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Abstract. Phytoplankton and bacterial pigment composi- of photo-autotrophic sulfur bacteria is primarily controlled
tions were determined by high performance liquid chro- by light penetration in the water column where the presence
matography (HPLC) and liquid chromatography-mass specof H,S provides a suitable biogeochemical environment for
trometry (LC-MS) in two freshwater reservoirs (Tillari Dam them to flourish.

and Selaulim Dam), which are located at the foothills of
the Western Ghats in India. These reservoirs experience

anoxia in the hypolimnion during summer. Water samples

were collected from both reservoirs during anoxic periodsl Introduction

while one of them (Tillari Reservoir) was also sampled in

winter, when convective mixing results in well-oxygenated /N stratified lakes having anoxic hypolimnia, photo-
conditions throughout the water column. During the pe- autotrophic bacteria have been known to contribute substan-
riod of anoxia (summer), bacteriochlorophyll (BChljso-  tially to total primary production and biomass (Biebl and
mers and isorenieratene, characteristic of brown sulfur bacPfennig, 1979; Hurley and Watras, 1991). These bacteria
teria, were dominant in the anoxic (sulfidic) layer of the USe sulfide and other reduced sulfur compounds and some-
Tillari Reservoir under low light intensities. The winter ob- times also iron sulfide as electron donors and light as en-
servations showed the dominance of small cells of Chloro-€rgy source for anoxygenic photosynthesis (Garcia-Gil et al.,
phyll b-containing green algae and cyanobacteria, with minorl990; Imhoff, 1992). These bacteria are divided into the pur-
presence of fucoxanthin-containing diatoms and peridinin-Ple sulfur bacteria (PSB) and the green sulfur bacteria (GSB).
containing dinoflagellates. Using total BGhtoncentration ~ Purple sulfur bacteria are generally pigmented with bacteri-
observed in June, the standing stock of brown sulfur bacteri@chlorophyll (BChl)a or » while green sulfur bacteria con-
carbon in the anoxic compartment of Tillari Reservoir was tain BChlc, d or e along with their characteristic carotenoids.
estimated to be 2.27 gCT, which is much higher than the The BChlsc, d ande exist as a series of homologues that dif-
similar estimate for carbon derived from oxygenic photosyn—fer in the degree of alkylation of the tetrapyrrole macrocycle
thesis (0.82 gC m?). The Selaulim Reservoir also displayed at positions C-8 and C-12 and in the esterifying alcohol at
similar characteristics with the presence of B@lisomers ~ C-17 (Senge and Smith, 1995). Green sulfur bacteria such as
and isorenieratene in the anoxic hypolimnion during summerChlorobium (Cb.) phaeobacteroidesntain a large amount
Although sulfidic conditions prevailed in the water column Of aggregated BChi along with high content of carotenoids
below the thermocline, the occurrence of photo-autotrophidn the chlorosome and are brown colored due to the pres-
bacteria was restricted only to mid-depths (maximal concen€nce of BChk aggregates. They also contain minor amounts
tration of BChle isomers was detected at 0.2 % of the sur- of BChla in the photosynthetic reaction centre and also as-

face incident light). This shows that the vertical distribution Sociated with the baseplate of the chlorosome (Gerola and
Olson, 1986). A few other GSB such @$. tepidumandCb.
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limicola look green due to the presence of large aggregated \/5
BChl ¢ andd, with a low content of carotenoids (Hirabayashi
et al., 2004). Recently, the application of HPLC, LC-MS and
Tandem mass spectrometry has made the analysis of bacteri
ochlorophyll isomers more accurate and specific (Airs et al.,
2001a, b; Airs and Keely, 2002; Masst al., 2004). 15°
The accumulation of phototrophic bacteria close to the
oxic-anoxic boundary layer depends strongly on the avail-
able light (Pfenning, 1989), which can even act as a limit-
ing factor. In comparison with the GSB, the brown-colored 10°
species have been shown to live deeper in the water column
where the available spectral range is limited to 400—600 nm
(VilaandAbe"a’1994) LI N N N B N Y Y N D I B B B
There have been several studies of photo-autotrophic sul- 70°E 75° 80° 85° 90°
fur bacteria in freshwater lakes (Takahashi and Ichimura,
1968; Yacobi et al., 1990; Garcia-Gil and Abella, 1992; Fig. 1. Sampling locations (Tillari Reservoir and Selaulim Reser-
Borrego et al., 1997; Vila et al., 1998; Yacobi and Ostro- voir) situated in central India. Tillari Reservoir is located in the Ma-
vski, 2008, 2011). Based on BChl pigments, Yacobi et harashtra state withl storage Fapacity (#3)(. 10° m3 and water
al. (1990) reported the dominance of brown sulfur photo-demh qf~50 m, while Selaullm_ Reservoir |$3!ocated in the Goa
synthetic bacteria in the anoxic hypolimnion of Lake Kin- Ztatctahwm;(;owerBst:)hreiae capacity. £3 x 10° n; ) ag(i s:lallower :
neret, Israel. Bacteriochlorophyll homologues Compositiondﬁﬁng(;umnr?;l © ©S€ TESenVoIrs Were found fo turh anoxic
and changes in relation to light intensity were studied by Bor-
rego et al. (1997) in several meromictic and holomictic lakes

