximal Chl fluorescence yield, emitted 
when PSII centers are closed; F,, minimal fluorescence yield, emit- 
ted when PSII centers are open following dark adaptation; F,, 
variable fluorescence yield (= F ,  - Fo); PPA, pulsed photoacous- 
tic spectroscopy; upsr, effective absorption cross-section of PSI; 
uFsII, effective absorption cross-section of PSII; TE, thermal 
efficiency . 
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of active PSI and PSII reaction centers using standard bio- 
physical techniques and compared maximum TEs and flu- 
orescence yields to determine where the effects of nitrogen 
deficiency occurred. In addition, for the diatom, we com- 
pared fluorescence and photoacoustic techniques in detail 
by estimating the functional absorption cross-section for 
PSII using both techniques. 

MATERIALS A N D  METHODS 

The diatom Tkalassiosira weissflogii (Gru.) Fryxell et Hasle 
(clone T-VIC) and the chlorophyte Dunaliella tertiolecta 
Butcher (clone DUN) were grown in 1-L semicontinuous 
batch cultures in artificial seawater medium (Goldman and 
McCarthy, 1978) enriched with f/2 nutrients (Guillard and 
Ryther, 1962), except that silica levels were increased to 220 
p~ and 1 nM selenous acid was added. Cultures were 
grown in continuous light (200 pE m-’ s-l) at 18°C and 
were bubbled with filtered air. The cyanobacterium Syn- 
eckococcus sp. PCC 7002 was grown in 250-mL flasks on A+ 
medium (Bruce et al., 1989) at 37°C under 150 p E  m-’s-l 
with constant shaking. Nitrogen-replete cells were main- 
tained in logarithmic growth phase by additions of fresh 
medium; nitrate never decreased to less than 250 p ~ .  Ni- 
trogen-starved cells were allowed to deplete medium ini- 
tially containing 150 p~ NO,- below detection limits and 
were allowed to grow into stationary phase for several 
days before they were sampled. 

For T.  weissflogii and D. tertiolecta, cell numbers and 
volumes were determined using a model TA11 Coulter 
Counter (Coulter, Hialeah, FL) equipped with a population 
accessory and a 100-pm aperture and calibrated with latex 
microspheres. Chl a a n d  carotenoids were  measured spec- 
trophotometrically on samples filtered onto Whatman 
GF/F filters and extracted in 90% aqueous acetone (Jeffrey 
and’Humphrey, 1975). In vivo absorption spectra (375-750 
nm) were determined using a DW 2C spectrophotometer 
(Aminco, Beverly, MA) (Dubinsky et al., 1986). Oxygen 
flash yields and Chl a:P,,, ratios were measured as de- 
scribed by Falkowski et al. (1981) and used to calculate Chl 
a:O,, Chl a:PSII, Chl a:PSI, and the number of functional 
reaction centers per cell. 

For both fluorescence and photoacoustic measurements, 
data were collected from three to six separately grown, 
replicate cultures over a period of several months. Sub- 
samples from each culture were filtered onto 13-mm Mil- 
lipore filters (8-pm pore size) and placed in a photoacoustic 
cell as described by Cha and Mauzerall (1992). A four- 
legged fiber-optic light pipe (common end diameter 12 
mm) was fixed above the sample chamber. For both fluo- 
rescence and PPA analyses, pulsed light at 620 nm (22.5 
nm half-bandwidth) was provided by a 1-ps dye laser 
(model LFDL-2; Candela, Wayland, MD), using Kiton Red 
dye (70 p~ in CH,OH) through one leg. We selected 620 
nm to allow significant light absorption in a11 three species 
(Fig. I), while providing energy that would reach both PSI 
and PSII. For fluorescence analyses, one leg of the light 
pipe was attached to a xenon arc lamp, filtered through 
three 3-mm BG 39 glass filters (Schott, Cologne, Germany) 
and attenuated with neutra1 density filters to provide a 
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Figure 1. In vivo absorption spectra of T. weissflogii, D. tertiolecta, 
and Synechococcus sp. PCC 7002 under nitrogen-replete (solid lines) 
and nitrogen-starved (dotted lines) conditions. For T. weissflogii and 
D. tertiolecta, spectra are normalized to Chl a, determined from 
acetone extracts. The spectra for Synechococcus are taken from 
Bruce et al. (1989) and are in relative units. The solid line represents 
the nitrogen-replete state. The dashed line is for a phycobilisome-less 
mutant, the spectrum of which resembles the spectrum of nitrogen- 
starved cells. Vertical lines indicate the wavelength of laser light (620 
nm) used in fluorescence yield and photoacoustic measurements. 

