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Abstract. Relative to inorganic nitrogen, concentrations of that even highly refractory compounds can be a source of
dissolved organic nitrogen (DON) are often high, even inbioavailable N to plankton as well as a vehicle to transport N
regions believed to be nitrogen-limited. The persistence ofthrough the estuarine systems. Recent findings and new ap-
these high concentrations led to the view that the DON poolproaches also indicate that DON fuels a significant amount
was largely refractory and therefore unimportant to planktonof autotrophic production.

nutrition. Any DON that was utilized was believed to fuel

bacterial production. More recent work, however, indicates

that fluxes into and out of the DON pool can be large, and2 |s DON largely refractory?

that the constancy in concentration is a function of tightly

coupled production and consumption processes. Evidencg 1 The black box of DON and the elusive doughnut

is also accumulating which indicates that phytoplankton, in-

cluding a number of harmful species, may obtain a substant the ocean, concentrations of DON are generally highest
tial part of their nitrogen nutrition from organic compounds. within the euphotic zone and then decrease to a low and con-
Ongoing research includes ways to discriminate between austant value deeper in the water column (e.g. Hansell et al.,
totrophic and heterotrophic utilization, as well as a number of19g3- Libby and Wheeler, 1997; Church et al., 2002; re-
mechanisms, such as cell surface enzymes and photochemjrewed in Bronk, 2002: Bronk and Ward, 2005). The DON
cal decomposition, that could facilitate phytoplankton use Ofpool is genera"y treated like a “black box”, the Composi_
DON components. tion of which is unknown but is expected to change over
small space and time scales. One approach that has been
used to characterize DON is size fractionation (e.g. Benner
et al., 1992; Aluwihare et al., 1997; McCarthy et al., 1996;
reviewed in Benner, 2002). Using an ultrafilter with a 1000
The largest pool of fixed nitrogen (N) in most aquatic sys- Dalton cutoff a number of researchers have collected suffi-

tems is dissolved organic N (DON, Bronk, 2002). This is ¢iént high molecular weight (HMW) material for analysis.
true even in oligotrophic environments where primary pro- Recent investigations show that am|de-llnked N comprises
duction is limited by available N. The persistence of DON in the largest fraction of HMW DON (92%) with the remaining
areas believed to be N-limited led to the traditional dogma8% consisting of amines (Aluwihare et al., 2005). Humic
that DON is largely refractory and therefore unimportant to substances, one of the least understood classes of aquatic
phytoplankton N nutrition. The second part of this DON DOM, are generally not detectable by NMR spectroscopy
dogma is that DON is used to fuel bacterial, rather than@nd therefore may represent a small proportion of HMW
phytoplankton, production and does so with relatively long PON in marine systems (Repeta et al., 2002). In some es-
turnover times. The objective of this paper is to highlight re- tuarine and coastal systems, however, humics can contribute
cent work on DON composition and bioavailability that calls & Significant fraction of measured DON (e.g. Alberts and

for discarding the traditional dogmas. Research has showr2kacs, 1999). For example, in the Savannah and Altamaha
estuaries of coastal Georgia humics contributed an average

Correspondence td. A. Bronk of 70% of the DON pool over a three-year period (Bronk et
(bronk@vims.edu) al., unpublished data).

1 Introduction
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Another approach to characterizing DON is based on la-result, bioassay approaches have been used to monitor the
bility. In this sense, the largest fraction within the DON box decrease in DON concentrations over time. One difficulty
likely includes the truly refractory components that persist inwith the bioassay approach is it requires the ability to mea-
the environment for months to hundreds of years (reviewed irsure relatively small concentration changes in a large pool.
Bronk, 2002). Using terminology from the dissolved organic Bioassays also only measure net flux within a pool, such
carbon (DOC) literature, a second fraction of the pool can bethat even large DON uptake rates could be unmeasurable
described as semi-labile (Carlson and Ducklow, 1995). Thisf rates of DON regeneration are also high. Despite these
fraction likely includes compounds such as proteins, dis-drawbacks, a number of studies have used dark bioassays in
solved combined amino acids (DCAA), and amino polysac-aquatic systems to measure heterotrophic bacterial utilization
charides, which turnover on annual time scales. Mixed inof DON. In general, this work suggests that 12 to 72% of
with the refractory background, however, are the “dough-the DON pool is bioavailable on the order of days to weeks
nuts” of the DON world — highly labile moieties including (reviewed in Bronk, 2002). In the Delaware and Hudson
urea, dissolved free amino acids (DFAA), and nucleic acidsRivers, 40 to 72% of the DON was consumed during 10 to
(reviewed in Bronk, 2002). These doughnuts turnover onl5 day dark bioassays (Seitzinger and Sanders, 1997). In two
timescales of minutes for amino acids (e.g. Fuhrman, 1987%treams in Sweden, 19 to 55% of the bulk DON was found
to days for urea (e.g. Bronk et al., 1998) and DNA (e.g.to be bioavailable in short-term bioassays (Stepanauskas et
Jgrgensen et al., 1993). al., 2000); only 5 to 18% of the DON was identified as urea,

