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The phenomenon of POC sinking from the 
surface ocean is part of the biological pump, 
which provides a mechanism for sequestration 
of carbon in the deep ocean (7), but it has been 
difficult to estimate the amount and distribution 
of POC at basin and global scales from ship-
based surveys. Here, we show that POC can be 
estimated from satellites and use this approach 
to analyze POC dynamics in the Southern 
Ocean. Our approach is based on two relations: 
first, the dependence of the backscattering co
efficient by particles suspended in seawater, 
bhp(k\ on the POC concentration, and second, 
the dependence of the spectral remote-sensing 
reflectance, Rrs(k), on the total backscattering 
coefficient of seawater, bb(\) (2). Note that 

W = U^) + VX)> where ^bwW is a 
constant representing the backscattering coeffi
cient of pure seawater and X is light wavelength 
(expressed in nanometers). 

To derive an algorithm, we collected data 
during two cruises of the U.S. Joint Global 
Ocean Flux Study (JGOFS) within the Ant-
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arctic Polar Front Zone (APFZ) along 170°W 
(between 50°S and 72°S) from January 
through March 1998, and one cruise within 
the Ross Sea in November and December 
1997 along 76°30'S (169°E-178°W). The re
flectance Rrs(h), defined as the ratio of up-
welling radiance to downwelling irradiance 
just above the sea surface (3), was calculated 
from the underwater vertical profiles of 
downwelling irradiance and upwelling radi
ance measured with a MER-2040 spectrora-
diometer (4) (Biospherical Instruments, San 
Diego, California). The backscattering coef
ficient bh(k) was obtained from measure
ments with a Hydroscat-6 sensor (5) (HOBI 
Labs, Watsonville, California), and the POC 
concentration was determined from the stan
dard dry combustion analysis of samples that 
were taken with the ship's CTD (conductiv-
ity/temperature/depth)-rosette shortly before 
or after the optical casts. For the development 
of the satellite algorithm, only POC and bh(k) 
measured within the top 15 m were used 
(typically from a depth of ~5 m). 

POC and Z?bp(510) are highly correlated in 
both the APFZ and the Ross Sea, but the 
relation differs between the two regions (Fig. 
1). The high correlation is caused by the 
dominance of the organic particle concentra
tion in controlling changes in both POC and 
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bbp (6). Because the composition of particu- 
late matter in a water body varies with time 
and from one location to another, some vari- 
ability can be expected in the relation of POC 
versus bbp (7). Our data show that particulate 
assemblages in the Ross Sea tend to backscat- 
ter less light than in the APFZ, especially at 
moderate to high POC concentrations. This 
difference may indicate that phytoplankton 
cells, whose contribution to bbp is generally 
small (8), have a comparatively higher con- 
tribution to POC concentration in the Ross 
Sea. Part of the Ross Sea data was acquired 

Fig. 1. Relationship between POC concentration 
and the particulate backscattering coefficient b,, 
at 510 nm obtained from near-surface measure- 
ments in the APFZ and the Ross Sea. The fitted 
equation (solid line) for the APFZ is POC = 
17069.0(+1.3) - [b, (510)0a59(~0046) (r = 
0.918, n = 33)], while !he corresponding equation 
(dashed line) for the Ross Sea is POC = 
476935.8(+ 1.5) - [bb (510)'.'~~('~"') (r 7 0.953, n = 24)]. The Andard errors of the &I- 

mates of the regression coefficients are given in 
parentheses, r is the squared correlation coeffi- 
cient (in this particular case, for the log-trans- 
formed variables), and n is the number of obser- 
vations. The difference between the two relations 
indicates that site-specific algorithms may be 
necessary to  ensure best possible estimates of 
POC from b,, at regional scales. 

, ' , . I .  
0.012 - 
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n 
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5 
n 0.006 ++ 
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Fig. 2. Relationship between the total backscat- 
tering coefficient bb at 510 nm and remote- 
sensing reflectance R, at 555 nm. Data from the 
APFZ are described by the fitted equation (solid 
line): bb(510) = 1.756(?0.085) - R,(555) - 
4.772 . l(r4 (k3.106 ( r2 = 0.972, n = 
14). Data from the Ross Sea are consistent with 
the APFZ relation, with the exception of four 
measurements made within a bloom of Phae- 
ocystis antarctica. These measurements were 
made at very high concentration of POC (566 to  
822 mg ~n-~) ,  whereas all other measurements in 
both regions occurred at POC < 400 mg m". 

during an intense bloom of the Prymnesio- 
phyte Phaeocystis antarctica (surface chloro- 
phyll a as high as 14 mg m-3), which sup- 
ports this hypothesis. Regardless of variabil- 
ity, the data in Fig. 1 demonstrate the feasi- 
bility of establishing regional relations for 
estimating POC from b,, with accuracy com- 
parable to or better than the estimation of 
chlorophyll a from bio-optical models (9). 