probe flash and a third leg was directed to a 446 photo- 
multiplier tube (Hamamatsu, Bridgewater, NJ) operated at 
850 V and shielded by two 3-mm-thick heat filters, a RG 
645 Schott glass filter, and a P10 720 nm band-pass filter 
(Corion, Holliston, MA). The photomultiplier tube current 
was amplified and digitized using a Hewlett-Packard high- 
speed digital oscilloscope connected to a 1 kR termination 
resistor. A pump-and-probe protocol was followed, 
whereby the fluorescence at 720 nm, elicited by a low- 
energy probe flash from the arc lamp, was measured before 
(F,) and 80 ps following (F,) a saturating pump flash from 
the laser (Mauzerall, 1972; Falkowski et al., 1986b). The 
intensity of the laser was then varied using a refractive 
attenuator, and different solutions of transition metal ions 
and the energy were measured at the common end of the 
light pipe using a radiometer (Laser Precision [Irvine, CAI 
Rj-7200, with a RjP-734 pyroelectric probe). Because there 
was significant reabsorption of fluorescence emissions with 
the optically dense filtered samples, maximal pump-and- 
probe emissions were scaled to values measured in dark- 
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adapted, optically thin cell suspensions using a Turner 
Designs (Sunnyvale, CA) model 10 fluorometer (with a 
Corning [Corning, NY] 5-60 filter for excitation and a 
Corning 2-64 filter for emission) with (F,) and without (F,) 
20 p~ DCMU. was calculated as the maximum 
F,/Fm (where F, = F, - F,). Fluorescence measurements 
from the pump-and-probe method at different flash inten- 
sities ( A 4 )  were fit to a simple cumulative one-hit Poisson 
function: 

(1) 

where oFsII is the effective absorption cross-section of PSII 
(A' quanta-' trap-') and E is the energy of the flash. Energy 
transfer between PSII reaction centers was calculated by the 
algorithm of Ley and Mauzerall (1986), in which the param- 
eters u (the probability of "escape" of a photon encountering 
a closed trap), b (the probability of escape at an open trap), 
and T (the number of traps per domain) were estimated. The 
results depended weakly on b and T; fixing T at 4.0 yielded b 
values close to O. A11 curve fitting was done using the Mar- 
quardt-Levenberg method and SigmaPlot (Jandel, San Ra- 
phael, CA) for Windows version 2.0, except for the Ley and 
Mauzerall algorithm, which was solved using inverse 
methods. 

PPA measurements and calculations were performed es- 
sentially as described in Cha and Mauzerall (1992). The 
laser flash rate was set at 3 s-'. The photoacoustic signal, 
up to 120 ms, was detected in air by a microphone and 
filtered between 1 Hz and 10 kHz. The ratio of energy 
stored to total energy absorbed (corrected for the trap 
energy corresponding to 680 nm) (%TE) was calculated as 
%TE = (HL - HD)/HL X 100%, where HL and H ,  are the 
acoustic signals under saturating continuous light and in 
the dark, respectively. Saturating continuous white light 
(500 pE m-' s-') was provided through the fourth leg of 
the light pipe (lamp model9741-50; Cole-Parmer, Chicago, 
IL). Typically, it was necessary to average 50 to 200 signals 
to obtain a single estimate of %TE. 

