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Although dissolved organic phosphorus (DOP) is one of the major fractions of phos-
phorus in sea water!)?) and plays a significant role in the phosphorus cycling especially in
eutrophic coastal regions?) principal constituents or chemical species of DOP are little

45) This is also suggested by the usual analytical method of DOP because DOP in

known.
sea water is determined only by the difference between dissolved total phosphorus (DTP)
and dissolved inorganic phosphorus (DIP).9) Therefore, DOP hitherto determined is only
identified with “‘dissolved” and “‘unreactive” fraction of phosphorus.

In relation to the detailed characteristics of DOP, molecular weight of dissolved
organic matter in some many fresh water samples were studied,”)-8>?) but few studies
have been conducted so far on the molecular weight fractionation of DOP in sea water.
However, it has been experimentally demonstrated that some axenic culture of
phytoplankton could utilize organic phosphorus compounds!® and that DOP was
excreted into environmental medial!> 12 through algal lysis, and also through grazing
activity of zooplankton!®  Hence, it s very important to make clear the basic
constituents and degradation processes of DOP in sea water, and also utilization of DOP
by phytoplankton as phosphorus source.

This paper deals with firstly the molecular size fractionation of DOP in red tide sea
water, secondly changes of molecular size distribution during its decomposition and
thirdly the availability of DOP to the phytoplankton species isolated from red tide sea
water. This study will present basic informations to the biological processes in eutrophic
coastal environments especially in relation to the actual cycling of phosphorus in red tide
water,

MATERIALS AND METHODS

Molecular weight fractionation of DOP

Molecular weight fractionation by ultrafiltration was employed to characterize DOP
in sea water. As ultrafilter, Diaflo membrane (Amicon Co.) UM-05, UM-10 and XM-100
were used, sustaining molecular weight of which was approximately 500, 10000 and
100000 respectively. For filtering device, the ultrafiltration cell system (Amicon Co.
type 202; 200 ml) was used under nitrogen gass pressure in the laboratory controlled

at 10°C to avoid the deterioration of DOP during filtration.
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To determine the DOP concentration of each molecular size fraction, DOP concent-
ration of ultraconcentrate in the cell unit was firstly determined as the phosphorus
concentration of the ultrafiltrate was liable to be influenced by the effects of ultrafilters.
And then DOP concentration of each fraction was calculated by successive subtraction
(Table 1). Exceptionally, as to the only one fraction, molecular weight of which was
less than 500, DOP in the ultrafiltrate was directly analyzed and corrected by blank value.
Thus DOP was finally classified into four fractions, Fr.l to Fr.4, according to molecular
weight (Table 1). In these series of analysis, organic phosphorus was converted to ortho-
phosphate by potassium peroxodisulfate digestion based on the procedure of MENzEL
and Corwin'® and the resulting phosphate was determined by the method of

Mureny and RiLgy.!®

Table 1. Scheme for the molecular weight fractionation of DOP by
ultrafiliration and the approximate molecular weight range of
the individual fraction (Fr.1 — Fr.4).

DOP in ultraconcentrate by XM-100 :  Fr.1 (100000 <MW )
difference : Fr.2 ( 10000 < MW < 100000)
DOP in ultraconcentrate by UM-10
difference : Fr.3 (500 < MW < 10000 )
DOP in ultraconcentrate by UM-035
DOP in ultrafiltrate by UM-05 : Frd MW <500 )

Although to reveal the molecular weight fractionation of DOP in every type of sea
water is very important, usually DOP concentration in sea water is not so high as to
avoid the effects of relatively high blank value by ultrafilter. For this reason, DOP in
the red tide sea water in which DOP showed the highest concentration in the region was
studied in the present work.

Sample sea water was taken at Tajiri port in Fukuyama, Japan on June 13, 1975
when the sea was strongly discolored by red tide. The dominant species of phyto-
plankton in the red tide was found to be Heterosigma sp. Then sea water sample was
filtered through membrane filter (Millipore, HA) and filtrate was served for molecular
weight fractionation.

For measuring the change in molecular size distribution of DOP during storage, the
filtrate contained in glass bottle was kept in dark at 20°C and was served for successive
subsampling during 18 days. In this experiment, as only dissolved fraction of phosphorus
was analyzed, change in molecular weight of DOP and mineralization of DOP to DIP
could be exclusively observed.

DOP availability test

As a test organism Gymnodinium sp. (F-4 strain) was employed in the DOP availa-
bility test. This dinoflagellate was found as dominant species of the red tide occurred
off Fukuyama in September, 1973. The strain was isolated as an axenic culture from the
red tide sea water and usually chain forming. Physiolosical characteristics of the strain
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examined are presented in Table 2, which shows that this organism is relatively euryhaline
and require vitamin By and the growth is stimulated by thiamine and biotin. The
reaction of the organism to vitamin By, derivertives was classified in the Escherichia coli
type.