of Europe and USA. Meromictic lakes have been found tophytoplankton and bacterial pigments in relation to the de-
support dense populations of anaeroblc. phpto;ynthetlc ba‘%ielopment of water column anoxia during May—July 2010.
teria as the stagnant bottom waters are rich in nitrogen, phoSpye compare these data with one observation during winter
phorus and sulfide with the species variability dependent ONJanuary 2011). In Selaulim Reservoir, which has a smaller
light availability and physicochemical characteristics of the storage capacity (23x 10° m? as compared t0.95x 10° m?
lake (Garcia-Gil and Abella, 1992; Borrego etal., 1997). o the Tillari Reservoir), observations were made only once
India has a large number of natural freshwater lakes and_ May 2010 — when intense anoxia prevailed in the hy-
man-made reservoirs created by damming rivers, some ofjimnion. Finally, an attempt is made to quantify the relative
which have recently been found to experience anoxic Congontripution of oxygenic and anoxygenic photo-autotrophs to

ditions including sulphate reduction in the hypolimnia dur- mjcrobial biomass during summer in the Tillari Reservoir.
ing summer (Narvenkar et al., 2012). We selected two such

systems — the reservoirs of Tillari and Selaulim dams — to

undertake a study of phytoplankton and bacterial pigment Methodology

in Indian freshwater lakes, the results of which are being

reported here. These reservoirs are located at the foothillsVater sampling in the reservoirs was carried out using 5-|
of the Western Ghats in the states of Maharashtra (Tillari)Niskin samplers mounted on a nylon wire and fitted with
and Goa (Selaulim) (Fig. 1). The former is currently be- reversing thermometers to measure temperature at different
ing sampled by us at least once a month since March 2010sampling depths. Subsamples for dissolved oxygen (DO) and
This reservoir has been found to be dimictic in that the wa-hydrogen sulfide (KS) were collected carefully avoiding
ter column gets vertically mixed during winter and south- air exchange and taken to the laboratory for analysis. Dis-
west monsoon periods. In 2010, when sampling for anoxy-solved oxygen and $6 were estimated following standard
genic photosynthetic organisms was carried out, sulfidic contitrimetric Winkler and colorometric methods, respectively
ditions prevailed from May to July before being terminated (Grasshoff et al., 1983).

by re-oxygenation of the hypolimnion through groundwa- Optical parameters were derived using the radiative trans-
ter inputs as well as weakening of thermal stratification fol- fer simulation code Hydrolight Version 5.thtfp://www.
lowed by wind-induced mixing during the southwest mon- sequoia.com The inputs to the simulations were absorption
soon. At the end of the southwest monsoon, stratificationand beam attenuation at nine wavelengths measured in situ
was re-established and the hypolimnion again lost oxygenusing the AC-9 spectrophotome(®/ET Labs, Inc.) and so-
but it did not become anoxic. Convective mixing led to the lar irradiance at the surface. The downwelling solar irradi-
development of well-oxygenated conditions during the fol- ance for the day was derived using the solar irradiance model
lowing winter (S. W. A. Nagvi, unpublished data). Based on (Gregg and Carder, 1990). Aerosol optical depth at 550 nm,
HPLC and LC-MS analyses, we investigate the variability of Angstrom exponent, ozone and pressure for the day were