To estimate cross-sections of PSI, PSII activity was inhib- 
ited using DCMU. Conditions and DCMU concentration 
were optimized so that no variable fluorescence was de- 
tected, indicating full closure of PSII reaction centers. To 
eliminate variable fluorescence, it was necessary to add 150 
p~ DCMU to samples, mix and filter under room light, and 

A+/A+m=x = 1 - exp( - ~PSI IE)  

provide a low, continuous background light (<5  pE mp2 
s-'). Although this leve1 of DCMU appears greatly in 
excess of that used in other reports and potentially above a 
concentration where effects are specific to PSII, the effec- 
tive concentration was likely substantially lower, because 
in dilute cell suspensions, 20 p~ DCMU was sufficient to 
give F, when measured in the Turner fluorometer. During 
the filtration process much of the DCMU may have been 
removed, bound by the cells, or perhaps bound to the filter 
itself. Control samples run under identical conditions with- 
out DCMU (but with ethanol equivalent to that in the 
DCMU stock) showed approximately 10% lower TE; TEs of 
DCMU samples were corrected for this difference. The PPA 
data collected with DCMU at various flash intensities were 
used to obtain an estimate of the cross-section of PSI using 
equation 7a of Cha and Mauzerall (1992): 

TEPsI=TEPsI~J~ - ~ ~ ~ ( - ~ P S ~ E I ) / U P S I E ,  (2) 

where TE,,, and TEPSImax are the TE of PSI and the maxi- 
mum TE of PSI, respectively. 

Because samples were optically thick, it was necessary to 
correct for a baseline energy storage (Cha and Mauzerall, 
1992) of 4.9% (?l.O%) in nitrate-replete and 3.0% (?1.4%) 
in nitrate-starved cells. Taking estimates for TEFSImax, upsI, 
and the ratio of PSII to PSI centers calculated above, we fit 
data collected without DCMU at different flash intensities 
to equations of Cha and Mauzerall (1992), assuming either 
linear and cyclic electron flow or linear flow alone. Fits 
suggested that under these conditions PSI and PSII be- 
haved as isolated systems and trapped energy separately, 
so the appropriate equation is: 

(3)  

(equation 8 of Cha and Mauzerall, 1992), applying the same 
baseline correction as described above for the PSI curve 
above. 

RESULTS 

Cell volume increased only slightly under nutrient star- 
vation; thus normalizing parameters to cell numbers per- 

Table 1. Summary of pigment and reaction center data for nitrate-replete (N-replete) and  nitrate-starved (N-starved) cells of two alga/ species 
Values represent means of duplicate determinations from two separate cultures, and coefficients of variation are shown in parentheses. 

T. weissflogii D. tertiolecta 
Parameter 

N-starved N-redete N-starved N-replete 

Cell volume ( ~ r n ~ )  
Chl a (pg cell-') 
Carotenoid:Chl a (mo1 mol-') 
Chl a:O, (mo1 mol-') 
Chl a:PSII (mo1 mol-') 
Chl a:PSI (mo1 mol-') 
PSI (mo1 cell-') ( X  i0-l9) 
Psll (mo1 cell-') (X ir i9)  
PSII:PSI (mo1 mol-') 

490 (7.9%) 
1.2 (3.5%) 

0.60 (3.5%) 
11 30 (1 1.7%) 

280 
680 (12%) 

20 
48 
2.2 

510 (8.8%) 
1.1 (3.4%) 

0.88 (3.4%) 
3090 (1 1.5%) 

770 
540 (19%) 

22 
15 

0.70 

76 (7.4%) 
0.36 (2.1 '/o) 

0.68 (2.1%) 
1410 (18.7%) 

350 
390 (31%) 

11  
11  
1.1 

87 (8.8%) 
0.23 (0.6%) 
1 .7 (0.6%) 

2260 (9.50%) 
570 

240 (12%) 
11  
4.6 
0.42 
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mits a fair comparison between nitrogen-replete and nitro- 
gen-starved cells (Table I). General effects of starvation 
were similar for T.  weissflogii and D. tertiolecta: cell Chl a 
content declined, and the relative proportion of carotenoid 
increased (Fig. 1). From measurements of reduction, 
the number of active PSI reaction centers did not change 
under nitrogen starvation in either species; however, the 
number of active PSII centers calculated from oxygen flash 
yields declined to 32% of nitrogen-replete levels in T. weiss- 
flogii and 40% of nitrogen-replete levels in D. tertiolecta. The 
PSI1:PSI ratio was 2.2 for T. weissflogii and 1.1 for D. terti- 
olecta when cells were nitrogen-replete, but the ratios de- 
creased under nitrogen starvation in both species (Table I). 