Table 2. Physiological characteristics of the test organism Gymnodinium
F-4 strain,

Chlorinity optimum range 8.0 - 12.0 ofoo
favorable range 6.5 - 18.0 ofoo
pH optimum point 8.5
favorable range 7.1 - 8.9
Nitrogenz) optimum source NH,Cl 3
optimum concentration 0.3 mg N/fI 3
favorable concentration 0.1 —~ 1.5 mg N/l )
Pl\OSpllOrllS4) optimum source K;HPO4 5
optimum concentration 0.3 mgP/1 )
favorable concentration 0.1 - 5.0 mg P/t )
Vitamin
Bia essential
optimum concentration 3 — 100 mug/l
response to derivertives Escherichia coil type
thiamine not essential but

growth promoting

biotin not essential but
growth promoting

1) Range attainable for half of the maximum growth.

2) NaNOs3, NH4Cl and urea were tested.,

3) NH4Cl was used as nitrogen source.

4) KoHPO4, Naj-glycerophosphate, adenylic acid and guanylic acid were tested.
5) K,HPO4 was used as phosphorus source.

In the culture experiment of the Gymnodinium strain, growth was compared in three
different types of media which stand for; (a) media containing individual molecular
weight fraction of DOP as a sole source of phosphorus, (b) media containing K, HPO, as
phosphorus, (¢) media containing glycerophosphate as phosphorus. In case of (b) and (c),
phosphorus was set up in ten different concentrations. Growth of the test organism was
compared at the stationary phase after 21 days of incubation at 20°C under 3000 Jux of
illumination,

Among those culture media preliminary tested which were ASP,, ASP, NTA, ASP,,
ASP,M, ASP,,, ASP,,NTA, Gymnodinium F-4 strain showed the most satisfactory
growth in the ASP;M medium, For this reason ASP,M was selected as a main base
medium of the examination together with ASP, NTA which was also served as auxiliary
base medium. Compositions of both media employed are presented in Table 3.
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Table 3. Composition of artificial sea water media ASP4M and ASP,NTA.

ASP7M ASP,NTA

DW 100 ml DW 100 ml
NaCl 25 ¢ NaCl 1.8 g
MgSOy4-TH, O 09 g MgSO4:TH20 0.5 g
KCl 70 mg KCl 60 mg
Ca (as CaCly) 30 mg Ca (as CaCly) 10 mg
NaNO3 5 mg NaNO3 5 mg
Naj-glycerophosphate 2 mg K2 HPOy 0.5 mg
Na, 8i0;-9H,0 7 mg Nay 8i04-9H, 0 15 mg
P I metals 1) 1 mi P Il metals 3 ml
S I metals?) 1 ml Nap CO, 3 mg
Fe (as Fe:EDTA) 30 g Fe (as FeCly) 50 ug
Vitamin mixture 13) 0.1 ml Vitamin By, 0.2 ug
Tris 0.1 g Vitamin mixture S34) 1 ug
NTA 7 mg Tris 0.1 g
pH 7.8 - 8.0 pH 7.8

1) One ml of P Il metals contains: Nag EDTA 1 mg, B (as H3BO3) 0.2 mg,
Fe (as FeCly) 10 ug, Mn (as MnCly) 40 pg, Zn (as ZnCly) 5 ug, Co (as
CoCly} 1 pg.

2) One ml of § II metals confains: Br (as NaBrO3) 1 mg, Sr {as SrCl,) 0.2

mg, Rb (as RbCI) 20 ug, Li (as LiCl) 20 ug, Mo (as NagMoOg4) 50 pg, 1

(as KI) 1 ug.

One ml of vitamin mixture I contains: Vitamin By 0.2 ug, biotin 1ug,

thinmine 0.1 mg.

One m! of vitamin mixture S3 contains: thiamine 0.05 g, nicotinic

acid 0.01 mg, Ca pantothenate 0.01 mg, p- aminobenzoic acid 1.0 pug,

biotin 0.1 ug, inositol 0.5 mg, folic acid 0.2 ug, thymine 0.3 mg.

3

<

4

~

It has been reported that not a few species of dinoflagellate can multiply to some
extent in the phosphate free media after new inoculation because the cell can reserve
enough phosphate for a successive few cell divisions. To avoid the influence of this
phenomenon known as excess uptake or luxury consumption of phosphate, starve culture
was made in the phosphate free ASP,M medium during 19 days to exhaust reserved
phosphorus in the cell, After that, these phosphate starving culture of Gymnodinium

was served to DOP availability test.

