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Abstract

A recently described unicellular chlorophytic alga isolated from meromictic Mono Lake, California, occupies a
niche that spans two environments: the upper oxic mixolimnion and the deeper anoxic and highly reducing moni-
molimnion. This organism, Picocystis sp. strain ML, accounts for nearly 25% of the primary production during the
winter bloom and more than 50% at other times of the year. In incubations, it is heavily grazed by the brine shrimp,
Artemia monica. We assessed growth and photosynthetic parameters over broad ranges of irradiance, salinity, and
pH and under oxic and anoxic conditions. Picocystis appears to be particularly adapted to low irradiance; we
observed an order of magnitude increase in the cellular pigment concentrations, as well as marked increasesin cell-
specific photosynthetic parameters for cells acclimated to low-growth irradiance. Growth rates of 0.3-1.5 d-* were
observed over a salinity range of 0—260%. and a pH range of 4-12, with maximal growth at ~50 umol photons
m-2 s, 40%0, and pH 6-10. Growth and oxygenic photosynthesis were observed under anoxic conditions at rates
comparable to those measured under oxic conditions. The ability of the organism to acclimate and grow under such
a broad range of environmental conditions makes it an important component of the Mono Lake ecosystem and

likely contributes to its dominance of the monimolimnion/mixolimnion interface.

Phototrophic microorganisms exhibit a remarkable capa-
bility for adaptation and acclimation that allows them to in-
habit niches representing temporally varying biological ex-
tremes of light, salinity, pH, and water potential (Gorbushina
and Krumbein 1999). In aquatic environments, phytoplank-
ton undergo large increases in cellular pigment concentra-
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tions and in photosystem size, number, or both in response
to diminished irradiance (e.g., Prézelin 1976; Falkowski and
Owens 1980; Perry et al. 1981; Sukenik et al. 1987; Sosik
et al. 1989). Photoautotrophs can respond to salinity increas-
es by adjusting their internal solute concentration via syn-
thesis of organic osmolytes (e.g., Kauss 1978; Dickson and
Kirst 1986; Keller et al. 1999). Enhanced H* and OH~- ion
concentrations, which occur at pH extremes, can directly af-
fect cytoplasmic pH and cellular processes (Krulwich 1995
and reference therein), impede trace metal uptake (Peterson
and Healy 1985; Gensemer 1991), and change the metal ion
chemistry of the aguatic environment, inducing toxic con-
centrations of metals. Cyanobacteria can shift between ox-
ygenic and anoxygenic photosynthesis as a response to am-
bient concentrations of sulfide that typically occur over diel
cycles in benthic mat communities (Cohen 1989). Given the
spectrum of responses to individual environmental parame-
ters, Mono Lake represents a particularly challenging envi-
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ronment for autotrophic organisms because of the range in
multiple environmental conditions.

Mono Lake is a large (160 km?), highly stratified, hyper-
saline (70 to 100%o), akaline (pH 9.8), carbonate-rich (400
mM) lake located east of the Sierra Nevada Range in Cali-
fornia. It has been a closed basin for >500,000 yr; thus, the
chemical characteristics and water level are controlled by the
balance between the input of freshwater and evaporation.
The pH, currently 9.8, is a direct result of the net accumu-
lation of an array of inorganic material (i.e., carbonate and
minerals) in the lake and has likely been unchanged for
much of thistime. Dramatic fluctuationsin Mono Lake water
level have resulted in large salinity variations over geologic
as well as historic time scales, with subsequent influences
on lake stratification and chemistry. Forty years of water
diversions coupled with a drier climate have resulted in a
twofold salinity increase (from ~40 to 80%o.) since the early
1940s. During much of this time, the lake was characterized
by a monomictic regime, in which annual whole-lake over-
turn was associated with thermal destratification in late fall.
A reduction in diversions, along with increased freshwater
runoff associated with the 1982—-1983 El Nifio, resulted in
salinity stratification and ensuing meromixis that persisted
for aperiod of 5 yr (Jellison and Melack 1993b). This strat-
ification resulted in complete anoxia in the monimolimnion
and accumulation of sulfide (1,800 wM), ammonia (600
uM), and methane (55 uM) because of fluxes from the un-
derlying sediments (Miller et al. 1993). Evaporation over the
19831988 meromictic period increased the salinity of the
mixolimnion, slowly degrading the stratification. Autumnal
surface cooling caused whole-lake overturn in November
1988, thereby ending the meromictic period (Jellison and
Melack 1993b). During overturn, nearly the entire lake water
column became temporarily anoxic as a result of the oxi-
dation of the high concentrations of sulfide, ammonia, and
methane that had built up in the monimolimnion (Miller et
al. 1993).

Given the climatological and geochemical history of
Mono Lake, it is not surprising that organisms with capa-
bilities to adapt to varying chemical and hydrographic con-
ditions would develop. The current ecosystem is comprised
of a limited phototrophic community in the mixolimnion
dominated by diatoms, mainly Nitzschia sp., and occasional
cyanobacteria (Lovejoy and Dana 1977; Jellison and Melack
1988, 1993a). These phototrophs are grazed upon by asingle
species of brine shrimp, Artemia monica (Lenz 1980; Dana
and Lenz 1986), which in turn is an important source of food
for migratory birds.