Fluorescence and PPA measurements were relatively in- 
sensitive to the number of cells layered on the filter for 
nitrogen-replete cultures, but there was an optimal amount 
for nitrogen-starved cells. For example, for nitrogen-replete 
T. weissflogii cultures %TE was constant between 2.5 X 105 
and 2.5 X 106 cells cm-’ of filter surface, whereas for 
nitrogen-starved cells the signal was maximal at 1.2 X 106 
cells cm-’, and %TE declined substantially with either 
smaller or larger volumes. Maximal F, /F ,  ratios were 
lower for the cyanobacterium than for the eukaryotes 
(about 0.5 versus >0.65 for other species; Table 11). In 
nitrogen-starved cells, F, /F ,  ratios declined 46% for T. 
weissflogii, 40% for D. tertiolecta, and 24% for Syneckococcus. 

PPA measurements without DCMU represent energy 
storage in both PSI and PSII. These measurements indi- 
cated that between 25 and 40% of absorbed energy was 
stored in both photosystems, depending on the species 
(Table 11). Under nitrogen starvation, energy storage de- 
creased in the eukaryotes to 45% of nitrogen-replete levels 
in T. weissflogii and to 74% in D. tertiolecta, but no change in 
TE was measured in nitrogen-starved and nitrogen-replete 
Synechococcus. Addition of DCMU, under conditions that 
completely eliminated variable fluorescence emissions, de- 
creased TE by 64 and 57% in T. weissflogii and D. tertiolecta, 
respectively, but had no significant effect in nitrogen-re- 
plete Syneckococcus (Table 11). Smaller declines were found 
for DCMU addition to nitrogen-starved cells: 19% for T. 
weissflogii, 41% for D. tertiolecta, and no change for Synecko- 
coccus. In a11 three species, nitrogen starvation had no effect 
on the energy storage in samples treated with DCMU 
(Table 11). 

Data obtained for active reaction centers were compared 
with fluorescence emission, rescaled as F, /F ,  (which is 

assumed to be proportional to the number of active reac- 
tion centers; Falkowski et al., 1986a), or with TEs from PPA 
measurements in T. weissflogii and D. tertiolecta. Nitrogen 
starvation caused decreases in active PSII centers, mea- 
sured by oxygen flash yields, which were very comparable 
to declines in F, /F ,  in both species (Fig. 2). Similarly, 
declines in the sum of active PSI and PSII centers matched 
those in TE measured without DCMU, in which both types 
of reaction center contribute to the signal. More dramatic 
declines in total reaction centers for T. weissflogii than D. 
tertiolecta (to 55 and 71% of nitrogen-replete values, respec- 
tively), were matched by greater decreases in TE for T. 
weissflogii (Fig. 2). The lack of effect of nitrogen starvation 
on energy storage in PSI (measured by PPA in the presence 
of DCMU) was consistent with measurements of PSI reac- 
tion centers by absorption difference spectroscopy (Fig. 2). 

Normalized variable fluorescence yield (fluorescence 
yield divided by the maximum yield under saturating flash 
energy) in nitrogen-replete T. weissflogii was fit better by 
the Ley and Mauzerall (1986) algorithm allowing energy 
transfer than by Equation 1 (Fig. 3). The initial lagging of 
the fluorescence saturation curve behind that predicted by 
a cummulative one-hit Poisson model, followed by a 
steeper increase, is commensurate with a significant leve1 
of energy transfer between reaction centers (Mauzerall and 
Greenbaum, 1989) (Fig. 3). The modified equation gave a 
cross-section of 1.7 X 10’ A’ (versus 1.5 X 10’ A’ using Eq. 
1) and indicated a probability of 0.62 for transferring en- 
ergy from a closed reaction center to another in the domain 
(Table 111). 