The bulk of research on DON availability has focused on DCAA or DFAA indicating that bacteria also utilize addi-
the labile doughnut fraction. Recent work, however, hastional organic N compounds. In the Gulf of Riga, 13% of
also shown that even HMW compounds such as humic subthe DON was bioavailable during 7 to 8 day bioassay exper-
stances, considered to be highly refractory, can be a sourcignents (Jgrgensen et al., 1999).
of N (i.e. See et al., 2006). Humics are operationally defined In another study water samples were collected from rivers
as DOM that adheres to a macroporous resin (i.e. XAD-8and estuaries along a continuum of anthropogenic modifica-
or DAX-8; Peuravuori et al., 2002) at a pH of 2 (Aiken, tion (Wiegner et al., 2006). Dark bioassays were performed
1988). They can be further categorized into 1) fulvic acids, with a single bacterial inoculum to compare DON and DOC
which tend to be smaller (500-2000 Daltons) and are solubldability across a range of systems that varied with the amount
in water at any pHs, 2) humic acids, which are larger (2000—of forest cover. As much as 40% of the DON was consumed
5000 Daltons or larger) and precipitate from solution at pHover a 6 day incubation and up to 80% of the total N utilized
lower than 2 (Thurman et al., 1982), and 3) humins, whichby the inoculum was organic in form. These results show
are insoluble at any pH. that classifying all DON as refractory clearly overlooks an

Natural humic substances, isolated with XAD extraction, important source of available N in the marine environment.
have been shown to contain 0.5 to 6% N (Rashid, 1985; Thur-
man, 1985; Hedges and Hare, 1987). Amino acids, amin®2.3 The special case of humics
sugars, ammonium (N]'—b, and nucleic acid bases comprise
46 to 53% of the N associated with humic acids and 45 toThe refractory nature of humic substances has also recently
59% of fulvic acids (Schnitzer, 1985) with the remaining been challenged, and accumulating evidence indicates that
approximately 50% of humic-N unidentified (Carlsson and coastal phytoplankton may have the ability to take up humic-
Grareli, 1993). Previous work indicates that the C to N (C:N) N, either directly or after remineralization by bacteria (Carls-
ratio of aquatic humic substances, isolated with XAD resin,son et al., 1995, 1998, 1999). More recently, the uptake of
ranges from 18 to 30:1 for humic acids and 45 to 55:1 forlaboratory-produced®N-labeled humic compounds by the
fulvic acids, but can vary considerably (Thurman, 1985; See>0.7um size fraction has been observed in both riverine
2003; See and Bronk, 2005). The C:N of humic substance@nd coastal ecosystems (Bronk et al., unpublished data), hu-
isolated with macroporous resins, however, may not reflecinic substances have been implicated as a potential source
the C:N ratios of humic substances in situ. During the isola-0f C and N to the toxic dinoflagellatlexandrium catenella
tion procedure humic substances are acidified to a pH of 2(Doblin et al., 2000), and growth of another toxic dinoflag-
thus bombarding the solution with free protons. These freecllate Alexandrium tamarenseas shown to increase when
protons can bump off loosely associated amino groups suckxposed to humic substances (Gagnon et al., 2005). Uptake
that humics isolated using resins have a C:N ratio higher tha®f humic-N into phytoplankton biomass was also measured

humics in natural waters (See and Bronk, 2005). directly using!®N-labeled humic substances produced in the
laboratory (See and Bronk, 2005). In this experiment, non-
2.2 Results from bioassays axenic cultures of 17 recently isolated estuarine and coastal

phytoplankton strains took ul’N-labeled humic-N (See et
The unknown composition of the bulk DON pool makes de- al., 2006), however, high rates of humic-N uptake were not
termining its bioavailability difficult. Isotopic tracers are cur- sustained over long periods of time suggesting that a finite
rently available for only a small fraction of the pool. As a pool of labile N is associated with these compounds (See et
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al., 2006). Two of the cultures examined were also available Second, early studies of plankton uptakel$E-labeled

in axenic form. No uptake ofN-labeled humic-N was de- organics indicate that the labeled substrates ended up in the
tected in the axenic cultures suggesting that in at least theskacterial-size fraction and the assumption was made that
two cultures, bacterial remineralization was required to makethe N followed the C. Stephens and North (1971), however,

the humic-N bioavailable. showed that C was excreted following amino acid uptake.
Other researchers went on to show that some phytoplank-
2.4 Why should we care? ton possess cell-surface enzymes that allow them to take up