Prokaryotes are usually assumed to be better suited to
living in extreme environments than are eukaryotes, but this
is not always the case. In 1984 during the meromictic period,
we observed a well-defined subsurface chlorophyll a (Chl a)
maximum at the base of the oxycline/chemocline (Oremland
et al. 1993), aniche that is generally occupied by anoxygenic
photosynthetic bacteria (Walker 1975; Craig 1987; Oremland
et al. 1988; Overmann and Tilzer 1989; Hall and Northcote
1990) such as the sulfide-oxidizing photosynthetic bacterium
Ectothiorhodospira sp. in Big Soda Lake (Cloern et a. 1983;
Oremland et al. 1988). However, the organism responsible
for the observed maximum in Mono Lake was isolated and

determined to be a eukaryotic phototroph. The organism was
identified as a relative of the unique, recently described Pi-
cocystis salinarum, which was isolated from a saline pond
at the San Francisco Salt Works, California, in 1991 (Lewin
et al. 2000). Analysis of the 18S rRNA sequences indicates
that the isolate from Mono Lake is a different strain from
that isolated in the saline pond and might be different at the
species level aswell (J. T. Hollibaugh pers. comm.). We will
refer to the organism as Picocystis sp. strain ML or, more
generally, Picocystis. We undertook a study to follow the
seasonal distribution and productivity, as well as the physi-
ology of this organism, in an attempt to understand why this
unusual eukaryote is able to flourish in the harsh environ-
ment of Mono Lake.

Methods

Field observations—A station in the western basin of
Mono Lake was sampled quarterly from May 1986 through
August 1989. Profiles of temperature and dissolved oxygen
were collected with a calibrated Orbisphere thermistor in
conjunction with an in situ hydrogen sulfide-insensitive,
electrode. The probe was calibrated daily in fresh water at
prevailing total pressure yielding an accuracy of =5% of the
reading with zero established and a precision of +5% at all
times. Values were also verified against those determined
with the Miller method (Walker et al. 1970). Water samples
were collected with a Niskin bottle or with a peristaltic
pump. Methads for hydrogen sulfide analysis can be found
in Miller et a. (1993). Chl a was determined spectropho-
tometrically (Lorenzen and Jeffrey 1980). Cells were count-
ed by epifluorescence microscopy on samples fixed with 4%
formalin within 8 h of collection. Fluorescing microspheres
(0.8 um) were included in cell preparations as a size refer-
ence.

Primary production rates were determined from in situ
incubations. Water samples were collected before dawn with
a peristaltic pump and screened through a 200-um mesh to
remove macrozooplankton. Replicate light bottles and one
dark bottle (1-L, filled to overflowing and capped) were in-
cubated at each depth with 100 uCi NaH*CO; for one photic
period (9—11 h). Following the incubation, samples were se-
ridly filtered onto 3-um Nuclepore and Gelman A/E glass
fiber filters, which were acidified prior to counting. Activity
was corrected for both abiotic uptake (T, bottles) and dark
uptake at each depth.

Grazing rates by Artemia monica on Picocystis were mea-
sured in May 1987. Replicate bottles containing 800 ml of
3-um filtered Mono Lake water collected at ~10 m depth
were incubated at in situ temperature (~8°C) in the dark.
Controls contained only the Picocystis cells at in situ con-
centrations; experimental bottles contained the cells plus 20
viable individuals of the brine shrimp Artemia monica. Sub-
samples were collected at four time points over the 15-h
incubation for microscopic cell counts. Grazing rates were
calculated from the time course of cell numbers in the ex-
perimental treatments.

Laboratory experiments—Cells were isolated from Mono
Lake water samples collected from the subsurface chloro-
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Table 1. The pigment composition of the Mono Lake Picocystis sp. t,, pigment elution time; UV/Vis, ;.. absorption spectrum on the
C18 rp-HPLC system; MS, molecular ion (MS as MH+); MS?, fragmentation pattern; pigment: Chl a, average molar pigment to Chl a

ratio (= SD for al treatments).

t. UV/ViS,ine Pigment: Chl a

Pigment* (min) (nm) MS and MS? (m/z) (mol : mal)
Neoxanthin(1) 11.24 413, 437, 465 601 - 583, 565, 547, 509, 491 0.12+0.04
Violaxanthin(1) 13.94 417, 440, 470 601 - 583, 565, 547, 509, 491, 221 0.03+0.01
Diadinoxanthin(2) 16.31 (422), 448, 477 583 - 565, 547, 529, 509, 491, 473 0.02+0.01
Violaxanthin(1) 17.15 417, 440, 470 601 - 583, 565, 547, 527, 509, 491 na
Alloxanthin(3) 18.61 (428), 453, 482 565 - 547,529, 509, 491, 473 0.04+0.01
Monadoxanthin(3) 19.41 (424), 448, 475 567 - 549 0.41+0.117
Diatoxanthin(2) 19.65 (428), 450, 478t 567 - 549, 531, 493, 457, 449, 427 na
Lutein(1) 20.48 (424), 446, 474 569 - 551, 533, 477, 476, 459, 429 0.16+0.06
Zeaxanthin(4) 20.75 (428), 454, 479 569 - n.d. 0.01+0.01
Chlorophyll b(1) 28.65 460, 599, 648 970 - 885, 847, 629, 597, 569, 541 0.34+0.04
Chlorophyll a(1) 31.65 431, 617, 666 893 - 861, 833, 615, 583, 555 1
B,e-Carotene(3) 38.48 (422), 448, 477 537 - 535, 481, 457, 445, 444, 413 0.21+0.047
B,B-Carotene(1) 38.74 (428), 454, 479 537 - 435,481, 457, 445, 444, 413 na

* The following species provided reference pigments: (1) higher plant (grass); (2) diatom (Thalassiosira pseudonana); (3) cryptophyte (Rhodomonas sp.);

(4) cyanobacterium (Synechococcus sp., WH7803).