Maharashtra

Bay of Bengal

Arabian Sea
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derived from ocean color satellite MODIS Aqua available mentioned conditions in both cases, appearing a little earlier
from Giovanni GES-DISC (Goddard Earth Sciences Data(by 1.4—1.9 min) when the C18 column was used.
and Information Services CenteMt{p://disc.sci.gsfc.nasa. Samples were also analyzed by LC-MS (Agilent Tech-
gov/giovannj. Other meteorological parameters such as thenologies) using an atmospheric pressure chemical ionization
wind speed and humidity were derived using climatological (APCI) source operated in the positive ion mode, scanning
data over the region. The volume scattering function for thefrom 300 to 1200n/z. The same column and eluting sol-
Hydrolight simulations was from Petzold (1972). vents were used and the peaks were confirmed based on mass
For the pigment analysis, water samples were collectedspectra in full scan and also in the selected ion monitoring
in amber colored bottles and were filtered@.5 to 11) on  (SIM) mode. Conditions used for LC-MS analysis were: va-
Whatman glass fibre filters (GF/F; pore size 0.7 um) un-porizer temperature 40C, drying gas temperature 300
der dark conditions and stored ai80°C until the analy- and discharge current 3 pA. Bacteriochlorophyll standards
sis. The frozen filters were extracted within 2—3 weeks ofwere extracted from particulate matter from Salt Pond, USA,
collection at @C for 2 min in 3 ml of 100 % methanol us- in which BChl ¢ isomers were dominant. Bacteriochloro-
ing ultrasonic dismembrator model 100 (Fisher Scientific) phyll homologues were separated using fraction collector
at 23kHz. The extracts were filtered using a Teflon syringeand quantified by spectrophotometic measurements assum
cartridge (Sartorius Minisart, pore size 0.45mm, diametering a molar extinction coefficient 48.9 mM crh (Borrego et
25mm) to remove any cellular debris, and analyzed usingal., 1999a). A multi-point calibration table was prepared for
HPLC (Agilent Technologies) at the National Institute of BChl e4isomer and the same calibration was used for BChl
Oceanography (NIO), Goa using an Eclipse XDB C8 col- ¢2 ande3isomers as they are different only by €groups.
umn. Pigments were separated following the procedure assorenieratene was quantified baseduoarotene calibra-
detailed in Roy et al. (2006) using a binary solvent gradi-tion and was present in the anoxic samples. The standing
ent. Briefly, elution was performed at a rate of 1.1 mimlin  stock of anoxygenically photosynthesized carbon was esti-
using a linear gradient program over 45 min as follows: mated from the column-integrated BChlusing BChle : C
initially 5% of solvent B (methanol) followed by a linear ratio of 1:20 (Oelze and Golecki, 1988; Yacobi and Os-
gradient over 22 min to 95% B, with an isocratic hold for trovski, 2008). Similarly, the standing stock of oxygenically
13 min at 95 % B until 35 min, which returned to initial con- photosynthesized carbon was calculated using a:C@lra-
dition of 5% B prior to the next analysis. Solvent A was tio of 1:40 (Cole et al., 2002).
70/30: methanol /0.5 M ammonium acetate and the column Sub-samples (1.5 ml) were also collected and preserved
was maintained at 60C during the analysis. The eluting pig- with glutaraldehyde (0.25 % final concentration), frozen in
ments were detected at 450 and 665 nm (Soret and Qy band§jjuid nitrogen and then stored at80°C for flow cytomet-
by the diode array detector. Commercially available stan-ric analysis at NIO. These samples were thawed at room tem-
dards obtained from DHI Inc. (Denmark) were used for the perature and analysed using a FACS Calibur flow cytometer
identification and quantification of pigments including both following Marie et al. (1997) to obtain absolute counts. A
chlorophylls and carotenoids. Identification was based on th&eombination of the FSC (forward scatter)-SSC (side scatter),
retention time and visible spectra matching. Pigment concenthe SSC-FL3 (red fluorescence) and the FL2 (orange fluo-
trations were computed from the peak areas as detailed inescence) — FL3 plots were used to differentiate populations
Roy et al. (2006). in the sample (Casamayor et al., 2007). The data was an-
Bacteriochlorophylls were identified and quantified by alyzed using CYTOPC software (Vaulot, 1989). A culture
HPLC and LC-MS at Woods Hole Oceanographic Institution of photosynthetic sulfur bacteria isolated from the seasonal
(WHOI), USA. Extraction of samples was done using ace-anoxic marine waters off Goa (September, 2006) at a depth of
tone in ultrasonic bath, dried and re-dissolved in methanol25 m was run to identify this form from other fields. The cul-
and analysed by HPLC (Agilent Technologies) equippedture was maintained in Pfenning’s medium (Pfenning, 1989;
with C-18 column (15 cnx 4.6 mm, 3 um, Supelco Inc). Elu- Pfenning and Tiper, 1989, 1992) at a pH of 6.6—6.8 which
tion was performed at a rate of 1.5mlmifor 60 min us-  was previously purged with nitrogen and later saturated with
ing a linear gradient program with the eluent composition CO, gas. The non-axenic culture medium was periodically
varying as follows: 100 % solvent A (80/20: MeOH/0.05M added with neutral solution of sodium sulfide with a final
ammonium acetate) to begin with, followed by a linear gra- concentration being 416 uM to replenish the photosynthetic
dient over 20 min to 100% B (80/20: MeOH /acetone); an electron donors and sodium acetate (final conc. 1 uM). HPLC
isocratic hold for 25 min with 100 % B for elution of all the analysis of the culture (brown in colour) showed the domi-
major pigments then returning to 100 % A for 5 min; finally, nance of different BCht isomers, confirming the enrichment
10 min hold with 100 % A to equilibrate the column before of GSB in the culture.
next analysis. Pigments were detected at 410, 442, 470 and
660 nm by the diode array detector (DAD). Even though dif-
ferent HPLC columns were used in NIO (C-8) and WHOI
(C-18), the BChl peaks were well resolved under the above-
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3 Results Tillari Reservoir (May, 2010)
H,S (1M)
3.1 Tillari Reservoir 0 2 4 6 8 10
L 1 1 | 1 1 1 1 | 1 1
. . DO (ml 1) Total BChl e isomers (ug )