PPA data were highly variable between samples (coeffi- 
cients of variation of approximately 25% versus approxi- 
mately 3.5% for fluorescence measurements; compare Figs. 
3 and 4) even when signals for 100 or more flashes per 
sample were averaged. For nitrogen-replete T. weissflogii, 
using PPA data obtained in the resence of DCMU, a 
cross-section for PSI of 5.3 X 10’ 1’ was calculated from 
Equation 2 (Fig. 4A; Table 111). Substituting PSI values into 
Equation 3, a cross-section for PSII of 1.9 X 10’ A’ was 
calculated (Fig. 4B; Table 111), which was not significantly 
different from the cross-section derived using variable flu- 
orescence data. 

The same analysis was attempted using nitrogen-starved 
T. weissfogii; however, the signal-to-noise ratio for these 
samples was considerably poorer, particularly at low flash 
energies. The cross-section determined by fluorescence in- 

Table II. Comparisons between maximal variable fluorescence emissions and Tfs  in nitrate-replete and nitrate-starved cultures of three algae 
FJF, refers to the maximum variable fluorescence yield. TE was measured using the pulsed photoacoustic method, with or without DCMU. 

Values represent means of at least three separate samples, and coefficients of variation are shown in parentheses. 

Species Nutrient Status TE 
TE 

(+DCMU) 

% 0% 

T. weissflogii Nitrogen replete 0.71 (1.9%) 32 (6.5%) 1 1  (9.5%) 

Nitrogen starved 0.40 (1.5%) 29 (1 0%) 17(11%) 

Nitrogen starved 0.38 (2.3%) 14 (5.6%) 12  (16%) 
D. tertiolecta Nitrogen replete 0.67 (1.7%) 39 (2.6%) 17 (11%) 

Synechococcus (PC 7002) Nitrogen replete 0.50 (6.0%) 26 (6.1 ‘/o) 24 (0.85%) 
Nitrogen starved 0.38 (4.0%) 30 (8.9%) 24 (8.2%) 
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Figure 2. Relative numbers of active reaction centers and fluores- 
cence yields, or %TE, of nitrate-starved versus nitrate-replete 7’. 
weissflogii. Active reaction centers were determined from biophysi- 
cal measurements (oxygen flash yields for PSll or spectroscopically 
measured reduction of P700 for PSI). FJF, for PSll was calculated 
from fluorescence measurements with saturating pump flashes, and 
%TE was determined from pulsed photoacoustic measurements 
(maximum efficiency) measured at 620 nm with DCMU (PSI) or 
without DCMU (PSI + PSII). 

creased to 4.0 X 10’ A’ (Table I11 and data not shown). PPA 
data indicated a similar increase in uppsII to 4.3 x 10’ 1\’ 
(Table I11 and data not shown). PPA data also suggested an 
increase in upsI (data not shown). 

DI SCUSSl ON 

The most striking result of the present study is the find- 
ing that PSII is strongly affected by nitrogen starvation in 
the three species examined, whereas there is no apparent 
effect of nitrogen starvation on PSI. Our data for PSII agree 
with the results of other studies documenting losses of PSII 
reaction center proteins under continuous nitrogen limita- 
tion in chemostats (Kolber et al., 1988) and the selective 
degradation of PSII-serving phycobilisomes in cyanobacte- 
ria (Kana et al., 1992). However, there is less agreement 
concerning the effects of nitrogen starvation on PSI pro- 
teins. Plumley et al. (1989) found no changes in PSI-asso- 
ciated proteins in nitrogen-limited Cklamydomonas sp., de- 
spite a 65% decrease in certain PSII proteins, but Rhiel et al. 
(1986) found losses of PSI protein in nitrogen-limited Cryp- 
tonzonas maculata. Herzig and Falkowski (1989) showed that 
when the chromophyte lsockrysis galbana was grown under 
increasing nitrogen limitation in chemostats the number of 
PSII reaction centers decreased to 56% of nitrogen-replete 
levels, but this was matched by losses in PSI; the PSI1:PSI 
ratio remained almost constant at 1.6 (Falkowski et al., 
1989). It is possible that the effects of nitrogen deprivation 
on PSI vary with species, with whether the cells are nitro- 
gen starved versus limited by a continuous nitrogen supply 
as in a chemostat, or with the duration of starvation. For 