T Quantified concentrations of cell-specific pigment concentrations were not performed on the C30 system; monadoxanthin and diatoxanthin were not
separable nor were 3,8- and B,e-carotene. This number represents the sum of the inseparable pigments.

F These on-line spectra represent the beginning and end of the monadoxanthin/diatoxanthin peak. Off-line spectra for these two pigments are monadoxanthin
423, 446, 479 nm (in diethyl ether) and diatoxanthin (432), 454, 482 nm (in acetone).

phyll maximum coincident with the oxycline/chemocline
(~15 m) in August 1997. Three-micron filtrate was enriched
with 50 uM NH, and incubated at 20°C under grow lights
at a constant intensity of 27 umol photons m—2 st (24-h
irradiance). Greening of the culture was observed after a
week. This culture was filtered through a 3-um Gelman Su-
por® filter a second time, and the filtrate was inoculated into
0.2-um sterile filtered Mono Lake water enriched with IMR
nutrients, vitamins, and trace metals and amended with 50
uM NH,CI, 150 uM KH,PO,, and 120 uM K,HPO,. The
size range and unique morphology of Picocystis allowed for
easy and rapid identification, characterization, and enumer-
ation. Culture purity was assessed using phase contrast and
epifluorescence microscopy. Small numbers of bacteria were
present but in negligible concentrations (<1% of cell con-
centrations by number). Semibatch cultures were maintained
in logarithmic growth phase for the duration of the physio-
logical experiments. All cultures were alowed to acclimate
to their growth conditions for 5-10 d prior to analyses. Cell
concentrations in experiments were determined with a Nikon
Eclipse E800 epifluorescence microscope using Chl a fluo-
rescence.

Pigments: Algal cells from purified cultures were collect-
ed on glass fiber filters, disrupted by sonication, and extract-
ed with 100% acetone. Pigments were analyzed on an All-
tech C18-HS 3-um, 4.6-mm, 15-cm Adsorbosphere column
[C18rp = HPLC system using as solvents (A) methanol :
acetonitrile: 0.5 N aqueous ammonium acetate: water (30:
30:30:10 by volume) and (B) methanol : acetonitrile: ethy-
lacetate (10: 35: 55 by volume); gradient (time, %A: 0 min,
100%; 3 min, 80%; 21 min, 35%; 30 min, 25%; 33 min,
0%; 35 min, 0%; 35 min, 100%); flow rate 1.5 ml min-?].
The identities of the pigments were established by compar-
ison of their elution times and on-line spectra with those of

well-characterized pigments of other algae and higher plants
and by coelution of isolated pigments with standards on a
C30 column rp-high-performance liquid chromatography
(HPLC) system capable of separating chemically similar pig-
ments such as diatoxanthin and monadoxanthin or lutein and
zeaxanthin. The identification of al purified pigments (Table
1) was confirmed with mass spectrometry.

Osmolytes: Cellular glycine betaine (GB) and dimethyl-
sulfoniopropionate (DMSP) were measured by collecting
100 ml of culture on a glass fiber filter (Whatman GF/F).
Filters were extracted in methanol : chloroform: water (12:
5:1 by volume) for >24 h. The extract was evaporated un-
der nitrogen, reconstituted in 1 ml of MilliQ water, and
passed through a 0.2-um filter before HPLC to separate GB
on a cation exchange column as described in Gorham
(1984). DMSP in extract was measured by the cold alkaline
hydrolysis method (White 1982). Concentrations of the os-
molytes were normalized to the number of cells filtered (pg
osmolyte cell -%).

Experimental treatments. Growth rates, photosynthetic pa-
rameters, cell counts, and pigments were measured on cul-
tures grown under a range of light (0.5-100 umol photons
m-2 s74), salinity (0—260%.), and pH (2—12) conditions. Ad-
ditionally, osmolyte concentrations (GB and DM SP) were
measured on cultures grown from 19 to 123%o.. Salinity of
Mono Lake water was adjusted either by dilution with
MilliQ water or by evaporation in adrying oven (80°C) prior
to nutrient addition and sterile filtration. Final salinity was
measured with a refractometer. The minor pH changes
(<0.4) induced by evaporation or dilution were adjusted
with small volumes of HCI or NaOH; final pH values ranged
between 9.77 and 9.83. For pH tolerance experiments, the
akalinity of Mono Lake waters was adjusted by titration
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with either 6 N HCI or NaOH prior to nutrient addition and
sterile filtration. These experiments were performed with a
salinity of approximately 40%o. (36—41%o), the salinity at
which the highest growth rate was observed. Salinity and
pH experiments were conducted at 20°C in 24-h light at
approximately 25 and 40 umol photons m—2 s—1, respective-
ly. For comparisons of growth under oxic versus anoxic con-
ditions, duplicate cultures were incubated at 22°C under two
levels of constant irradiance (13 and 44 pmol photons m-2
s 1. Anoxic experiments were performed in an anaerobic
glove box and/or stoppered culture tubes that were flushed
and bubbled twice daily with O,-free N,. Oxygen in the cul-
ture tubes (headspace sampled by syringe) was monitored
by electron-capture gas chromatography (Perkin-Elmer
3920; Porapak Q column, UHP-N, carrier, 250°C detector
temperature; 100-ul injections). The media in these incu-
bations was additionally supplemented with NH,Cl and Na,S
(both to 100 uM final concentrations) to maintain reducing
conditions.