3.1.1 Hydrographic conditions 0 ) . . s o o1 02 03 o4 o5

0 | | | | I L & | 0 | | | | |
During May and June, the water column was strongly strat- 1 oo .
ified, with a surface-to-bottom temperature difference of 10 o 10
~ 7°C (Figs. 2a and 3a), and contained distinct biogeochem- 2 : Temp 20 ]
ical regimes, i.e., oxic epilimnion separated from the anoxic % 4 i
hypolimnion. In May, DO was close to detection limit at & 30 o H,S 30
and below 20 m; KIS was present at and below 25 m, with " : w0 :
concentrations reaching up to 8.3 uM close to the bottom i |
(~50m, Fig. 2a). Similar conditions prevailed in June as 50 ++F1+—11++T 11T 50 -
well with the anoxic layer appearing to have become slightly 24 26 28 30 32 34
shallower when compared to the previous month. The high- ~ (A)  Temperature (°C) (B)

est BbS concentration observed on this occasion was 9 UM ) ) )

(Fig. 3a). In July, HS concentration in the anoxic bottom F19: 2- (A) \@{tucal profiles ff temperatur€ €), dissolved oxygen
waters had declined to 3.2 uM (data not shown). Stratification((j[l)fr?r’]g1 {2' ,{Aayzzé'fg rg%:n; 232122 g:r'\:lzl f'iréa{;gan‘”v?;zfrggltmn
broke down during winter (January 2011), with the surface ' '

- : o turned to be sulfidic below 25 m depttB) Vertical profile of total
to bottom temperature difference being ont °C, and the  gep, isomers 62+, e3+ e4,ug -1y in Tillari Reservoir.
water column was well oxygenated. In June, computed light
iradiance at the surface was 1523.4 pmol photoR 17,

which decreased to 0.0565 pmol photonds—1 at the bot-

tom of the reservoir. (e2+e3+e4=9.5ug?!) was measured at 23 m where the
H,S concentration was 0.42 uM (Fig. 3a and b). The&SH
3.1.2 Phytoplankton pigments concentration increased to 9 uM below 23 m, but the con-

centration of BChle decreased. The computed light irradi-
In the Tillari Reservoir, chlorophyll: (Chl a) concentra-  ance data show that 15.4 pmol photonds—1 (~ 1 % of the
tion was 2.06 ugt! at the surface in May, decreasing to surface incident light) reached 11 m where B@hsomers
0.04 pg ! in bottom waters (50 m; Table 1). Surface Ghl first appeared, and only 0.2% of the surface incident light
decreased to 1.76 ygl in June and to 0.55pugt in July (3.1 umol photon m?s1) reached 23 m where the maxima
(Table 1). During most observations, Ghtoncentrations re- in BChl ¢ isomers were located (Fig. 3c). Isorenieratene, a
mained low in the metalimnion; however, when anoxic con- carotenoid characteristic of brown sulfur bacteria was also
ditions prevailed, this layer became enriched with B&isb- identified based on mass spectruny{ 529.3) at the depths
mers (Table 1) and most other pigments were either absent awhere BChkr homologues were present in June (range BDL
below detection limits. During summer stratification (May— —0.19 ugt?, Fig. 3b).
July, 2010), BChk homologues, characteristic of brown sul- ~ The highest Chlz concentration (2.26 pgk) was ob-
fur bacteria represent the major peaks (a, b and c) in Fig. 4aserved in January 2011 (Table 1). Apart from Gkl
which were identified based on UV/Vis and APCI-LC-MS other chemotaxonomic pigments identified were chlorophyll
spectra and also by comparing with proper BEhlstan- b, zeaxanthin, fucoxanthin which represent green algae,
dards. Based on the:/z molecular ions of these isomers cyanobacteria and diatoms, respectively. Other minor pig-
(821.5, 835.5 and 849.5) and their respective fragment ionsnents associated with the green algae (Chlorophyceace) such
(through the loss of bO molecule—18 AMU) in each spec- as neoxanthin, violaxanthin and lutein were also found dur-
trum (Fig. 4b, ¢ and d) and published literature, these werdng the January observation (Table 1). Chloropishowed
identified as farnesyl-esterified bacteriochlorophyll (BChl a temporal variation similar to Chit, but the concentra-
er) homologues such a2 (Et, Et),e3(n-Pr, Et) ande4  tions were lower by an order of magnitude. The highest
(i-Bu, Et) (Airs et al., 2001b; Glaeser et al., 2002, Mass  concentration (0.28 ugk) was observed in winter. Zeax-
al., 2004). BChk2varied from below detection limit (BDL) anthin, a marker pigment of cyanobacteria was present in
to 2 ug ! with a mean concentration of 0.06 1! Simi- higher concentrations in May (surface) and January and
larly, BChle3ande4concentration ranged between BDL and contributed significantly to the biomass structure in the
3.97 ugt?t, and BDL and 3.52 ugt, respectively (Table 1).  Tillari Reservoir (Table 1). Fucoxanthin also showed simi-
These isomers were present close to the oxic-anoxic interfackar distribution pattern, but its concentration was lower than
and were detectable even at 11 m depth, where the water wahose of zeaxanthin and Cll. Peridinin, a marker pig-
suboxic (0.17 ml @1~1) in June. The highest concentration ment of dinoflagellates was present during May—August.
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Table 1. Concentration of pigments (ugjr) in the Tillari Reservoir during May, June, July, 2010 and January, 2011. Abbreviations are as
follows: Total Chlorophyll (TChl), Bacteriochlorophyll (BChl), Phaeophytin (Phaeo), Isorenieratene (Isoren), Zeaxanthin (Zea), Peridinin
(Per), Fucoxanthin (Fuco), Alloxanthin (Allo), Total carotene (Tcar), Neoxanthin (Neo), Violaxanthin (Viola), Lutein (Lut), Diadinoxan-
thin (Diad), Diatoxanthin (Diat). — refers “Below Detection Limit". Chlorophylls, BChls and isoren were measured at WHOI, while other