example, the effects of senescence on photoacoustic energy 
storage in pea leaves were time dependent: PSII was af- 
fected much earlier and more severely than was PSI 
(Gruszecki et al., 1991). For Syneckococcus, we did not mea- 
sure active reaction centers directly, as was the case for the 
eukaryotes. However, our results agree with those of Col- 
lier et al. (1994), who showed that in Syneckococcus sp. PCC 
7940 nitrogen deprivation decreased oxygen evolution and 
photoacoustically measured energy storage by 90% and yet 
left PSI storage relatively unaffected. 

The cyanobacterium showed no apparent effect of nitro- 
gen starvation on %TE, despite a significant decline in PSII 
efficiency estimated by the fluorescence technique. Al- 
though it is true that the Syneckococcus PCC 7002 has a 
greater proportion of PSI than PSII, some decline in the 
%TE of the combined photosystems would be expected. 
We believe that this discrepancy is due to the wavelength 
at which we chose to measure PPA and fluorescence emis- 
sions. In the eukaryotes, absorption in the region of 620 nm 
is due to Chls b or c, which direct energy to both photo- 
systems. In the cyanobacterium, there is a large absorption 
peak in this region due to phycobiliproteins, which direct 
energy largely to PSII (Fig. 1; Bruce et al., 1989). Under 
nitrogen deficiency, the phycobiliproteins are selectively 
degraded (Kana et al., 1992), resulting in a dramatic change 
in absorption at 620 nm, as demonstrated in the spectrum 
of a phycobilisome-less mutant (Fig. 1). We suggest that in 
nitrogen-deficient Synechococcus, energy absorbed at 620 
nm is transfered toward PSI to a much greater extent than 
under nitrogen-replete conditions; because PSI is relatively 
unaffected by nitrogen deficiency, the TE does not change. 

I 0-4 I 0-3 10-2 1 O-’ 

flash energy (quanta k2 pulse-’) 

Figure 3. Fluorescence yield (A+) normalized to maximum yield 
achieved under saturating flash energy (A+,,,) as a function of 
incident flash energy at 620 nm for nitrate-replete cultures of T. 
weissflogii. Each point represents an average of six signals. The 
dotted curve is  the cumulative one-hit Poisson saturation function 
(Eq. 11, giving uPsII = 1.5 X 1 O’ A’. The solid curve was fitted using 
the modified algorithm of Ley and Mauzerall (1 986) (see “Material5 
and Methods”) and gives upsII = 1.7 X 1 O2 A’. Full model parameters 
are given in Table 111. 
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Table 111. Summary of parameters for fluorescence and photoacoustic data fit to Poisson models for T. weissflogii grown under nitrate- 
replete (N-replete) or nitrate-starved (N-starved) conditions 

Fluorescence parameters are for the algorithm of Ley and Mauzerall (1 986) (see “Materials and Methods”). Photoacoustic parameters for PSI 
are from Equation 2 for data collected in the presence of DCMU (+DCMU), and these PSI parameters are then used in  Equation 3 to estimate 
PSll parameters for data collected without DCMU (-DCMU). In both cases, TE is corrected for an apparent baseline of 4.9% in nitrogen-replete 
and 3.0% in nitrogen-starved cells. Asymptotic SES are given photoacoustic fits. All measurements were made at 620 nm. -, Not applicable. 

N Replete N Starved 
Model Parameter 

-DCMU +DCMU -DCMU i- DCMU 
Fluorescence Ups,1 ( X  102 A’) 1.7 - 4.0 - 

a 0.62 - 0.50 - 

Photoacoustic TEpsi (%I 14 (1.4) 14 (1.4) 14 (4.9) 14 (4.9) 
U P S I  ( X  10’ A’) 5.3 (1.4) 5.3 (1.4) 1 2  (4.3) 1 2  (4.3) 
TEpsll (%) 36 (1.7) - 13 (3.8) - 
UPSII (X  102 A’) 1.9 (0.34) - 4.3 (2.6) - 