Physiological parameters. Growth rates were calculated
from the logarithmic change of in vivo fluorescence mea-
sured twice per day with a Turner Designs fluorometer. Pho-
tosynthetic parameters were determined from small volume,
short-term photosynthesis versus irradiance incubations (P-
E, 5 ml and 1-2 h, respectively). Samples were inoculated
with 5 uCi (SA 56 mCi mmol -* NaH*CO,) and incubated
at 10 light levels (from <1 to >500 umol photons m=2 s-1)
at 20 = 0.3°C. Total *C activity in each treatment was de-
termined by sacrificing T, vials immediately upon inocula-
tion. Dark bottles were used to correct for abiotic and non-
photosynthetic uptake. Incubations were terminated by the
addition of 6 or 12 N HCI, depending on the treatment me-
dium. Samples were shaken and vented for 12 h prior to the
addition of scintillation cocktail (Ecolume). Corrections for
differential quenching by each treatment medium and total
dissolved inorganic carbon (DIC, measured by gas chroma-
tography) were applied to each experiment. Equations of
Jassby and Platt (1976), without parameterization of photo-
inhibition, were used to determine the initia slope of the
response curve («) and maximal photosynthetic rate (Pmax).
These photosynthetic parameters were scaled to both sample
cell and Chl a concentrations. P-E incubations were only
performed on cultures under oxic conditions over a range of
salinity, pH, and irradiance.

Carbon uptake rates were measured on cultures grown un-
der initially anoxic conditions in sterile filtered Mono Lake
water, supplemented with nutrients as above, and at 44 umol
photons m-2 s-*. Duplicate 10-ml samples were inoculated
with 2 uCi and incubated for 1 h at the growth irradiance.
Samples were collected onto 0.45-um Millipore filters,
washed at pH 2.95, and fumed for 2 h with concentrated
HCI prior to addition of scintillation cocktail. Treatment vi-
als included media blanks and boiled controls, as well as
combinations of dark and light incubations, oxic and anoxic
conditions, and media supplements of Na,S and NH,Cl to
final concentrations of 100 uM. Uptake rates were scaled to
sample cell concentration.

Results

Field observations—Mono Lake was meromictic during
the period of quarterly sampling that began in 1986. Sea-
sonal thermal stratification was clearly evident, with surface
water temperature ranging from less than 2°C to greater than
20°C while the monimolimnion exhibited a nearly constant
temperature of approximately 4.5°C (Fig. 1A). Mixolimnion
DO concentrations ranged from 100 to 200 uM, with win-
tertime increases associated with the winter phytoplankton
bloom and cooler water temperatures (Fig. 1B). The moni-
molimnion remained anoxic during meromixis and hydrogen
sulfide concentrations exceeded 1,800 uM by late 1987 (Fig.
1C).

The November 1988 sampling coincided with a strong
storm, which caused whole-lake overturn, ending the 5-yr
meromictic period. Following overturn, the water column
was isothermal at approximately 8.7°C. All of the DO in the
water column was consumed by oxidation of the high con-
centrations of reduced chemicals that were mixed into the
upper water column. Subsequent wintertime mixing resulted
in bottom temperatures below 2°C and measurable DO at
depth in February 1989. By August 1989, stratification was
increasing and anoxic conditions were returning to the deep
layer, as evidenced by near zero oxygen values (Fig. 1B)
and a build up of sulfide below 15 m.

A narrow Chl a layer was observed in May 1986 at a
depth of 15 m at the 1% light level (Fig. 1D). This layer
was located below the chemocline in the anoxic monimolim-
nion. Chl a concentrations exceeding 50 ug L-* were found
in this maximum, whereas the surface waters were nearly
devoid of chlorophyll. Microscopic examination indicated
dominance by a small (1-3 um diameter) trilobate photo-
troph later identified as Picocystis (see fig. 1 in Lewin et al.
2000). A chloroplast was located in each of the two smaller
lobes and the nucleus in the larger third lobe, reminiscent of
Mickey Mouse. The unique morphology of the organism al-
lowed for easy identification and enumeration, even within
the mixed phytoplankton community encountered in natural
samples. Picocystis was found in high concentrations asso-
ciated with the seasonal chlorophyll maxima. Cell maxima
were generally found in the oxic mixolimnion in the winter
and spring and below the chemocline in the anoxic moni-
molimnion during summer and autumn (Fig. 1E). During the
November 1988 overturn, chlorophyll and Picocystis cells
were uniformly distributed throughout the water column
(~40 ug L~ and 4.5 X 108 cells L1, respectively). By the
following August, both chlorophyll and Picocystis were con-
centrated below the developing chemacline.