the N fraction of amino acids while leaving the C backbone
In a review of DON in rivers, Seitzinger and Sanders (1997)available for subsequent uptake by bacteria (e.g. Palenik and
estimate that 14 to 90% of the total N in a suite of rivers Morel, 1990a and b); this mechanism was proposed as early
around the world is organic in form. This DON represents as 1948 (Algeus, 1948). In other words, the N does not al-
a large source of N to the coastal zone that is currently ig-ways follow C. The presence of these cell-surface enzymes
nored in most N loading budgets. This is especially trou-provides a likely mechanism whereby phytoplankton can ac-
bling when one considers that effluent from even the mosicess a broad range of organic N substrates without develop-
efficient wastewater treatment plants contain approximatelying a specific uptake pathway. This discovery merits a reeval-
285uM N with roughly two thirds of the discharged N be- uation of the dogma regarding phytoplankton use of DON.
ing organic in form (Pehlivanoglu and Sedlak, 2006). Its Here we review methods for distinguishing bacterial uptake
exclusion from loading budgets is based on the traditionalfrom phytoplankton uptake, discuss the use of tracers to mea-
view that DON is not bioavailable and therefore will not con- sure DON uptake, and briefly review some of the more recent
tribute to eutrophication. The brief review of recent studieswork on DON uptake in the field, particularly in reference to
above suggests that this traditional view is incorrect. Col-harmful algal bloom (HAB) species.
lectively, data from bioassays suggest that bioavailable DON
can be utilized within estuaries with water residence times3.1 Methods to measure phytoplankton and bacterial nitro-
on the order of weeks to months. In systems where residence  gen uptake rates
times are shorter, riverine DON will pass through the estu-
ary and be a source of bioavailable N to coastal waters. ReMarine phytoplankton and heterotrophic bacteria are known
sults from studies with individual organic compounds indi- to utilize similar pools of inorganic and organic N substrates,
cate that some fractions of DON have much quicker turnoverand this use of shared resources can result in a competitive
times and consequently contribute to plankton nutrition eveninteraction that could potentially control phytoplankton com-
in systems with very short residence times. It is becom-munity composition. To distinguish between autotrophic and
ing increasingly evident that a significant fraction of DON heterotrophic N uptake in an experiment, it is necessary to
is bioavailable and contributes to coastal eutrophication andseparate the two plankton groups. Each of the various meth-
as such, should be included in N loading budgets. ods that have been employed has its advantages and draw-
backs. The most commonly utilized technique has been size
fractionation, in which filters (in the size range of 0.7 to
3 Are bacteria the primary users of DON? 1.2um) target the size differences between bacteria and phy-
toplankton (e.g. Wheeler and Kirchman, 1986; Kirchman et
Phytoplankton DON use has traditionally been neglected inal., 1989; Mulholland et al., 2002; Rodrigues and Williams,
favor of the view that bacteria are the primary consumers2002). The most commonly used filtersiPN studies are
of DON for a number of reasons. First, phytoplankton areglass fiber filters (i.e. Whatman GF/F) because they are rel-
known to have specific metabolic pathways for the uptakeatively inexpensive, can be precombusted to remove N, and
and assimilation of inorganic N substrates such a§NiHd  are compatible with mass spectrometric analysis. Size frac-
nitrate (NG, e.g. Syrett, 1988; Hildebrand, 2005; Hilde- tionation may be easier and more time-efficient than other
brand and Dahlin, 2000). We think it unlikely that a given approaches, but can lead to inaccurate estimates of N use by
phytoplankter would employ a large number of similar spe- phytoplankton due to clogging effects and the size overlap
cific uptake mechanisms for the broad suite of organic subbetween bacteria and phytoplankton. Studies from a range
strates that exist in very low concentrations at any given time of marine ecosystems have shown that GF/F filters can retain
Recently, however, the genome of a marine diatdina- as much as 93% (40 to 75% on average) of the bacterial com-
lassiosira pseudonanavas sequenced and this diatom was munity (Lee and Fuhrman, 1987; Lee et al., 1995; Gasol and
shown to possess plasma membrane amino acid transportelidoran, 1999; Berg et al., 2001), y&N uptake measured on
despite the fact that amino acids are present at low concensF/F filters has traditionally been attributed to phytoplank-
trations in the environment (Armbrust et al., 2004). Theseton. Other researchers have attempted to avoid this method-
data are also consistent with early autoradiography studieslogical problem through the use of metabolic inhibitors such
that demonstrated diatom uptake'6€-labeled amino acids as streptomycin and cycloheximide, which block the func-
(Wheeler et al., 1974, 1977). tion of ribosomes in prokaryotes and eukaryotes, respectively
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(Wheeler and Kirchman, 1986; Middelburg and Nieuwen- water cyanobacteria and other algal taxa (Pel et al., 2004).
huize, 2000a and b; Veuger et al., 2004). However, thisOne important consideration in using flow cytometric sort-
method can introduce artifacts to uptake rate measuremeniag to measure plankton activity is the effect of the sort-
due to the lack of specificity and incomplete inhibition of ing method on the health and integrity of individual cells.
these chemicals on target organisms (Oremland and Capon&o this end, Rivkin et al. (1986) examined the incorpora-
1988; Lee et al., 1992). Dark nutrient bioassays have alsdion of radioactively-labeled compounds into phytoplankton