carotenoids were quantified at NIO. BG¥represents (Et, Etg3(n-Pr, Et) ance4 (i-Bu, Et) homologues.

Field Trip 12/05/2010

Depth(m) TChla Chlb BChle2 BChle3 BChle4 Phaem Isoren Zea Per Fuco Allo Tcar Neo Viola Lut Diad Diato

0 2.06 0.13 - - - 0.02 - 017 0.03 0.01 0.003 0.023 0.040 0.013 0.030 0.011 0.002
5 0.15 - - - - 0.08 - - - - - - - - - - -

10 0.61 - - - - 0.01 - - - - - - - - - - -

15 0.79  0.06 0.05 0.96 0.07 0.02 - - - - 0.03 0.002 - - - - -
20 0.09 0.02 0.08 0.26 0.15 0.01 - - - - - - - - - - -
25 0.04 - 0.16 0.2 - - - - - - - - - - - - -

30 0.15 - 0.09 0.12 0.11 0.02 - - - - - - - - - - -
35 0.13 - - - - 0.02 - - - - - - - - - - -

40 0.19 - - - - 0.02 - - - - - - - - - - -

50 0.04 - - - - 0.02 - - - - - - - - - - -
Field Trip 01/06/2010

0 1.76 0.11 - - - 0.03 — 0.07 0.03 0.004 — 0.008 0.027 0.009 0.017 0.008 0.004
5 119 0.07 - - - 0.01 - 011 0.01 0.004 - 0.005 0.026 0.002 0.005 0.010 0.004
11 132 0.07 0.46 0.99 0.72 0.01 0.09 - - - — 0.002 0.016 0.003 0.005 - -
15 0.37 - 0.32 0.64 0.46 0.24 0.07 - - - - - - - - - -
23 0.09 - 2.0 3.97 3.52 0.10 0.2 - - - - - - - - - -
35 0.04 - 0.06 0.07 0.07 - - - - - - - - - - - -

40 0.15  0.05 0.19 0.35 0.29 0.04 - 0.04 0.06 0.01 - - 0.018 0.002 0.002 0.013 0.002
Field Trip 22/07/2010

0 0.55  0.05 - - - - - 0.07 0.02 0.008 0.003 0.008 0.013 0.002 0.004 0.008 0.004
5 0.29  0.09 - - - - - 005 0.01 0.005 0.008 0.004 0.003 0.001 0.004 0.002 0.001
10 0.44  0.04 - - - - - 0.09 - - - — 0.005 0.002 0.004 0.003 0.003
15 0.10 - - - - - - 0.01 - - - - - - - - -

20 0.00 - 0.35 0.64 0.48 - - - - - - - - - - - -

30 0.07 - 0.12 0.22 0.18 - - - - - - - - - - - -

40 0.19 - - - - - - - - - - - - - - - -
Field Trip 13/01/2011

0 227 021 - - - 0.03 - 02 - 0.017 0.009 0.007 0.04 0.009 0.006 0.010 0.009
5 282 0.29 - - - - - - - 0.014 0.014 0.007 001 0.004 0.01 0.014 0.012
10 149 017 - - - 0.04 - o1 - 0.006 0.007 0.007 0.01 0.003 0.008 0.013 0.003
20 216 0.21 - - - 0.03 - 013 0.02 0.008 0.015 0.008 0.02 0.007 0.018 0.009 0.004
40 127 0.12 - - - 0.002 - 0.0 - - - 0.010 0.004 0.007 0.008 0.007 0.004

Nonmarker photoprotective xanthophylls such as diadinox-near bottom waters (Fig. 5b and d); a trend similar to HPLC
anthin and diatoxanthin were also present in these samplefiased bacteriocholorophyldistribution.
with comparatively higher concentrations in January (0.014

and 0.012 pgt?, respectively; Table 1).