Chlorophyll and in situ primary production were size frac-
tionated to quantify the contribution of Picocystis to the bio-
mass and production of the whole-lake algal community.
Epifluorescent microscopy confirmed that the <3-um frac-
tion was dominated by Picocystis cells; no other eukaryotic
or cyanobacterial phototrophs were observed. We therefore
attribute the <3-um fraction of chlorophyll and primary pro-
duction rate to Picocystis. In terms of total chlorophyll bio-
mass, Picocystis represented greater than half of the water
column integrated biomass (Fig. 2A,B). The contribution by
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Picocystis to primary production was smaller on an inte-
grated basis because it tends to inhabit the low-light regions
(Fig 2C,D). However, during the winter bloom sampled in
February 1987, it was responsible for approximately 25% of
the total production, the remainder likely due to large dia
toms (Jellison and Melack 1988, 1993a). During seasons
when the large algal cells were absent or their production
was low, the small phototroph was responsible for >50% of
the integrated production.

Grazing rates by Artemia monica on Picocystis averaged
547 = 0.08 X 10° cells shrimp~* h* over the 15-h incu-
bation, with maximal rates of 12.80 = 3.47 X 10° cels
shrimp-* h=* in the first 3 h of the incubation (Fig. 3). The
initial Picocystis cell concentrations were 2.37 = 0.07 X 10°
cells L%, the in situ concentration at the time of sampling.
Cells in the control bottles exhibited no change in concen-
tration over the 15-h dark incubation. The brine shrimp re-

moved nearly all the cells from the treatment bottles in the
15-h period.

Laboratory experiments—Pigment composition: The
chloropigments of the isolate (Table 1) were found to be
identical to higher plant Chl a and b. The carotenoid com-
plement of this alga consists of the typical green alga ca
rotenoids neoxanthin, violaxanthin, antheraxanthin, lutein,
zeaxanthin, B,e-carotene and B,B-carotene. In addition, we
found traces of diadinoxanthin and alloxanthin and high con-
centrations of diatoxanthin and monadoxanthin. The latter
two pigments, which elute closely on our C18 rp-HPLC sys-
tem, were separated on the C30 rp-HPLC system and char-
acterized offline by mass spectrometry.

Pigment variability: Cellular Chl a concentrations ranged
from 0.04 to 0.45 pg cell =t in response to decreasing growth
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Fig. 3. Time course of in situ concentrations of Picocystis in-

cubated in the presence (open sguares) and absence (closed circles)

of the brine shrimp Artemia monica. Error bars indicate the range
of duplicate incubations.

irradiance (Fig. 4A) but exhibited no change with media sa-
linity (0.117 = 0.023 pg Chl a cell-%; r = 0.39; P = 0.16)
or pH (0.068 += 0.009 pg Chl acell %, r = 0.51; P = 0.42)
at respective growth irradiances of 25 and 40 wmol photons
m-2 s*. The Chl b/a ratio decreased from 0.42 to 0.27 with
increasing irradiance (Fig. 4B). The ratio of monadoxanthin
to Chl a decreased linearly with salinity from 0.25 to <0.01
over the 2-260%. range (r = 0.86; P < 0.001; Fig. 4C).
None of the other accessory carotenoid pigments exhibited
variation with respect to Chl a in response to growth con-
ditions (Table 1).

Growth rates: Maximal specific growth rates of 1.6 d*
were attained at a growth irradiance of 50 umol photons
m~2 s, a salinity of 40%. and a pH of 9.8 (Fig. 5). Growth
rates of 0.2 d-* were observed at the lowest growth irradi-
ance, 0.6 umol photons m-2 st Growth rates 0.3-1.6 d*
were observed over the salinity range 0—260%o. Minera pre-
cipitation prohibited concentrating Mono Lake water much
past 260%o, preventing the determination of the upper limit
for salinity tolerance. Growth rates >1.0 d-* were observed
for pH range 4-10. The only experimental condition for
which the organism failed to grow was pH 2, but credible
growth was observed at pH 12 (0.5 d%).

Growing Picocystis under strictly anoxic conditions was
problematic. Oxygen levels, monitored by gas chromatog-
raphy, indicated that the cells were undergoing oxygenic
photosynthesis regardless of the initial oxygen or reducing
conditions. Suboxic and reducing conditions were main-
tained with N, flushing and media supplements. Growth rates
were not significantly different under anoxic versus oxic
conditions at either the higher or lower irradiance levels, and
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the rates were comparabl e to those obtained in the irradiance
experiment (Fig. 5D).

Osmolytes: Cells grown in saline media (19-123%.) were
found to contain substantial concentrations of the osmolytes
GB and DM SP (Table 2). There was no relationship between
cellular DMSP content and growth salinity over the range
tested. The cellular GB content, on the other hand, increased
markedly with salinity. At and below 40%., DM SP was more
abundant than GB, but above 40%., GB exceeded DMSP
several-fold. We looked for but did not detect homarine, a
nitrogen-containing betaine-like osmolyte that is sometimes
found in marine agae (Dickson and Kirst 1986; Keller et al.
1999).