been used to a limited extent in field, mesocosm, and cul<ells both before and after sorting, and found that sorting did
ture experiments to distinguish between phytoplankton ancdhot affect cellular radioactivity when performed after incuba-
bacterial N uptake despite the fact that many phytoplanktergions, but did in fact lead to diminished primary production
are known to take up N in the dark (e.g. Gobler et al., 2002;estimates when cells were sorted prior to incubation. Thus,
Joint et al., 2002; Glibert et al., 2004). Finally, molecular ap- flow cytometric sorting of autotrophic cells represents a fea-
proaches have recently gained popularity as a means of quasible approach to measure rates of phytoplankton-specific N
itatively describing the N utilization capabilities of marine uptake.
phytoplankton and bacteria by measuring the activity of en- A recent study, in an estuarine system, illustrates the im-
zymes involved in N assimilation, such as nitrate reductaseportance of separating phytoplankton from bacteria. The in-
urease, and aminopeptidase (Collier et al., 1999; Allen efluence of bacteria on N uptake rates was examined in surface
al., 2001; Lopez-Lozano et al., 2002; Zehr and Ward, 2002 water samples collected along the main axis of Chesapeake
Dyhrman and Anderson, 2003; Fan et al., 2003b; LomasBay during late summer. Uptake rates were measured in the
2004). It is important to note, however, that the moleculartraditional GF/F fraction as well as on autotrophic samples
techniques do not provide quantitative estimates of N up-that had been sorted based on the presence of chlorophyll
take. Furthermore, none of the approaches described abowg Results indicate that the inclusion of bacterial biomass
can quantitatively distinguish between autotrophic and het-on GF/F filters resulted in overestimates of jil,HJrea, and
erotrophic N uptake. amino acid uptake rates of 69 to 125%, when compared to
A promising newer approach is the use of flow cytomet- phytoplankton-specific N uptake, and an underestimate of
ric sorting to physically separate phytoplankton from bacte-58% for NG; uptake (Bradley and Bronk, 2007
ria following tracer-addition experiments. Originally intro-
duced into marine planktology to rapidly and precisely esti-3.2 Tracers for DON uptake
mate the abundance of pico- and nanophytoplankton in ma-
rine food web studies (e.g. Olson et al., 1983, 1985; YentscIBioassays can also be used to quantify uptake rates of indi-
et al., 1983; Chisholm et al., 1988), flow cytometry now vidual DON compounds but they are prone to the same prob-
has a wide variety of applications in aquatic microbial ecol- lems encountered with bioassays that monitor the uptake of
ogy (e.g. Wallner et al., 1997; Dubelaar and Jonker, 2000the bulk DON pool (see Sect. 2.2 above). To avoid these
Reckermann, 2000; Veldhuis and Kraay, 2000; Vives-Regoproblems, substrates labeled witiN can be used to measure
et al., 2000; Campbell, 2001; Collier, 2004), including rou- uptake rates even in systems where uptake and regeneration
tine analysis of the abundance of marine heterotrophic bacare tightly coupled. Urea and amino acids are the most fre-
teria (e.g. Monger and Landry, 1993) and viruses (Marie etquently studied DON forms because they have been commer-
al., 1999). Using the sorting capability of a flow cytometer, cially available in both single-1fN) and dual-labeled®N
researchers can isolate cells of interest based on unique opnd'3C) forms; numerous individual amino acids can also be
tical properties conveyed by the presence of pigments, suchbtained as such. Other labeled organic tracers available in-
as the red autofluorescence of chlorophyll. Following tradi-clude whole algal hydrosylate and lyophilized algal cells (i.e.
tional 1N tracer incubations, chlorophyll-containing phyto- combined amino acids), purines (e.g. guanine), pyrimidines
plankton can be sorted and analyzed using a mass spectronte.g. uracil), DNA nucleotides (e.g. guanosine monophos-
eter to directly quantify phytoplankton N uptake. This ap- phate, adenosine triphosphate [ATP]), acetamide, and crea-
proach to measuring N uptake was pioneered by Lipschultzine. In addition, some researchers have examined the uptake
(1995), who used flow cytometric sorting to measure uptakeof in situ produced®N-labeled DON derived from plank-
rates of'™>N-labeled NH and NG; by coastal phytoplank-  ton cells grown ont>NH; or ®NO; (Bronk and Glibert,
ton, consequently removing the effects of detritus and het-1993: \euger et al., 2004), froffrichodesmiunusing 5N,
erotrophs on uptake rate measurements. Similarly, Zubkoyas (Bronk et al., 2004), or labeled humic material derived
and Tarran (2005) us€dS-labeled methionine and cell sort- from Spartina alterniflorathat was grown witH®N-labeled
ing to estimate DFAA uptake iRrochlorococcuandSyne-  NH; added to the sediment (See and Bronk, 2005; See et al.,
chococcussampled from oligotrophic surface waters of the 200g).
South Atlantic. Others have employed flow cytometric sort-
ing in a similar manner to measure the primary production  1gragdley, P. and Bronk, D. A.: Phytoplankton and bacterial ni-
of specific ultraphytoplankton groups (Li, 1994) and to ex- trogen uptake in Chesapeake Bay measured using a flow cytometry
amine the growth rates addC isotopic signatures of fresh- approach, submitted, 2007.
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3.3 Phytoplankton versus bacterial uptake et al., 2003a). In comparison, heterotrophic bacteria tend to
rely predominantly on DFAA and N}I (Keil and Kirchman,
Traditionally the inorganic forms were thought to exclusively 1991; Kroer et al., 1994: Hoch and Kirchman, 1995; Middel-
support primary production. Research over the past thregurg and Nieuwenhuize, 2000a and b), although other studies
decades, however, has shown not only that bacteria bahave shown substantial bacterial uptake of Ni@ various
ance their DON consumption with uptake of inorganic nu- marine ecosystems (Kirchman et al., 1991; Kirchman and