RESULTS

Molecular size distribution of DOP and its changes during decomposition

Molecular size distribution of DOP and its changes during the decomposition experi-
ment are shown in Fig.1l, which showed that DOP strongly dominated among dissolved
fraction of phosphorus at the initial stage. Therefore it was suggested that DIP were
found to be almost converted to DOP and to cell phosphorus of red tide organism in the
sampled sea water. Among DOP, the lowest molecular weight fraction (MW < 500 ;
Fr.4) was dominant at the initial stage. Next to Fr.4, the highest molecular weight
fraction (MW > 100000; Fr.1) occupied the second largest portion.
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During the time course of decomposition, the percentage of DOP in dissolved
phosphorus gradually decreased from 86% at the initial condition to 62% on the 18th
day on the contrary to the increase of DIP, which showed the obvious mineralization of
DOP (Fig.1). Mean mineralization rate itself decreased with time showing 0.101
ug-at/1/day in the first stage, 0.03 yg-at/1/day in the middle stage and 0.0017 ug-at/1/day
at the last stage of decomposition (Fig. 2).
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As to the change of individual fraction, decrease of Fr.1 with time stood for the
lowering of the molecular size in this fraction. The lowest molecular size fraction Fr.4
also decreased with time which showed that decomposition rate of this fraction was
higher than the producing rate of this fraction by the decomposition of larger molecules.
Hence as a result, the amount of the fraction is considered to decreased with time.

Although the variation of medium sized fraction Fr.2 and Fr.3 is not so simple to
interprete, changes until 9th day seemed to represent the lowering of the molecular
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size of Fr.1 and Fr.2 and simultaneous production of Fr.2 and Fr.3. Remarkable increase
of Fr.2 during the latter half of the experiment may denote not only the production of
Fr.2 by the decomposition of Fr.1 but also some synthetic process of DOP molecules by
use of Fr.3 and/or Fr.4. But the detailed process of synthesis could not be directly
identified in this study.

These results showed that the DOP investigated was composed not only of refractory
fractions but of easily decomposable fraction. This kind of labile DOP must be more
important in phosphorus cycling because that may be active in phosphorus trans-
formation through microbiological activities and liable to be used as phytoplankton
nutrient.

DOP availability test

Growth of Gymnodinium F-4 in ASP,M base media was compared between different
phosphorus sources, which were the individual molecular fraction of DOP and
Na, -glycerophosphate (Fig. 3). The results showed that in the standard series of glycero-
phosphate, the growth increased with phosphate concentration until about § mg P/1. In
this concentration range, phosphate was found to be limiting among many nutrients in

this culture system.
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Fig. 3 The effect of individual DOP fraciton (Fr.1—
Fr.4) as a sole source of phosphorus on
the growth of Gymnodinium sp. (solid circle).
The result of controlled experiment (open
circle) shows the growth by Na,-glycero-
phosphate at various concentrations. Both
experiments were conducted using the ASP,
M base media.

Accordingly, the DOP availability to the organism can be estimated by the relation
between phosphorus concentration and growth. From this point of view, the growth by
DOP Fr.1, 2, 4 except Fr.3 was generally found lower than the growth by glycerophos-
phate. This means that availability of these DOP fractions were low or growth inhibiting
substance was contained at the same time in those fractions.

On the other hand, by DOP Fr.3 (MW; 500-10000) Gymnodinium showed higher
growth than by glycerophosphate, which meant sufficient availability of the DOP fraction.
While growth stimulating substance contained in the molecular size fraction might be also
suggested because Fr.3 contained not only DOP but also whatever of the same molecular
size in the sea water tested.
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Another DOP availability test using ASP, NTA as base media showed that the growth
given by any of DOP fractions (Fr.1—Fr.4) exceeded that of controlled experiment given
by K, HPO, (Fig. 4). This result means firstly that ali of DOP fraction were efficiently
utilized as phosphorus sources. And secondly out of these four fractions, Fr.3 showed
the most remarkable effect on the growth also in this experiment.
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From these results of DOP availability test, it is concluded that any of four molecular
size fractions of DOP in the red tide sea water could be available to the Gymnodinium
strain as phosphorus sources, among which DOP Fr.3 (MW,' 500--10000) was especially
effective on the algal growth. Almost the same kind of result was led also by Doic et
al.¥® as to the effects of soil extracts on the Florida red tide organism Gymnodinium
breve.

DISCUSSION

The result that organic fraction occupied high percentage in total dissolved phos-
phorus in the sample sea water and that the molecular size distribution of DOP changed
in the relatively short period may support that DOP analyzed in the present study was
fresh metabolite or exudate of the red tide organism.