Microscopic observations of cells grown under a range of
salinity treatments demonstrated that cells growing at or ex-



A novel chlorophyte in Mono Lake 447

1.5} A
1
2
3.
0.5
0
0 50 100
E (umol photons m? s'l)
1.5 C
< 1
2
3.
0.5

pH

1.5 B
1
2
3
0.5
0
0 100 200 300
Salinity (ppt)
15 D High E

>

p@h

2 2 2 2
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(N,) conditions at low and high growth irradiance (E, 13 and 44 wmol photons m=2 s-%, respectively).
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of triplicates (B).

ceeding in situ Mono Lake salinity exhibited the trilobate
morphology. As the growth salinity decreased, spherical
morphology became more prevalent. Although a quantitetive
measurement of cytoplasm volume was not performed for
each treatment, microscopic observations indicated that there
was no apparent change in cell diameter (as measured from
lobe edge to lobe edge); rather, at high growth salinity, the
cell wall and membrane shrunk to encapsulate the chloro-
plasts, with a concomitant reduction in cytoplasm (see fig.
9in Lewin et al. 2000). Unlike Lewin et a. (2000), we found
no change in morphology as a function of culture age or

Table 2. Measured cellular osmolyte concentrations for Pico-
cystis sp. cultures grown in a range of media salinity and calculated
internal solute concentrations assuming the observed minimum and
maximum observed cell sizes (see text for details). Computed cell
volumes ranged from ~5 to 14 um? for trilobate and spherical mor-
phologies, respectively. DMSP, dimethylsul phoniopropionate; GB,
glycine betaine.

Osmolyte Solute
concentration concentration
Salinity DMSP GB (pg DMSP GB

(ppt) (pg cell 1) cell %) (ppt) (ppt)

19 0.079x0.016 0.000 5.6-15.0 0.0

40 0.141+0.039  0.037 10.0-26.6 2.6-6.9

79 0.106+0.002  0.352 75-20.1 24.9-66.3
102 0.082+0.025 0.330 5.8-15.5 23.3-62.2
123 0.143+0.018 0.796 10.1-26.9  56.3-150.2

nutrient stress, only media salinity. Calculations for cell vol-
ume were made for the two morphologies (spherical and
trilobate) and the range in internal solute concentrationswere
estimated (Table 2). The combined internal solute concen-
trations of GB and DM SP nearly balance the external solute
concentrations of each growth medium, suggesting that GB
is likely the dominant osmolyte for Picocystis.

Photosynthetic rates. All P-E incubations exhibited the
characteristic hyperbolic response of photosynthesis to irra-
diance and resulted in statistically reliable estimates of the
maximal rate of photosynthesis, Pmax, and the initial slope
of the relationship at limiting irradiance, «. Saturated pho-
tosynthetic rates occurred at <200 pumol photons m-2s-* for
the cultures acclimated to 100 umol photons m=2 s~* and at
~60 pumol photons m=2 s for the cultures acclimated to
0.6 umol photons m=2 s, The cell-specific maximal pho-
tosynthetic rate, Pmax_,, approached 1 pg C cell-* h=* for
cells grown at 5 wmol photons m=2 st and under in situ
Mono Lake conditions of 70%. and pH 9.8 (Fig. 6A—C).
Both Pmax., and the cell-specific initial slope, a.,, de-
creased with increasing irradiance (Fig. 6A,D, filled sym-
bols), indicating high photosynthetic potential and efficiency
during growth at low irradiance. Chlorophyll-specific pho-
tosynthetic parameters decreased with decreasing growth ir-
radiance in response to increasing cellular Chl a concentra-
tions (Fig. 6A,D).

The cell-specific photosynthetic parameters, although re-
duced in magnitude, exhibited no trend with salinity above
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100%0, whereas they decreased with salinity below 80%o
(Fig. 6B,E). The cell-specific photosynthetic parameters ex-
hibited a step-function response to pH, with the critical value
between pH 8 and 10 (Fig. 6C,F). Chlorophyll-specific pa-
rameters exhibited the same trends as cell-specific parame-
ters, as the cellular Chl a concentrations were invariant with
growth salinity and pH.

Dark anoxic cell-specific uptake rates were not signifi-
cantly different from the blank or boiled controls (Wilcoxon
rank sum, « < 0.05; Fig. 7) and not different from zero
within the resolution of the measurement. The uptake rates
for anoxic media with different supplements and for oxic
media with no supplements were approximately 0.4 pg C
cell* h=1, significantly greater than the controls (Student’s
t-test, P < 0.0001). The highest uptake rates, nearly 0.6 pg
C cell-* h=1, approaching the observed value of Pmax,, for
that growth irradiance, were observed in the anoxic incu-
bation with supplemental NH, (100 uM). These were sig-
nificantly greater than the other light incubations, regardless
of oxygen condition (P < 0.001).