The reasons for a strong, selective effect of nitrogen 
starvation on PSII probably relate to the rapid turnover of 
D1 and D2, compared to the more stable PSI reaction center 
proteins (Plumley et al., 1989). Although nitrogen starva- 
tion may not change protein turnover rates, those proteins 
with the fastest inherent turnover rates will be most 
strongly affected by declines in protein synthesis due to 

35 I I 
9 30-1 
L I  
i 
, 2 5 1  

A 

i I II 
10-4 103 10-2 1 O-’ 

flash energy (quanta pulse-’) 

35 I I 

8 
I I I ‘  

1 O‘ i 0-3 10-2 1 O-’ 

flash energy (quanta pulse-l) 

Figure 4. %TE measured using a pulsed photoacoustic method as a 
function of incident flash energy at 620 n m  for nitrate-replete cul- 
tures of T. weissflogii. Each point represents an average of 50 or more 
signals from a separately prepared sample. A, Samples treated with 
150 p~ DCMU as described in the  text and fit to Equation 2, 
assuming no PSll activity. This yields upsI = 5.3 X 10’ A’. B, 
Untreated samples fi t  to Equation 3, assuming the two photosystems 
are behaving independently under the experimental conditions. In 
this case, upsI, = 1.9 x 1 O’ A’. Full model parameters are given in 
Table 111. 

lack of nitrogen. Plumley et al. (1989) hypothesized that 
decreases in PSII proteins would reduce linear electron 
flow and lead to relatively higher rates of cyclic photophos- 
phorylation. This is apparently a common stress response 
in many photosynthetic organisms (see below). Collier et 
al. (1994) speculated that maintaining PSI while PSII de- 
clines is a means of preventing the production of toxic 
oxygen radicals that might occur if electron flow in PSII 
exceeded that in PSI in nutrient-deprived cells. 

Even with large decreases in active PSII centers due to 
nitrogen starvation or additions of DCMU, cells still 
showed substantial energy storage. These results indicate a 
relatively large capacity for cyclic electron flow. Cyclic 
electron flow around PSII has been found in chlorophyte 
algae and appears to occur in vivo (Falkowski et al., 1986a; 
Cha and Mauzerall, 1992). It may function to dissipate 
excess excitation energy and prevent photoinhibition, but it 
may also lead to ATP synthesis and thus be responsible for 
part of the energy storage observed by photoacoustic mea- 
surements. PSI cycles have frequently been documented in 
higher plants and algae (Fork and Herbert, 1993; Bendall 
and Manasse, 1995). Although such cycling is thought to be 
in the range of 3 to 15% of total energy storage in most 
cases (Fork and Herbert, 1993), it may be more significant 
under stresses such as photoinhibition and nutrient depri- 
vation (Herzig and Dubinsky, 1993). It is hypothesized that 
cells could use ATP produced from cyclic PSI flow to repair 
damage to PSII that occurs under photoinhibition or to 
drive nutrient uptake through ATP-dependent pumps. 
Some types of nutrient transport, especially that of CO,, 
phosphorus, and sulfur have been linked with PSI in cya- 
nobacteria; PSI activity is enhanced by starvation for these 
nutrients (Fork and Herbert, 1993), and this may also be 
true for nitrogen. Cyclic photophosphorylation could be 
even more important in algae than higher plants, because 
algae do not show the same degree of carbohydrate storage 
as higher plants and therefore have less ability to generate 
ATP from storage. 

Cyclic PSI electron flow may not be beneficia1 for a11 
cases of nutrient deprivation. In contrast to nitrogen limi- 
tation, for cells suffering iron limitation PSI appears to be 
more strongly affected than PSII. Greene et al. (1991) found 
that in iron-starved Pkaeodactylum tricornuturn the func- 
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tional PSI1:PSI ratio increased from 2.9 to 4.2. It would be 
interesting to examine energy storage in iron-starved cells. 
The different effects of the two nutrients may also provide 
a means to experimentally manipulate PSI1:PSI ratios 
within a single species. 