The remote-sensing reflectance R,,(X) is 
dominated by the ratio of backscattering 
bb(h) to absorption a(X) coefficients of sea- 
water (2). Models are available for retrieving 
a(X) and bb(X) from R,(h) (10, 11). Howev- 
er, no backscattering measurements were 
used in the development of these models, and 

December 1997 

A 

no rigorous validation of backscattering re- 
trieval has been done. We applied a simple 
empirical approach to estimate bb from R, 
based on our data, which show very high 
correlation between simultaneously measured 
bb(510) and R,(555) (Fig. 2). We used R,, at 
555 nm because it is a SeaWiFS [Sea-view- 
ing Wide Field-of-view Sensor (12)] band 
and, in most oceanic waters, variations in 
absorption by particles and dissolved sub- 
stances at 555 nm have comparatively small 
effect on R,. Furthermore, this SeaWiFS 
band consistently shows good agreement be- 
tween satellite-derived and in situ-measured 
values of R,. Our Hydroscat-6 instrument did 
not include the 555-nm band, so we used 

November 1997 

1-. 

L POC 

(mg m-01 

Fig. 3. The seasonal progression of POC concentration in the near-surface Southern Ocean all 
around Antarctica as determined from ocean color data collected by SeaWiFS. Monthly maps of 
POC from October 1997 through March 1998 were obtained by applying our algorithm to  SeaWiFS 
monthly images of R,(555) provided by NASA. Areas in black coincide with sea ice cover, cloudy 
skies, or both. The continental masses are also in black Because our algorithm was developed using 
the APFZ data, the estimates of POC in coastal waters, polynyas, and marginal ice zones may be 
subject to  larger uncertainties than in open ocean, as suggested by our results from the Ross Sea 
(see Fig. 1 and Phaeocystis bloom data in Fig. 2). 
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b,(5 lo), wl~ich showed high correlation with 
both R,,(555) and POC, and thus proved to be 
adequate for our pulposes. In contrast to POC 
versus bh,(5 1 O), the relation of bh(5 10) ver- 
sus R,,(555) shows no significant difference 
between the two investigated regions, if four 
outlying data points collected in the Ross Sea 
during a bloom of Phaeocjwtis are excluded. 
This obseivation suggests that the backscat- 
tering and absorption coefficients in the 5 10- 
to 555-nm spectral region were well correlat- 
ed over a wide range of particle concentra- 
tions and compositions. 

By combining the relations of POC versus 
b,,(5 10) and bh(5 10) versus R,,(555) for the 
APFZ, we obtained the final algoi-ithnl for es- 
timating POC (in milligrains per cubic meter) 
fro111 R,,(555) (per steradian): POC = 
17069[1.756 R,,(555) - 1.777 . 10-3]0859 
(13). In this derivation, a value of 0.0013 m-' 
was taken for backscattering by pure seawater, 
bh_(5 10) (3). \Ve assume that the parameteriza- 
tion of our algorithm is valid for the Soutl~em 
Ocean behveen 40cS and the lnarginal ice zone 
that the JGOFS study m the APFZ was intended 
to charactelize Shong mesoscale lal~ability of 
the uppei ocean properties and persistent cloud 
cover dur~ng our cruises prevented us from 
obtaining a large number of coincident in situ 
and satellite observations for validation puiyos- 
es Two measurements of sulfate POC wele 
obtained under clear skies and ~ce-fiee watel 
close in tlme to a SealViFS oberpass For these 
measurerients, 111 sltu values agleed to -8% 
and +2% w 1t11 the satellite-denled lalues of 
POC fol the p~xels allele the ship was located 
(14) 