Growth efficiency: Specific growth rates, u, were scaled
to cell-specific maximal photosynthetic rates, Pmax.,, to ex-
amine the efficiency of photosynthetic energy partitioning as
a function of environmental conditions. Large ratio values
indicate efficient transfer of photosynthetically derived en-
ergy toward cell division, whereas small values indicate add-
ed costs for population growth. The ratio increased hyper-
bolically with increasing irradiance (Fig. 8A). There was no
apparent trend with salinity (r = 0.30; P = 0.48), indicating
that the salinity acclimation does not siphon away photo-
synthetic energy (Fig. 8B). The response of growth efficien-

cy to pH (Fig. 8C) was more complex. Although cells exhibit
the largest values of Pmax.,, at pH = 10 (Fig. 6C), propor-
tionally less of the photosynthetic energy results in popula-
tion growth compared to cells grown at pH = 8.

Discussion

Pigment composition—Pigments are often used as taxo-
nomic markers because they exhibit relatively distinct dis-
tribution patterns. The chlorophyll complement of Picocys-
tis, Chl a and Chl b, is typical for green algae, although the
carotenoid complement is extremely complex, comprised of
pigments typical of both chlorophytes and cryptophytes. The
carotenoid complement of Picocystis is clearly unusual, first
because it is so diverse, and second because its major ca-
rotenoids are monadoxanthin and diatoxanthin, which have
only been found in cryptophytes and euglenophytes, respec-
tively. Picocystis is a striking exception to the patterns of
carotenoid distribution that are used as tools for assigning
taxonomic position.

Growth irradiance—Picocystis is adapted to low-light en-
vironments and capable of photosynthesis and growth at ir-
radiances <0.1% of the incident summertime solar irradi-
ance in Mono Lake. The ability to grow at such low light
levels is due, in part, to the large potential for photoaccli-
mation and shade-adapted photosynthesis. Although the cel-
lular Chl a content in Picocystis is consistent with that found
in similar-sized phototrophs (Waterbury et al. 1986; Chis-
holm et al. 1988; Sosik et al. 1989), the range in cell-specific
Chl a concentrations varies by a factor of 10, more than
twice the variation observed for other chlorophytes (Sukenik
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Fig. 7. Céll-specific carbon uptake rates (pg C cell-t h™1) as a
function of oxic (O,) or anoxic (N,) growth conditions. Additional
treatments under anoxic conditions included media supplements of
Na,sS, NH,CI, or both to final concentrations of 100 uM. Samples
were incubated for 1 h; light treatments were conducted at 44 wmol
photons m=2 s

et a. 1990) or cryptophytes (Sosik et al. 1989). Picocystis
has a Chl b to Chl a ratio typical for green algae (Wood
1979) and photoacclimates by preferential synthesis of Chl
b at low irradiance, similar to the range and strategy ob-
served in Prochlorococcus sp. (a small prokaryotic photo-
troph with Chl b and divinyl Chl a and b; Moore et al. 1995).

The values of the chlorophyll-specific photosynthetic pa-
rameters are consistent with published values for nutrient-
replete phytoplankton growth in cultures (e.g., Cullen et al.
1992 and references therein) and in the natural environment
(e.g., Platt and Jassby 1976). The chlorophyll-specific Pmax
increased an order of magnitude with increasing growth ir-
radiance because of the order of magnitude decrease in cel-
lular Chl a, to a value of nearly 15 g C (g Chl)~* h=%, which
is high but does not exceed the maximal theoretical value
(Falkowski 1981). The cell-specific photosynthetic parame-
ters indicated that Picocystis sp. is a shade-adapted organ-
ism: both the cell-specific photosynthetic efficiency and the
cell-specific maximal rate of photosynthesis are higher for
low-light—acclimated cells compared to high-light—acclimat-
ed cells. Metabolic costs associated with life at low irradi-
ance, such as increased size or number of photosynthetic
units, or both, require additional photosynthetic energy and
are exhibited in the reduced growth efficiencies that we ob-
served at low irradiances.

Salinity—Picocystis was observed to photosynthesize and
grow over the salinity range 0—260%o., with a peak at 40%o.
We hypothesize that the cells produced osmolytes to aid
them in adapting to ionic stress (Reed 1983; Le Rudulier et
al. 1984) as bacteriain Mono Lake have been found to con-
tain a suite of osmolytes (i.e., ectoine, hydroxyectoine, GB,
arsenobetaine, and DMSP; Ciulla et al. 1997). Picocystis
contained DM SP and GB, with internal solute concentrations
sufficient to balance external solute concentrations. The ob-
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Fig. 8. Specific growth rates, u, scaled to maximal cell-specific
production rates, Pmax.y,, as a function of (A) growth irradiance,
(B) salinity, and (C) pH. Units are (cells [pg Ciyed Y-