trients (Wheeler and Kirchman, 1986; reviewed in Kirch- Wheeler, 1998; Allen et al., 2002). In general, urea is not
man, 2000), but also that phytoplankton from various ma-considered important in bacterial nutrition (e.g. Cho et al.,
rine ecosystems use DON to meet their cellular N demandg996; Tamminen and Irmisch, 1996) though a recent study
(reviewed in Antia et al., 1991; Bronk, 2002; Berman and has called that into question (Jargensen, 2006).
Bronk, 2003). DON uptake by phytoplankton was reported This is another area where the combined flow cytometry
as early as 1957 (Hattori, 1957), and examined further bystable isotope approach will be particularly useful. A high-
McCarthy in the 1970s (McCarthy, 1972a, b); however, thesespeed flow cytometric sorter was used to demonstrate direct
early studies of phytoplankton DON use focused mainly onNO; uptake byProchlorococcus in the deep chlorophyll
the metabolism and kinetics of urea uptake. In contrast tomaximum in the Sargasso Sea (Casey et al., 2007). This is
this early emphasis on urea uptake at the cellular to individ-consistent with the observation tHatochlorococcusoften
ual species level, research has more recently focused on theaches its maximum abundance coincident with the nitra-
ecological implications at a community level (e.g. Lomas etcline. Measured rates of NDuptake compare well with net
al., 2002). Prochlorococcuspopulation growth rates in the deep chloro-
In general, phytoplankton prefer NHover other N phyll maximum and represent 5-10% of the total measured
sources because this reduced form requires the least amouRtuptake. This observation is contrary to growth studies with
of energy to assimilate. Nonetheless, Niis not always  cultured isolates dProchlorococcugMoore et al., 2002), but
the dominant N substrate utilized by marine phytoplankton;consistent with the proposition that the dominant low-light
DON uptake has been shown in some studies to satisfy #@rochlorococcusecotype is not presently in culture (Zinser
large portion of the autotrophic N requirement. For exam-et al., 2006; Ahlgren et al., 2005). Flow cytometric sorting
ple, the contribution of urea and DFAA to total measured Nwas also used to quantifureococcusspecific uptake dur-
uptake by coastal phytoplankton assemblages varies, but hagg a bloom in Chincoteague Bay, MD. Results indicate that
been shown to reach as high as 80% (Harrison et al., 1985). anophagefferenand bacteria both took up NH NO;,
Kristiansen, 1983; Glibert et al., 1991; Berg et al., 2001; urea, and leucine, but that uptake of organic compounds by
Veuger et al., 2004). In addition, phytoplankton communities anophagefferenar exceeded uptake by bacteria at all stages
appear to rely more heavily on reduced N, including DON, of the bloom and for all compounds (Boneillo and Mulhol-
during summer months when ambient N@oncentrations  |and, in preparation).
are typically minimal (Paerl, 1991; Berg et al., 2003a). This  There are also some other powerful new tools that can be
apparent increase in autotrophic DON use during summeused in future research. For example, the information gained
could also be the result of a high bacterial demand on availfrom the sequencing of phytoplankton, suchSymechococ-
able dissolved inorganic N (DIN), which has been demon-cus(Palenik et al., 2003)ProchlorococcugDufresne et al.,
strated to suppress phytoplankton biomass (Joint et al., 2002)003; Rocap et al., 2003), and a diatom (Armbrust et al.,
and may even exert a selective pressure on phytoplanktop004), can be used to inform field research by highlighting
species capable of exploiting available organic substrates. which substrates are likely to be used by certain groups based
Attributing the uptake of different types of dissolved N on the presence or absence of transporters. This information
to specific phytoplankton groups in the field has been dif-could then be used to target which phytoplankton populations
ficult at best, however, some general trends have emergedo target using flow cytometry for certain substrates. The
For example, large and/or rapid inputs of N@re known  combination of molecular tools with classic biogeochemical
to stimulate blooms of diatoms, which are physiologically tracers also holds much potential for defining which groups
suited to take advantage of and grow quickly with the onsetmay be active in the uptake of a given compound. For ex-
of NOj -rich conditions (Goldman, 1993; Lomas and Glib- ample, Cottrell and Kirchman (2000) used microautoradiog-
ert, 1999a). Berg et al. (2003a) used linear regression anakaphy and fluorescence in situ hybridization (MICRO FISH)
ysis to link the abundance of diatoms in the Gulf of Riga to investigate which bacterial groups dominate uptake of a
(Baltic Sea) with NQ uptake during spring; a negative cor- number of compounds including proteins and amino acids.
relation with DFAA uptake during the summer suggests thatAnother approach is to use stable isotope probing (Radajew-
diatoms are not among the phytoplankton that exploit DONski et al., 2000). With this technique a substrate labeled with
sources in this system. Dinoflagellates and cyanobacterial®N or 13C is added to a water sample and then the incorpo-
on the other hand, are typically associated with increasedation of the label is followed into DNA. The “heavy” DNA
availability of reduced N, such as NHand urea, relative that has'>N or 13C incorporated in it is separated from the
to NO; (Berg et al., 1997; Lomas and Glibert, 1999b; Berg other DNA using density gradient cell centrifugation. Gene
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probing and sequence analysis can then be used to charaearlier study in which urea uptake rates at the lowest con-
terize the labeled DNA to determine which taxonomic or centrations were relatively high; those results were attributed
functional group of organisms utilized the substrate (e.g. Gal4o error in the determination of ambient nutrient concentra-