Applicatioil of oui algor~thrn to SeaUJiFS- 
denled R,<(555) rebeals the progession of sm- 
face POC concentlation ~n the Southein Ocean 
during the austral spring and summer from 
October 1997 through March 1998 (Fig. 3). I11 
October, the large extent of seasonal ice is 
evident, and POC values were low througl~out 
the ice-free Southern Ocean. By December, sea 
ice retreated and a band of elevated POC (>200 
mg m-') developed nearly all around Antarc- 
tica This band corresponds to the alerage po- 
sitloll of the APFZ (15) 111 the Pacific sectol, a 
\T ell-pronounced band of high POC followed 
the 60°S latitude 111 the southeast and extended 
north of 60"s ober the Pacific-Antalctic Rtdge, 
ahich coincides ael l  with the APFZ I11 the 
Atlantic and Indian Ocean sectors, the band of 
enhanced POC. although less pronounced, was 
shifted farther north, ahich again is consistent 
\I it11 the APFZ pattern The high POC feah~ie 
north of the Falkland Islands also aglees with 
the nol-thw ard extension of the APFZ obsened 
in this region (1.5) Starting in Janualy, areas of 
high POC became p~ogessively smaller, and 
by March, the su~face POC mas < 150 mg m-' 
over most of the Southern Ocean 

Many of the POC features are silnilar to the 
seaso~lal progression of pllytoplankton biomass. 

The SeaWiFS-derived iillages of chlorophyll a 6. Although there is no previous data showing the rela- 

(Clll) for the same season ;how generally low 
~ ~ ~ g ~ ~ ~ ~ ~ ~ ~ r ~ ~ ~ i ~ ~ ~ $ ; ; ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~  

pignent coilcentrations in the early season, a been available. Data collected in different c arts of the 
development of blooms in December and Jan- world's oceans indicate that particulate, scattering 

ualy, followed by a sharp decline in Chl in 
March (1 6) .  The various phytoplankton blooms 
(or high Chl areas), for example witl~iiin the 
APFZ of the Pacific sector, over the Patagonian 
Shelf, in the Scotia Sea, and near Kergtlelen, are 
coincident with the high POC regions and show 
progression throughout the season that is simi- 
lar to that of POC. However, the POC:Chl ratio 
in the upper ocean varies considerably because 
of valying proportions of nonliving organic par- 
ticles, phytoplankton, and lleterotrophic micro- 
organisins. This ratio varied from 112 to 455 
during our hvo cruises in the APFZ. This vari- 
ability precludes the estimation of POC from 
satellite-derived Chl with reasonable accuracy. 

The surface POC concentration is correlated 
with the mass of POC integrated within the 
upper water colu11u1 (17). By applying such a 
relatioil to the satellite-derived monthly maps of 
surface POC, we calculated the changes in the 
total mass of POC within the top 100 111 in the 
Southelm Ocean between 40"s and 70"s over 
the a ~ m ~ ~ a l  cycle from October 1997 through 
December 1998. These calculations excluded 
the austral winter (May through August), be- 
cause extensive ice cover and lack of dayligl~t 
over large po~tio~ls of the Southern Ocean pre- 
cluded satellite obselvations of ocean color. The 
total amount of water colunm-integrated POC 
ranges from about 0.6 Pg of carbon (1 Pg = 

lOI5 g = 1 gigaton) in April 1998 and Septem- 
ber 1998 to 0.8 Pg of carbon in December 1997 

(b,) or beam attenuation (c,) coefficients are corre- 
lated wi th POC [W. D. Cardner, I. D. Walsh, M. j. 
Richardson, Deep-Sea Res. ii 40, 171 (1993); j. Marra, 
C. Langdon, C. A. Knudson, J. Ceophys. Res. 100,6633 
(1995); H. Loisel and A. Morel, Limnol. Oceanogr. 43, 
847 (1998)l. Laboratory experiments wi th phyto- 
plankton cultures showed similar correlations [D. 
Stramski and A. Morel, Deep-Sea Res. 37, 245 (1990); 
D. Stramski and R. A. Reynolds, Limnol. Oceanogr. 38, 
1347 (1993)l. Because b,,, b,, and c, are expected to 
be well correlated wi th one another (especially at 
light wavelengths where absorption is small), our 
results in Fig. 1 are qualitatively consistent wi th 
previous obse~at ions  that involved b, or c,. 

7. The variations in the particulate composition are 
accompanied by changes in particle size, shape, and 
refractive index distributions, which all influence b,, 
[C. F. Bohren and D. R. Huffman, Absorption and 
Scattering of Light by  Small Particles (Wiley, New 
York, 1983)]. However, carbon content in individual 
planktonic cells is coupled wi th particle size [P. C. 
verity et a/., Limnol. Oceanogr. 37, 1434 (1992)'; D. j. 
Montagnes et a/., ibid. 39, 1044 (1994)l and refrac- 
tive index [D. Stramski, Deep-Sea Res. 46, 335 
(1999)], which may reduce the variability in the 
relation of POC versus b,, that is associated wi th 
changes in particle composition. 