served change in cell size and the associated cytoplasmic
volume change could account for a change in solute con-
centration of nearly afactor of three, which might contribute
substantially to balancing osmotic stress in addition to the
osmolyte synthesis (Vairavamurthy et al. 1985). Whereas the
GB levels were directly related to growth salinity, the DM SP
levels were not. This, and the higher per-cell levels of GB,
suggests that in Picocystis GB is a more important osmolyte
at higher salinity than is DM SP (Colmer et a. 1996). Growth
efficiencies were high over the 2-150%o salinity range. This
suggests that once acclimated, whether through synthesis of
osmolytes or regulation of cytoplasmic volume, there is ef-
ficient transfer of photosynthetically derived energy toward
growth regardless of external salinity.
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pH tolerance—Only the pH 12 treatment yielded reduced
growth rates (pH 4-12). The patterns in growth and photo-
synthesis did not covary with pH but resulted in maximal
growth efficiencies at low pH. These experiments were not
designed to separate effects of DIC concentration from pH
effects. However, although the concentration of DIC changed
from 1.3 to 185 mM over the range of pH from 4 to 12 (at
40%o), the dominant species changed from CO, to carbonate,
respectively. A larger range in DIC, from 10 to 1,240 mM,
occurred in the salinity treatments with no change in growth
efficiency. Thus the observed changes are more likely due
to the pH effects on membrane potential (Krulwich 1995),
the details of which were not explored here. Regardless,
growth of the organism over a pH range of 4-12 demon-
strates its broad adaptive possibilities in aquatic environ-
ments.

Anaerobic tolerance—Picocystis was never observed to
photosynthesize anoxygenically. However, it does undergo
oxygenic photosynthesis and growth under initially anoxic
conditions, with rates comparable to those measured under
oxic conditions. This suggests that the environment imme-
diately surrounding the cells are likely suboxic, which would
affect the reducing environment adjacent to the cell surface,
perhaps easing some of the redox stress.

Ecology of Picocystis in Mono Lake—Given the experi-
mental results for Picocystis, how can we better interpret the
observations of its distribution and production in Mono
Lake? Picocystis cell maxima are found throughout the oxic
region of the water column associated with larger algal spe-
cies and contributing nearly 25% to the winter bloom bio-
mass and primary production. For the remainder of the year,
Picocystis is a larger contributor to biomass and whole-lake
primary production (on the order of 50%). Production in the
mixolimnion has been shown to be nutrient limited, and the
limitation increases from year to year during meromixis as
stratification reduces the nutrient concentrations in the upper
layer (Jellison and Melack 1993a). Wind-induced and inter-
nal wave-induced boundary layer mixing provide upward
fluxes of ammonia (on the order of MM m=2 d-?) at the
chemocline (MacIntyre et al. 1999), where subsurface max-
ima in Picocystis cell concentrations occur throughout the
year. Because Picocystis can grow and photosynthesize at or
below the chemocline in low-light—reducing environments
where nutrients are replete, there is always a viable popu-
lation of cells available for A. monica, even during overturn
when the lake becomes suboxic. The dynamics of the winter
blooms suggests there is some top-down control of phyto-
plankton biomass (including Picocystis). Although the den-
sity of Artemia declines with depth in the mixolimnion, an-
imals have been recovered routinely from the
monimolimnion (Lenz 1980), suggesting that there may be
some grazing pressure below the chemocline as well.

Mono Lake differs from other soda lakes in the western
U.S,, such as Big Soda Lake, Nevada, and Soap L ake, Wash-
ington, in that the physical dynamics have varied from pe-
riods of monomixis to periods of meromixis on the order of
tens of years. Given historic fluctuations in lake level, there
have been considerable variations in lake salinity and not

just over the last 60 years, but over the last tens of thousands
of years associated with climatic variations. Thus, the current
regime of short meromictic and monomictic periods has like-
ly persisted for thousands of years. In contrast, the other
lakes have been meromictic for decades (Cloern et al. 1983,
1987; Miller and Oremland 1988; Oremland et al. 1988,
1993).

So far, Picocystis has not been found in other soda lakes
in the western U.S. Tolerance to extreme chemical fluctua-
tions has been observed rarely in other eukaryotic photo-
trophs (cf. Cryptomonas phaseolus in Lake Ciso, Spain; Ped-
ros-Alié et al. 1987), leading to the dominance by
cyanobacteria and small chlorophytes in the aerobic zone
and green and purple sulfur bacteria in the anoxic zone
(Walker 1975; Cloern et al. 1983; Craig 1987; Oremland et
al. 1988; Overmann and Tilzer 1989; Hall and Northcote
1990). Members of all of these types of organisms are absent
or are relatively minor components of the phototrophic com-
munity in Mono Lake. What controls the photosynthetic
community development and distribution in these analogous
ecosystems is perplexing. Plates of purple sulfur bacteriain
Big Soda Lake, for example, are always observed in the
mixolimnion, where salinity is approximately 27%o., and nev-
er at the deeper chemocline/pycnocline, where salinity ap-
proaches 90%. (Oremland et al. 1988). The ability of Pico-
cystis to photosynthesize and grow at low light and high
salinity, leads to accumulated biomass at the oxic/anoxic
boundary, thereby blocking out available light that would,
in the absence of Picocystis, have allowed sulfur bacteria
plates to form dlightly deeper with sufficient light and abun-
dant sulfide.

The ability of Picocystis to photosynthesize and grow un-
der such arange of dynamic environmental conditions likely
leads to its dominance of the lake phototrophic community,
in both the short term (i.e., meromictic period) and the long
term (geologic time scales). The resilience of this unique
phototroph allows it to persist under a multitude of circum-
stances, providing a source of primary production and there-
by assuring the continued sustenance of the Mono L ake eco-
system during periods of meromixis and the unstable interval
following overturn.
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