The data obtained using fluorescence and photoacous- 
tic methods were internally consistent. For the eukary- 
otic species (T. weissfogii and D.  tertiolecta), maximal 
fluorescence and PPA data agreed well with the inde- 
pendently derived data for numbers of PSI and PSII 
centers (Fig. 1). For the diatom, we found that photo- 
acoustic measurements and fluorescence methods gave 
identical cross-sections for PSII. These results agree with 
some previous comparisons showing that saturation of 
photoacoustic and fluorescence signals seems to occur at 
similar light energy in spinach thylakoid membranes 
(Carpentier et al., 1991) and half-saturation constants for 
both processes are comparable in spinach PSII particles 
(Allakhverdiev et al., 1994) but appear to be at odds with 
other studies. Meaningful comparisons are made diffi- 
cult by the range of different techniques (e.g. pulsed 
versus modulated light photoacoustics and pump-and- 
probe versus modulated light variable fluorescence mea- 
surements) and the variety of cell preparations used. 
Phenomena such as variable fluorescence saturating be- 
fore TE (Malkin and Canaani, 1994) or variable fluores- 
cence at zero energy storage (Driesenaar et al., 1994) 
have been reported but were not observed in the present 
study. 

Photoacoustic methods are more variable and less sen- 
sitive compared to fluorescence techniques; eukaryotic 
species in particular gave highly variable PPA signals 
between replicates, especially at low flash intensity. Such 
variability appears to be a function of the species used 
and may relate to cell size, the way in which cells stack 
on the filter, or cell composition, e.g. the silica frustules 
formed by diatoms. Also, the eukaryotic species used in 
the present study were more sensitive than the cya- 
nobacterium, particularly nitrogen-starved cells. Filtered 
samples could not be used for more than one measure- 
ment without significant declines in TE. In contrast, 
variable fluorescence emissions are a sensitive indicator 
of nutrient deficiency in the laboratory, and the method 
is amenable to field situations (Greene et al., 1991; Kolber 
and Falkowski, 1993). PPA does offer unique insights 
about PSI, however. A nove1 finding is that both PSII and 
PSI cross-sections apparently increase under nitrogen 
starvation. In the case of PSII, this indicates that as 
reaction centers become nonfunctional the pigment bed 
can effectively transfer excitation energy to the remain- 
ing PSII centers. For PSI, this cannot be the case because 
the number of PSI centers does not change. One expla- 
nation is that trapped energy is transferred from inactive 
PSII centers to PSI centers. In fact, Weis (1985) observed 
such an energy spillover in spinach leaves and noted that 
it increased as thylakoid membrane organization broke 
down at higher temperatures. Nitrogen limitation also 
affects thylakoid membrane structure in this way (Rhiel 
et al., 1986) and may facilitate such energy transfer. 

It is important to recognize the limitations of both tech- 
niques used in the present study when drawing larger 
conclusions about photosynthetic processes. Time-resolved 
PPA techniques measure energy storage over a period of 2 
to 20 ms; by itself this method cannot identify the storage 
forms of this energy, nor can it determine whether the 
energy is ultimately channeled toward gas exchange. Fur- 
thermore, for both methods, assumptions are needed to 
convert energy captured to carbon ultimately fixed. Partic- 
ularly in the case of cyclic electron flows, the processes of 
photochemical energy storage, photosynthetic oxygen evo- 
lution, and ultimately photosynthetic carbon fixation are 
likely to be uncoupled. 

In conclusion, the results of our study indicate that the 
major effects of nitrogen limitation occur in PSII. There is a 
clear contrast between the diatom species, which is se- 
verely affected because of its relatively abundant PSII cen- 
ters, and the PSI-dominant cyanobacterium, which appears 
to be much less affected by nitrogen starvation. Since dia- 
toms are abundant in nitrogen-rich coastal waters and 
decline quickly after nitrogen is exhausted (Guillard and 
Kilham, 1977), whereas cyanobacteria dominate in nitro- 
gen-deficient open-ocean waters (Joint, 1986), it is intrigu- 
ing to speculate that different photosystem stoichiometries 
may confer advantages to certain species and thus play a 
role in determining planktonic community structure. 
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