8. A. Morel and Y.-H. Ahn, J. Mar. Res. 49, 177 (1991); D. 
Stramski and D. A. Kiefer, Prog. Oceanogr. 28, 343 
(1991). 

9. The relative error of the order of 30 t o  40% was 
reported for chlorophyll retrieval from empirical al- 
gorithms based on the ratio of upwelled radiances 
when applied t o  Coastal Zone Color Scanner data in 
Case 1 waters wi th pigment concentrations ranging 
from about 0.1 t o  1.5 m g  m - 3  [H. R. Cordon eta l . ,  J .  
Mar. Res. 40, 491 (1982); H. R. Cordon et al., Appl. 
Opt. 22, 20 (1983)l. 

10. S. A. Gamer and D. A. Siegel, J. Ceophys. Res. 102, 
18607 (1997). 

11. K. L. Carder et a/., ibid. 104, 5403 (1999). 
12. S. B. Hooker et al., NASA Tech. Memo. 704566, vol. 1 

and December 1598. The hvo December esti- (1992). 

mates agree to 0,9%, If we included the 13. Our algorithm was obtained from two separate rela- 
tions rather than a direct correlation between POC and 

areas south of 70"s (that is, primarily polyllyas R,,(555), because this two-step approach offers a sound 

witl~iiin the Antarctic sea ice zone). the December conceptual framework for understanding the perfor- 

estimates would increase to 0,87 Pg of mame of the algorithm. The inherent optical property, 
b,,, is linked t o  the concentration of a seawater con- 

carbon (note however that south of 70°S, the stituent, POC, and the apparent optical property, Rrs, is 
i7umber of valid satellite pixels decreases sha~y- linked to the inherent optical property, b, (78). Further- 

ly due to sea ice, \vhich lnay lead to less accurate more. our data suggest that the relation of POC versus 
bbp(510) may be more sensitive to regional variations 

estimates). In June and July, the POC pool is than the relation of b,(510) versus R..(555). The two- "~ , ,,, , 
likely reduced to <0.5 Pg, which indicates that step approach can also be useful for future refinements. - 
the net seasonal change behveen the summer 
maximnun1 and winter minimum is > O  3 Pg of 
carbon 
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18. The inherent optical properties (IOPs) are those prop- 
erties that depend only on the medium, and not on the 
geometric (directional) structure of the ambient light 
field within the medium. In the ocean, the lOPs (which 
include the backscattering coefficient b,) depend on the 
concentration and composition of optically significant 
constituents of seawater. The apparent optical proper- 
ties (AOPs) are those properties that depend both on 
the medium (the IOPs) and on the geometric structure 
of the ambient light field, and that display enough 
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Drug resistance of pathogens is an increasing problem whose underlying mech- 
anisms are not fully understood. Cellular uptake of the major drugs against 
Trypanosoma brucei spp., the causative agents of sleeping sickness, is thought 
t o  occur through an unusual, so far unidentified adenosine transporter. Sac- 
charomyces cerevisiae was used in a functional screen t o  clone a gene (TbATI) 
from Trypanosoma brucei brucei that encodes a nucleoside transporter. When 
expressed in yeast, TbATl enabled adenosine uptake and conferred suscepti- 
bil ity t o  melaminophenyl arsenicals. Drug-resistant trypanosomes harbor a 
defective TbATl variant. The molecular identification of the entry route of 
trypanocides opens the way t o  approaches for diagnosis and treatment of 
drug-resistant sleeping sickness. 