3.1.3 Flow cytometric identification and enumeration of

photosynthetic sulfur bacteria

3.2 Selaulim Reservoir

The Selauliim Reservoir is shallower (maximum depth
~ 20 m at the time of our sampling) as compared to the Tillari
Reservoir. During our sampling in May 2010, the water col-
umn was strongly stratified with the surface-to-bottom tem-

Flow cytometric analyses of samples collected from Tillari perature difference of 6°C (Fig. 6a). The DO disappeared
Reservoir in June was carried out for identifying the dom- at 9 m, and HS was present below 12 m with the highest con-
inant groups in the anoxic waters. By comparing flow cy- centration (5.7 uM) occurring at 18 m (Table 2). Chlorophyll
tograms from a culture of photosynthetic sulfur bacteriaa and zeaxanthin were restricted to the epilimnion, although
(Fig. 5a) with those obtained from the natural population, wetheir concentrations were much lower than the Tillari Reser-
could resolve the identity of the microbial population thriv- voir. Farnesyl-esterified BChl homologues €2, e3ande4

ing at the anoxic layer between 11 and 35m (data for 23 misomers) were present at 9 m and below all the way down
are shown in Fig. 5c). This group showed clear sub-surfacdo the deepest sampling depth. The highest concentrations of
maxima with peak abundance.7ix 18 cells 1) between total BChle isomers (6.4 ugit) were found at 15 m where

15 and 23 m and negligible concentrations at the surface an#i2S concentration was 1.83 uM (Fig. 6b). Our data showed

www.biogeosciences.net/9/2485/2012/ Biogeosciences, 9, 2/8%55-2012
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Table 2. Temperature9C), concentration of DO (ml‘ll), H>S (uM) and pigments (ug—FL) in the Selaulim Reservoir during 21/05/2010. —
refers “Below Detection Limit". BChe2represents (Et, Etg3(n-Pr, Et) ande4 (i-Bu, Et) homologues.

Depth Temp DO HS BChle2 BChle3 BChle4 Chla Isoren

(m) o) M) M) (g et ot (gt (ugih

1 33.0 4.47  0.00 — - — 0.43 -
3 32.6 4,45 0.00 - - - 0.33 -
6 32.0 2.80 0.00 - - - 0.55 -
9 29.5 0.05 0.00 0.37 0.89 0.77 - 0.23
12 27.4 0.00 0.00 0.61 1.17 1.07 - 0.26
15 26.8 0.00 1.83 1.19 2.78 2.39 - 0.39
18 26.6 0.00 5.72 0.65 1.39 1.22 — 0.24

Tillari Reservoir (June, 2010)

H,S (uM)

o 1 2 3 4 5
I T T Y T

DO (ml )
0 2 4 6 8

10

) J M S S

DO

& Temp

Depth (m)

. H,S

24 26 28 30 32

(A) Temperature (°C)
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4 Discussion

4.1 Comparison of phytoplankton assemblages during
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Isoreneiratene (ug )

% of light irradiance calculated as described in Sect. 2.

summer stratification and winter mixing in the
Tillari Reservoir

The observed seasonal changes in stratification in the Tillari
Reservoir not only result in the establishment of contrast-
ing redox regimes (anoxia in the hypolimnion during sum-
mer), but also differential availability of nutrients in the sur-
face layer (macro nutrient limitation during summer). Dur-
ing peak stratification, the epilimnion is 10 m thick, such
that the metalimnion and part of the hypolimnion receive sig-
nificant amounts of sunlight (e.g. 18.4 pmol photords 1

at 10m corresponding to 1.2 % of the surface incident light;
Fig. 3c). These changes in physico-chemical characteristics
of the reservoir are systematically reflected in the phyto-
plankton community structure. During the period of strong
stratification (May-July), the community within the epil-
imnion mainly consists of smaller nanoflagellates, cyanobac-
teria, diatoms and dinoflagellates as indicated by the pres-
ence of zeaxanthin, CHi, fucoxanthin, peridinin and al-
loxanthin (Table 1). There is also evidence for anoxygenic
photosynthesis (based on presence of Bghin the met-
alimnion and hypolimnion as discussed in Sect. 4.2. The
HPLC based pigment data are consistent with the flow cy-
tometry data. Earlier work of Casamayor et al. (2007) shows
the potential of flow cytometry as a fast tool for popula-
tion identification and enumeration of photosynthetic sulfur
bacteria. Using this tool the natural samples from the Tillari
Reservoir were analysed against the mixed culture of photo-
autotrophic sulfur bacteria, which showed that these bacteria

the presence of brown sulfur bacteria in this reservoir too ag@re the dominant constituent of the autotrophic picoplank-

indicated by the presence of BChhomologues and isore-

nieratene.