lagher et al., 2005). tions, which were approaching the limit of detection (Epp-
ley et al., 1977). In th&. brevisstudy, however, ambient
3.4 The special case of HABs concentrations were fairly high such that substantial analyti-

cal error is unlikely. Another possibility is that the range of

With increased evidence that some DON is labile, it hasatom 9% enrichments that produced the elevated urea and glu-
been suggested that specific DON components could exeggmate rates were lower than the atom % enrichments used in
selective pressure over phytoplankton community composithe inorganic uptake, which would contribute to the elevated
tion (Paerl, 1997; Seitzinger and Sanders, 1997; Bermanates at low concentrations. However, the atom % enrichment
and Chava, 1999). Phytoplankton species capable of utirange for the organics used in tebrevisstudy were within
lizing DON may have a competitive advantage in organi- the range of substrate enrichments used in numerous other
cally enriched environments where the DIN supply is lim- studies where no increase in uptake at low concentrations
ited. In particular, it appears that some harmful algae speciefas been observed. Furthermore, uptake experiments have
are capable of using DON for nutrition and may prefer it heen performed where the concentration of the substrate was
to inorganic sources (e.g. Lomas et al., 1996; Berg et al.held constant and the atom % enrichment was varied down
1997; Herndon and Cochlan, 2007). Specifically, dinoflag-to 0.01 atom % with no increase in uptake (Mulholland and
ellates seem to have an affinity for organic N (Palenik andcapone, unpubl. data). Another theory is that the increased
Morel, 1990a, 1991; Glibert and Terlizzi, 1999; Dyhrman rates at low concentrations are the result of a bimodal uptake
and Anderson, 2003; Fan et al., 2003a). A high affinity mechanism. More research is necessary to define the mecha-
for urea by the dinoflagellatBrorocentrum minimunton-  nisms behind the observed deviation from Michaelis-Menten

tributed significantly to a bloom in the Neuse River es- kinetics, and whether this phenomenon is restricted to HAB
tuary (Fan et al., 2003a) and ambient urea concentrationgpecies.

were found to provide a potentially large proportion of the

N required by the red tide algdingulodinium polyedrum 35 \Why should we care where the DON goes?

(Kudela and Cochlan, 2000). Other classes of phytoplankton

besides dinoflagellates have also been shown to utilize DONAJthough research on DIN and DON uptake by phytoplank-
One example is the case slureococcus anophagefferens ton and bacteria has been fairly extensive, relatively little
an organism known to produce severe brown tides off theis known about how these two groups compete for limiting
coast of Long Island, NY. Natural and added inputs of DON, N resources and how this interaction affects the community
particularly urea, stimulate its growth (Gobler andido-  composition in the environment. Such interactions are driven
Wilhelmy, 2001) and in one study approximately 70% of the primarily by the absolute and relative availability of different
total N utilized during arA. anophagefferendloom event N substrates in the euphotic zone, but the extent to which
was identified as organic N (Berg et al., 1997). A study with other factors such as light and temperature, as well as bi-
the toxigenic diatonPseudo-nitzschia australund that  ological and physical processes, affect the outcome of this
the exponential growth rate of cells grown on urea was sig-interaction remains a key area for future research. Further-
nificantly lower than those grown on NHor NOj but that  more, the relevant temporal and spatial scales at which this
cells using urea had a domoic acid production rate two timegjuestion is addressed will have implications with respect to
higher than cells using NDand three times higher than cells  the significance of phytoplankton versus bacterial N use.

using NH; (Howard et al., 2007). In estuarine and coastal ecosystems, the relative use of
Bronk et al. (2004) quantified the ability of the red tide for- organic N by autotrophs and heterotrophs will potentially
mer, Karenia brevis to utilize 1°N-labeled inorganic (NH, affect plankton community composition, energy transfer to