Reduced drug uptake has emelged as a com- 
mon charactelistic of drug-resistant tl ypano- 
somes [il) ,  reviewed 111 (2)] lendering the 
molecular identification of drug transport 
systems crucial for the unde~standing of the 
underlying resistance mechanisms The main 
clinical trypanocides are the melaminophenyl 
arsenical melarsoprol and diamidines As cel- 
lular uptake of these agents has been suggest- 
ed to occur through a transport system spe- 
cific fol adenosine and adenine [(3-j), re- 
~ i e a e d  in ( 6 ) ]  we decided to functionally 
clone the tlypanosomal gene ol genes encod- 
ing an adenosine transporter or tlansporters 
We took ad~antage of the fact that the yeast 
Succhuron7~ ces cer evzvue do not take up ex- 
ogenous adenosine and cannot use it as a 
purine source (Fig 1 A and B) Yeast cells 
defectibe in purine biogenesis (ade2) (7) 
a ere t~ ansformed \I it11 a Ti~,panosoma brzrcel 
br~~cez bloodstream foim cDNA expression 
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library (8 )  and selected for growth in media 
containing adenosine as sole purine source. 
Library plasmids conferring the ability to 
proliferate were isolated (9)  and found to 
encode a putative transporter, designated 
TbAT1. When expressed in yeast, TbATl 
enabled growth on adenosine as sole purine 
source (Fig. 1A) and cellular uptake of aden- 
osine (Fig. 1B). Adenosine transport was sat- 
urable (Fig. 1C) and conformed to Michaelis- 
Menten kinetics with an apparent Michaelis 
constant (K",) of 2.2 p,M (10). 

T~ypanosonza br~tcei brucei salvage 
adenosine from their mammalian hosts 
through two high-affinity transport activi- 
ties, P1 and P2, that differ in substrate 
specificity. P1 is specific for adenosine and 
inosine, whereas P2 transports adenosine, 
adenine, rnelaminophenyl arsenicals, and 
diamidines (3, 4). To determine whether 
TbATI encodes the P1 or P2 activity, we 
assessed substrate specificity by the ability 
of potential substrates to inhibit TbAT1- 
mediated adenosine transport in yeast (11). 
Adenine caused a strong reduction; where- 
as inosine, hypoxanthine, guanosine, gua- 
nine, uridine, and uracil had no effect (Fig. 
2A). Moreover, radioactively labeled ino- 
sine was not taken up, and neither inosine 
nor guanosine could support growth of 

regular features and stability to be useful descriptors of 
the medium [R. W. Preisendorfer, Union Ceod. Ceophys. 
Inst. Monogr 10, 11 (1961); (3) ] .  
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ade2 yeast expressing TbATl (12). Among 
the trypanocides tested for inhibition of . . 

adenosine transport, the melaminophenyl 
arsenicals (melarsoprol and melarsen ox- 
ide) and isometamidium (a phenanthridine 
used in veterinary medicine) were most 
effective (Fig. 2B), suggesting that these 
drugs are TbATl substrates. The experi- 
mental compound tubercidin (7-deazaade- 
nosine) produced a smaller but substantial 
reduction. The diamidines (pentamidine 
and diminazene aceturate) had no substan- 
tial effect Thus, the apparent substrate 
specificity of TbATl closely matches that 
of the reported P2 transport activity (3-9, 
except for the insensitivity to diamidines. 
TbATl expressed in yeast may lack a 
trypanosomal cofactor or modification re- 
quired for diamidine recognition. Future 
studies of TbATl function in genetically 
engineered trypanosomes will elucidate the 
role of this transporter in diamidine uptake 

As labeled melaminophenyl arsenicals are 
unalailable. we could not directly measure 
transport of these drugs by TbATl Instead, 
we determined whether TbATl could medi- 
ate uptake of melarsen oxide into cells, mea- 
sured as susceptibility to the drug (13) Ex- 
pression of TbATl in yeast rendered cell 
growth sensiti~ e to melarsen oxide (Fig 2C), 
suggesting that TbAT1 indeed transports this 
drug. As expected for competing substrates, 
the presence of adenosine or adenine in the 
media abrogated TbAT 1 -mediated melarsen 
toxicity (12). 

Sequencing of the cDNA relealed a pro- 
tein of 463 amino acids (Fig 3A) with a 
predicted structure of 10 transmemb~ane 
a-helices, cytosolic NH,- and C0,-telmini, 
and a large. negatil ely charged cytosolic loop 
between tlansmembrane domains 6 and 7 
(Fig 3B) Recently, two nucleoside trans- 
porter genes iLdNT1 1 and LdNTl 2) hale 
been cloned from the protozoan parasite 
Lezshnzunza donovanl (14) LdNTI 1 and 
LdNT1 2 are 99 5% identical and tandemly 
linked (14. 15) In contrast, TbATl appears to 
be a single-copy gene, as determined by 
Southern (DNA) blot analysis (12) The 
LdNTl transportels belong to the ENT 
(equilibrative nucleoside transporter) family, 
feature 1 1 predicted transmembrane domains, 
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