Biogeosciences, 9, 2483495 2012

ton community at~ 15-27 m depth (suboxic/anoxic waters
of the metalimnion and upper hypolimnion; Fig. 5). How-
ever, maximum abundance of these bacteri@ £110°1-1

at 23 m) found in the present study were much lower than
those of brown sulfur bacteria @x 1081~1) reported from
the Lake Vilar at shallow depth (5 m) under sulfidic condition
(Baneras and Garcia-Gil, 1996).
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Fig. 4. (A) Representative chromatogram (LC-MS) obtained for suspended particulate matter having farnesyl-esterified bacteriochlorophyll
e isomers (Tillari Reservoir, 1 June 2010, 23 m). Major peaks (a), (b) and (c) represeneB&8ande4 respectively. Peaks (d) and (e)
correspond to Chiand isorenieratene respectivg) Confirmative mass spectra (LC-MS) for the peak (a) at 22.6 min. represe{i,

Et) BChleg isomer (n/z = 8214, 803.4 (-H0)). (C) Peak (b) at 23.5min. representiad (n-Pr, Et) BChler isomer (n/z = 8355, 817.4

(-H20)). (D) Peak (c) at 24.4 min. representiag (i-Bu, Et) BChleg isomer (n/z = 8495, 831.5 (- 0)). R.T. denotes retention time.

In January, phytoplankton community structure in the whereas cyanobacteria dominated in waters having low con-
Tillari Reservoir was dominated by Chlcontaining green  centrations of these nutrients. Our data suggest co-existence
algae and cyanobacteria with minor presence of diatoms irof both these groups in the Tillari Reservoir.
the epilimnion; however, these pigments were also present
in deeper waters (Table 1) presumably due to vertical mix-4.2  Anoxygenic photosynthesis in Tillari and Selaulim
ing. Although zeaxanthin is present in green algae as well reservoirs during summer stratification
as cyanobacteria, the presence of other accessory marker

pigmer_1ts such as vio_Iaxantr_lin, lutein and neoxanthin, Nol\g yeseribed under Sect. 3.1.2, the highest concentration of
found in cyanobacteria confirms the presence of green alfarnesyl-esterified BChl homologues was in the upper por-
gae (Jeffrey and Vesk, 1997). Phaeophytisoncentration tion of the anoxic layer where the;8 concentration was low

in bottom V\iaters was high, between May an(_j July (0'11(0.42 pM; Fig. 3a and b) corresponding to 0.2 % of the sur-
t0 0.45pg1™), compared to that observed during January ta e incigent light (Fig. 3c). Garcia-Gil and Abella (1992)
(BDL'O.AZ “gr_ ). This could be attrlbut_ed to better PreéSer studied photo-autotrophic bacterial populations in Spanish
vation in anoxic waters. Such observations have pr?V'OUSIXakes and found the amount of light reaching the oxic-anoxic
been reported from the Black Sea and other anoxic Zoneg, ngary to be the most important factor controlling their
(Sinninghe Damste et al., 1993;, Chen et al., 29,01; _Squ'erpopulations. However, they reported higher light intensities
etal., 2002). A recent study of pigment composition in Pe-_, o oxyclines of these lakes where BGhland ¢ iso-

tit Saut, a tropical reservoir in French Guiana, showed the,q 5 \were found in high concentrations. In a study carried

dominf'ince_ _Of (?hlorophyceae (Ch]_l Chi b and Iutein)_ in out in two meromictic basins of Lake Banyoles, Borrego et
the oxic epilimnion, and anoxygenic photo-autotrophic baC'aI. (1999b) observed high concentration of B@lisomers

teria below the oxycline as revealed by BGhand BChl (Up to 200ugTh) at ~18m depth and as summer strati-

d (Junet et al., 2009). An example of how the community fication proceeded, the population 6b. pheobacteroides

structure of phytoplankton is dependent on nutrient ava”'(bacterial plate) moved to shallower depth 17 m). They
ability is provided by the results of Zhu et al. (2010) from _ . ined the upward migration from 18 m to 16.5m to the

Taihu Lake (China) where Chlorophyta were found to be pre-j, . ea5e in light intensity at the bacterial plate correspond-
dominant at high concentrations of nitrogen and phosphoruqng to a change from 0.004 to 0.05 % of the surface incident

www.biogeosciences.net/9/2485/2012/ Biogeosciences, 9, 2/8%55-2012
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Represents mixed culture of sulphur bacteria, while natural populaReservoir.
tion in Tillari Reservoir at 1 m, 23 m and 40 m are shown in dot plots

(B), (C) and(D) respectively. F
orange fluorescence.