NO3) as well as organic substrates (urea and glutamatehigher trophic levels, benthic-pelagic coupling, and the stim-
during kinetics experiments and demonstrated that althoughilation of HABs. As discussed above, specific types of N
all the substrates could be utilized, the uptake of organictend to favor dominance by particular phytoplankton groups,
substrates did not exhibit the classic hyperbolic Michaelis-which will affect how primary production is transferred to
Menten kinetic curves. The lowest substrate additionshigher trophic levels. For example, inputs of Nnto a
(0.055, 0.0uM) resulted in high specific uptake rates. This N-limited coastal system tend to promote diatom blooms,
was followed by an abrupt decrease in specific uptake rates ashich are either consumed by grazers or sink out of the wa-
the substrate concentrations increased — the opposite trend t#r column promoting benthic-pelagic coupling. On the other
what would be expected for uptake following the Michaelis- hand, cyanobacteria and dinoflagellates appear to prefer re-
Menten model. Similar kinetic curves were also observedduced N substrates such as ){il,l—djrea, and DFAA; members
during amino acid uptake bj. anophagefferen@Mulhol- of these phytoplankton groups (especially toxic species) are
land et al., 2002). A similar situation was observed in ancommonly considered to be nutritionally inferior to grazers,
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relative to diatoms, and thus represent a diminished supply ofmust find other mechanisms of accessing the nutrients such
energy to upper trophic levels. Finally, the ability of bacteria as the use of proteolytic enzymes (reviewed in Lewitus, 2005
to capitalize on available DIN during N-limited conditions and Berges and Mulholland, 2007). These enzymes are able
may intensify cycling within the microbial loop and discon- to break down large polymers into their smaller constituent
nect surface production from benthic micro- and macrofaunamolecules, which can then be taken up by the cell. Prote-
Clearly, the type of N entering coastal and estuarine waterslytic enzymes can be found intracellularly, attached to the
can play a significant role in altering plankton community outside of the cell or can be released from the cell into the
structure, but may also affect broader scale processes detesurrounding media; the latter two are termed extracellular
mining overall ecosystem health. enzymes (Chost, 1991). Traditionally, it has been thought
In oceanic systems, the fate of N into phytoplankton versugthat proteolytic enzyme activity was strictly a characteristic
bacterial biomass has significant implications with respect toof heterotrophic bacteria (e.g. Sinsabaugh et al., 1997). How-
N and C cycling on both ecosystem and global scales. Newever, recent studies have shown that phytoplankton can uti-
production, which is defined as primary production derivedlize these mechanisms of nutrient acquisition, with the two
from “new” or allochthonous sources of N, has been usedprimary types of proteolytic enzyme activities believed to be
to guantify the energy available to support higher trophicamino acid oxidation and peptide hydroysis (Mulholland et
levels (Dugdale and Goering, 1967). Theatio, which is  al., 2003).
the ratio of new to total (new plus regenerated) production Amino acid oxidases are enzymes that cleave off free
(Eppley and Peterson, 1979), has traditionally been calcuamino acids and primary amines to produce extracellular
lated by dividing*>NO; uptake (i.e. new production) by the H202, NH,, anda-keto acids or aldehydes; the free Jid
summed uptake of°NH] (i.e. regenerated production) and then taken up by the cell (Palenik and Morel, 1991). This
15NO; (e.g. Harrison et al., 1987). However, this method pathway has been quantified using the fluorescently-labeled
does not reflect the various organic compounds potentially2Mino acid, LYA-lysine (Pantoja and Lee, 1994; Mulholland
utilized by phytoplankton. The inclusion of bacterial uptake €t &l-, 1998). One study found that three different species
in 15N uptake rates assumed to represent phytoplankton prof)f phytoplankton possessed .cell—surface L-amino acid ox-
duction can also be problematic (Kirchman et al., 1992). Theildases that produced NH which was subsequently taken
recent results from flow cytometric stable isotope studies deVP and used for growth (Palenik and Morel, 1991). Sev-
scribed above indicates that inclusion of bacterial biomass irfral Other species of phytoplankton are also known to possess
15\ uptake rates can result in both under- or overestimate@Mmino acid oxidases (Palenik and Morel, 1991; Mulholland

in uptake rates (discussed above, Bradley and Bronk,3007 et al., 2003) and this process occurs across a range of sys-
resulting in dramatically differerfi-ratios. Use of such bi- t€ms (Mulholland et al., 1998). One estimate is that 20%
ased estimates of new production in models of the globan the DON utilization in coastal and oceanic environments
C cycle, for example, could therefore overstate the potentiaMay be due to phytoplankton utilization of amino acid oxi-

drawdown of anthropogenic C dioxide by the oceans. dases (Mulholland et al., 1998). _ _
Peptide hydrolysis is another proteolytic process in bacte-

ria and phytoplankton whereby the peptide bonds of proteins
4 Mechanisms for accessing DON and polypeptides are broken, liberating smaller peptides and
amino acids. A study by Mulholland et al. (2002) found high
With the accumulation of evidence that indicates phytoplank-rates of peptide hydrolysis in non-axenic culturesAofe-
ton use DON, additional effort has been directed at definingococcus anophagefferend_eucine aminopeptidase (LAP)
the likely mechanisms used to access this large but heterogés one class of proteolytic enzyme capable of hydrolyzing
neous pool. Here we review data on enzymatic breakdownpeptide bonds. LAP is capable of breaking down a num-

pino- and phagocytosis, and photochemical decomposition. ber of substrates, but has a preference for the terminal N of
non-polar amino acids such as leucine (Langheinrich, 1995).