The changes in molecular size distribution of DOP was compared with those of DOC
studied by OGURA 17> 18 where sea water was obtained at Tokyo Bay and incubated in
the same condition as the present experiment (20°C in dark) during 41 days. Types of
ultrafilters employed were also the same. In the case of DOC, higher molecular fraction
was dominated in the first stage in contrast to the result of DOP fractionation. The DOC
fraction, molecular weight of which was higher than 10000 stood for more than 65% at
the initial condition of the experiment. The highest molecular weight fraction of DOC
(MW > 100000) did not show any remarkable decrease unlikely to the case of DOP.
The amount of the lowest molecular weight fraction of DOC (MW < 500) remained still
pretty high at even final stage of decomposition.

These comparison leads that DOP is more liable to be decomposed than DOC from
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the view point of molecular size changes, although sample examined was not exactly the
same. And it is also suggested that molecular weight of phosphorus containing organic
matter was smaller than that of non-phosphorus containing organic matter.

In the DOP availability test conducted, it is inevitable that each molecular size of
DOP fraction contains a small amount of reactive phosphate (DIP) as impurities which
may derived from decomposition of DOP or desorption from ultrafilters through ex-
perimental processes. Accordingly, the effect of concomitant DIP must be properly
estimated to evaluate the effect of DOP fractions., As the effect of DIP on the growth is
the same as that of K, HPQ,, corrected effect of DOP itself could be estimated.

As a result, the effect of concomitant DIP on the growth was unattainable to change
the conclusion that DOP was utilized as phosphorus sources because the effect of DOP
especially of Fr.3 was so obvious. For example, in case of Fig.4 the highest growth of
about 10000 cells/ml was attained in the lower concomitant DIP concentration of 36.7
ug P/1. In relation to the effect of the concomitant organic matter with DOP fractions,
PrakAsH and Rasum!? also made it clear that the low molecular weight fraction of
humic acid produced the greatest growth response in unialgal cultures of marine dino-
flagellates.

When DOP was utilized by the algae, it is not readily clear whether DOP was directly
used or utilized through DIP after mineralization during the incubation time. But taking
account of the another result that the same Gymrnodinium strain can grow by adenylic
acid or guanylic acid as a sole source of phosphorus in the same culture condition (Table
2), the direct utilization of DOP is also strongly suggested. If some parts of DOP were
utilized indirectly, this result is interpreted ecologically as that DOP fraction was utilized
after all in relatively short period of time, In the actual eutrophic condition, microbial
activities, for example in situ phosphatase activity, are so high that the proportion of the
indirect utilization of DOP might not be small.

Among dinoflagellate species which composed of red tide, some were experimentally
proved to utilize not only orthophosphate but organic phosphorus compounds such as
glycerophosphate and adenylic acid as phosphorus sources?®)  On the other hand,
chemical species of DOP in sea water have not yet been obvious. Furthermore, in situ
uptake of DOP by red tide organism has not almost been elucidated. Hence that the
known organic phosphorus compound is utilized by culture experiment does not mean
that DOP in sea water can be available in situ by phytoplankton.

However, the direct utilization of DOP suggested in this study seems to be very
important because the process means shortcut pathway of phosphorus cycle. The path-
way of phosphorus; phytoplankton - DOP - phytoplankton, may be more advantageous
to phytoplankton growth compared with usual pathway via mineralization of organic
phosphorus such as; phytoplankton - DOP - DIP —~ phytoplankton.  This kind of
shortcut pathway seem to play a important role especially at blooming of red tide
organisms.
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SUMMARY

Dissolved organic phosphorus (DOP) is one of the major forms of phosphorus in
coastal sea water. However, principal constituents, utilization and decomposition of DOP
in the sea are little known. This paper dealt with molecular size fractionation of DOP in
red tide sea water, changes of molecular size distribution during decomposition and
availability of DOP to phytoplankton.

For molecular weight (MW) fractionation, ultrafiltration using Diaflo membrane
UM-05, UM-10, MX-100 (retaining MW approx. 500, 10000, 100000 respectively) was
employed and DOP was fractionated into four fractions according to MW. In the initial
red tide sea water, the lowest MW fraction (MW < 500) was most predominant, followed
by the highest MW fraction (MW > 100000). During the incubation, DOP as a whole
gradually decomposed to DIP. The lowest MW fraction mineralized immediately and the
highest MW fraction also decomposed. While the intermediate MW fraction showed a
tendency to concentrate on the second highest MW fraction (10000 < MW < 100000).

The availabilty test of each molecular weight fraction of DOP to red tide organism
Gymnodinium sp. revealed that every DOP fraction was utilized as a sole source of
phosphorus, among them DOP Fr.3 (500 < MW < 10000) showed the most successful
effect on the growth. These results suggested the actual cycling and important role of
DOP in the eutrophic coastal region especially at blooming of phytoplankton.
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