light. These results illustrate the adaptability of the anoxy-
genic photosynthetic community to very low incident light

levels. Although farnesol is

bacteriochlorophylls at position C-17, earlier studies have
shown that a number of other alcohols are present in natu-
ral samples (Caple et al., 1978; Otte et al., 1993) depend
ing on growth conditions, light intensity and stage of devel-
opment of the cell (Borrego and Garcia-Gil, 1995; Airs et
al., 2001b). Mags et al. (2004) reported that in cultur&d.

phaeobacteroideshe isopre

inated at low light intensities, while the straight-chain alky!l
substituents dominated at higher light intensities. This phe-

nomenon is explained as a

reducing power, i.e. the highly reduced straight-chain alco-

hols have a higher biosynt

L3-H and FL2-H indicates red and
In both Tillari and Selaulim reservoirs, we found bacteri-

ochlorophylle2, e3ande4isomers typical of brown colored
GSB thriving under low light conditions in natural habitats
(Borrego et al., 1997). Among these isomers, the contribu-
tions of larger alkyl substituents [(n-Pr, Et) BCdH (42 %)
and (i-Bu, Et) BChleg(~ 34 %)] were higher in both the
reservoirs as compared to (Et, Et) BGhlisomer ¢~ 24 %).

An increase in the amount of homologues with larger alkyl

the main alcohol esterifying the

substituents on the bacteriochlorophylls modifies the aggre-
gation and therefore the packing of structures in the chloro-
somes, with an impact on the in vivo absorption spectrum
(Airs et al., 2001b), which might provide a basis for a cellu-
lar response to light limitation (Borrego et al., 1999b). The
isomerel [(Et, Me) BChl eg] was absent in these systems,
as it is clearly traceable only in laboratory cultures grown

noid esterified side chains dom-

under high light intensities (Borrego and Garcia-Gil, 1994,
1995). Isorenieratene, a carotenoid characteristic of brown
sulfur bacteria was reported earlier in stratified anoxic basins
having bacteriochlorophylé homologues (Garcia-Gil and

result of changing availability of

hetic demand for NADPHan

the polyunsaturated isoprenoid with the same number of CarAbeIIa, 1992; Borrego et al., 1997, 1999h). We also mea-

bon atoms (Mags et al., 2004). In the present study, we
found the dominant bacteriochlorophylls to be farnesyl ester
ified (BChl er) isomers based on their MS spectra, in com-

parison with the standards
and previous literature.

Although optical measurements were not made in the Se
laulim Reservaoir, the vertical distribution patterns of$fand

BChl e isomers described
those observed in the Tilla

sured isorenieratene in Tillari Reservoir during our June ob-
‘servation (Fig. 3b), which showed similar vertical profile
of BChl e isomers. Isorenieratene was found to be present
(extracted from Salt Pond, USA)in Selaulim Reservoir also with highest concentration of
0.39ugt? at 15m (Fig. 6b) where BCH isomers showed

the highest concentration. This further supports the presence

i L of anoxygenic photosynthesis in these reservoirs during sum-
in Sect. 3.2, are very similar tomer stratification.

ri Reservoir and it is reasonable

to conclude that the anoxygenic bacterial population is con-
trolled by the combined availability of free sulfide and light.

Biogeosciences, 9, 248349
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4.3 Standing stocks of oxygenically- and (0.08 uM) (Narvenkar et al., 2012), but production during
anoxygenically-photosynthesized carbon in the the preceding winter/spring periods should have been higher.
Tillari Reservoir Although some studies have reported that protozoa predate

upon green sulfur bacteria (Sacca et al., 2009), the grazing
Earlier estimates of carbon fixation in lakes by photosyn-pressure upon algal populations is presumably higher caus-
thetic sulfur bacteria vary widely depending on sulfide anding a great impact on their standing stock. Thus, it is most
light availability (Parkin and Brock, 1980 and references likely that the high standing stock of green sulfur bacteria in
therein). In the present study, the total concentration of bacthe anoxic layer is the result of slow accumulation of biomass
teriochlorophylle isomers was used as a proxy of biomass due to low grazing impact. It may be added that while data
of green sulfur bacteria. Yacobi and Ostrovski (2011) re-on phototrophic sulfur bacteria are presently limited to only
ported photosynthesis by microalgae and cyanobacteria ttwo reservoirs, conditions favoring their growth also seem
be the major source of organic particles in the epilimnionto exist in some other systems (Narvenkar et al., 2012). The
of Lake Kinneret, while green sulfur bacteri@hlorobium  potential significance of these organisms in biogeochemical
phaeobacteroidgsvas found in the anoxic layer throughout cycling of fresh water systems of South Asia, indicated by
the periods of stratification (Bergstein et al., 1979). In the our results, needs to be evaluated in detail.
Tillari Reservoir too farnesyl-esterified bacteriochlorophyll
¢ homologues €2, €3 and e4 isomers) were the dominant
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