4.1 Enzymatic breakdown Even if phytoplankton are incapable of producing their own
extracellular enzymes, they may still benefit from those re-
Forms of DON are made available to phytoplankton via aleased by bacteria or by liberation of bacterial intracellular
number of mechanisms. For smaller molecules, such as ureenzymes. Proteolytic enzymes may be freed from bacteria
and some amino acids, uptake can occur by active transpofiy cell lysis or released due to grazing on bacteria (Chrst,
driven by a sodium ion pump or through facilitated diffusion 1991), and there is some evidence that phytoplankton, in as-
if the concentrations outside the cell are high enough consociation with bacteria, may be able to utilize monomers de-
centrations (mM) to create a concentration gradient, somerived from bacterial enzymatic activity. For example, high
thing unlikely in the field (reviewed in Mulholland and Lo- aminopeptidase activity (10 to 90% of activity) has been
mas, 2007). For larger compoundsl(kDa) such as pro- found in 0.2um filtrates (Jacobsen and Rai, 1991), indicat-
teins, polypeptides, and humic acids, direct uptake throughng that enzymes had been liberated from bacteria. These en-
the use of transport proteins cannot occur and phytoplanktomymes could still have the capability to break off free amino
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acids that could subsequently be used for uptake by other omappear in the labeled humics. In experiments with three
ganisms. coastal phytoplankton strains known to take up humic-N,
In a more general sense, the use of cell-surface enzymeSynechococcussp., Amphidinium carteragand Thalas-
capable of cleaving amino groups is also a potential mechasiosira cf. miniscula no uptake of-*C was measured indi-
nism used to access the approximately 50% of humic-N thatating that the humics were not taken up whole using these
is in the form of amino acids, amino sugars, }I,Hand nu- mechanisms (See et al., 2006).
cleic acid bases (Schnitzer, 1985). It is likely that these en-
zymes are capable of cleaving the N from a wide range of4.3 Photochemical decomposition
additional DON compounds allowing phytoplankton to, in
effect, “farm” N from these compounds while leaving the re- An alternative method for the acquisition of N from hu-
mainder of the compound external to the cell (Mulholland etmic substances is photooxidation followed by uptake of
al., 1998; Berg et al., 2003b; Stoecker and Gustafson, 2003the N photoproducts. Due to their aromatic nature, hu-
mic substances are particularly photoreactive to ultraviolet
4.2 Pinocytosis and phagocytosis (UV) light and release inorganic N (Bushaw et al., 1996;
Bushaw-Newton and Moran, 1999; Kieber, 2000) and small
DON can also be taken up by some phytoplankton by twolabile organic molecules (e.g. amino acids and urea) into
similar processes — pinocytosis and phagocytosis. Pinocythe surrounding environment when exposed to UV radia-
tosis is a process where the cells ingest dissolved macration (Amador et al., 1989; Jgrgensen et al., 1998; Bushaw-
molecules from the medium outside the cell. Phagocyto-Newton and Moran, 1999; Koopmans and Bronk, 2002). Of
sis is an engulfing of particulate material from outside thethese compounds, I\ﬂngneraIIy has the greatest observed
cell. Cells undergoing pinocytosis expand a vesicle from therates of production (Bushaw et al., 1996; Gao and Zepp,
plasma membrane to engulf molecules and pull them insidel998). Photochemical release has been observed in a num-
the cell, where they can be accumulated inside a vacuoleber of locations including an estuary in Georgia (Bushaw et
Prior studies with dinoflagellates, euglenoids, and chloro-al., 1996; Gao and Zepp, 1998) and a humic-rich lake in
phytes have found pinocytosis to be a common method folenezuela (Gardner et al, 1998). Photodegradation of DOM
ingesting dissolved macromolecules (Kivic and Vest, 1974;increases the availability of more labile N sources to phyto-
Klut et al., 1987). In one case, the HAB-forming dinoflagel- plankton and bacteria.
late,Alexandrium catenelladirectly took up fluorescently la-
beled dextran (Legrand and Carlsson, 1998). The use of simi4.4 Possible humic shuttle
lar markers, such as lectins and peroxidases, has also demon-
strated pinocytosis in the flagellat@snphidinium carterae  In addition to the direct utilization of DON compounds, it
and Prorocentrum micans(Klut et al., 1987). Phagocyto- is possible for some HMW compounds to act as a trans-
sis by marine and freshwater phytoflagellates is well doc-port mechanism. Humic acids contain a high concentration
umented (e.g. Sanders and Porter, 1988) and occurs undef cation exchange sites, allowing them to retain and ex-
a wide range of light and nutrient regimes. In phytoplank- change numerous ions from the surrounding waters. For ex-
ton, phagotrophy is also seen in the photosynthetic bloom-ample, humic compounds in marine clay sediments can ac-
forming dinoflagellate$ieterocapsa triquetraandCeratium  count for a large percentage of the cation exchange capabil-
furca (Legrand et al., 1998; Smalley et al., 1999). Supple-ities of the marine benthic environment (Rashid, 1969). Ad-
menting their nutrition in this manner could give some phy- ditional studies show that I\Q'-|can be adsorbed to humics in
toplankton a competitive advantage over other strictly pho-the estuarine and nearshore environment (Rosenfeld, 1979;
toautotrophic organisms and would allow nutrient acquisi- Gardner et al., 1991). This I\[{Hcan then be released into
tion even during unfavorable conditions (Li et al., 2000a andthe surrounding water column as the cation exchange sites
b). The ability to utilize additional modes of nutrient acqui- on the humic compound are exposed to increased salt con-
sition could make one species more successful than anothetentrations (Rosenfeld, 1979; Gardner et al., 1991 and 1998;
leading to bloom formation (e.g. Smayda, 1997; Stoecker eSee, 2003; See and Bronk, 2005).
al., 1997; Jeong et al., 2005a and b). As a result pino- and In coastal systems, humic and I}II—boncentrations are
phagocytosis are of particular interest to researchers studyingften high in the low salinity upland river marshes. In
HABSs. these locations, N}I can be adsorbed on the cation bind-
Furthermore, pinocytosis and phagocytosis are two pro4ing sites found on the humic structure. As humic compounds
cesses that could potentially be used to access N associatede flushed downriver and interact with more saline waters
with large organic compounds, such as humics. Experimentshe adsorbed NEi can be replaced with salt ions on the
have been conducted using dual-labeled humic substancdsimic structure, thereby making the newly released inor-
(**N, 13C) based on the assumption that if pino- or phago-ganic N directly available to phytoplankton and bacteria for
cytosis were used to take up the humics, boIN and3C  uptake. Studies of aquatic humics collected from three U.S.
would be taken up in the same stoichiometric ratio as theyeast coast rivers (York, Altamaha, and Satilla) confirmed the
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Table 1. Labile, semi-labile and refractory components of the DON References
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