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Abstract Alkaline phosphatase activity (APA) was de-
termined in 44 species of marine macrophytes collected
throughout 1991 and 1992 along the southern coast of
Spain. Activity varied between 0.83 pmol paranitrophenol
(pNP) released g~' dry wt h™' in Ulva rigida var. giganrea
and 238.8 pmol pNP g~ dry wt h™' in Bangia fuscopurpu-
rea. Using a histochemical method, APA sites were located
in five of these species: Corallina elongata Ellis et Soland,
Gelidium larifolium (Grev.) Thur. et Born., G. sesquipe-
dale (Clem.) Born. et Thur., Porphyra umbilicalis (L.)
Kiitzing and Zostera noltii Hornem. Enzymatic activity
was found in the outer part of the thallus, either on the cell
wall or in the cortical cells. In the marine phanerogam Z.
noltii activity was also located in the vascular bundle. The
results suggest that APA is present in many, if not all, ma-
rine macrophytes from southern Spain, and plays a rele-
vant role in the utilization of dissolved organic phosphorus
compounds.

Introduction

Alkaline phosphatase is a non-specific phosphomonoeste-
rase that hydrolyzes phosphate from organic phosphomo-
noesters (PME), a fraction that in lakes and coastal waters
may constitute between 10 and 70% of the dissolved or-
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ganic phosphorus pool (Taft et al. 1977; Kobori and Tuga
1979; Veldhuis et al. 1987).

There has been increasing evidence recently that phos-
phate is the factor limiting algal growth in a diversity of
marine environments, particularly in coastal waters (Sak-
shaug and Olsen 1986; Veldhuis et al. 1987; Wheeler and
Bjornsiiter 1992), and a consequent increasing interest in
the study of alkaline phosphatase activity (APA) in ben-
thic macroalgae from coastal and inshore waters (Atkin-
son 1987; Lapointe and O’Connell 1989; Weich and
Granéli 1989; Herndndez et al. 1993).

Previous studies on microalgae and bacteria have dem-
onstrated that APA is common in the outer surface of cells
(Kuenzler and Perras 1965; Cembella et al. 1983; Islam
and Whitton 1992), either in the cell wall (Matagne et al.
1976; Doonan and Jensen 1977) or at the plasmalemma
(Kuenzler and Perras 1965; Patni et al. 1974; Rivkin and
Swift 1980). In some cases, low activity has been detected
in cell organelles such as the chloroplast or mitochondria
(Aaronson and Patni 1976). Other studies have confirmed
the existence of extracellular APA (Grainger et al. 1989;
Lubidn et al. 1992). However, it is difficult to distinguish
whether the enzyme is actually excreted. or whether the
activity is a result of cell degradation (Cembella et al.
1983).

Histochemical studies to locate APA in cclls have been
carried out by several workers. Brandes and Elston (1956)
localized alkaline phosphatase on the cell wall of Chlorella
vulgaris; Wynne (1977) found APA mainly inside the cells
of Peridinium cinctum, while Islam and Whitton (1992) re-
corded it over the whole surface of the tapered trichomes
of Calorhrix D764. In studies on multicellular algae. his-
tochemical techniques have only been employed by Gib-
son and Whitton (1987), who used staining to reveal en-
zymatic activity in the cell wall and hairs of some species
of Chaetophorales. However, as far as we are aware, there
are no previous records of the histochemical localization
of APA in marine macrophytes.

During the present study, alkaline phosphatase activity
was recorded for a large number of species of benthic mac-
rophytes from the southern coast of Spain. The aim of the
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study was to screen the presence of alkaline phosphatase
in marine macrophytes and, using a histochemical method,
to locate the sites of activity in five selected widespread
species.

Materials and methods
Sampling sites

Plants were collected throughout 1991 and 1992 from four different
places along the southern coast of Spain (provinces of Mdlaga and
Cddiz. Fig. 1). Punta Carnero is a cape in the Straits of Gibraltar;
Palmones River estuary is a eutrophic, shallow estuary (0.9 m max-
imum depth), characterized by grcat energy input and high produc-
tion (Pérez-Llorens and Niell 1989). The estuary is situated in Alge-
ciras Bay, near the Straits of Gibraltar; Lagos and Maro are Medi-
terranean rocky shores on the eastern coast of Mdlaga. characterized
by clear waters and lower production than the Atlantic site (Punta
Carnero).

After collection, the plants were kept cool in darkness and trans-
ported to the laboratory in an iccbox. Epiphytes were carefully re-
moved and the plants were maintained (12 h max.) in renewed cul-
tures of aerated, filtered, natural seawater (pH 8.2) at a constant tem-
perature of 15°C and a photon-flux density of 150 pmol photon m™
57! (Sylvania, F 20W/D-RS).

Measurement of alkaline phosphatase activity

Alkaline phospharase activity was assayed in three replicate samples
by the method of Reichardt et al. (1967), as modified by Herndndez
et al. (1992). This method uses p-nitropheny! phosphate (pNPP} as
organic substrate. Macrophytes (0.25 to 0.5 g wet wi) were incubat-
ed in a medium containing 50 ml of 10™* M pNPP and 50 m] of
0.1 M Tris-HC) buffer. pH 8.3. Both reagents were dissolved in fil-
tered (0.2 um) artificial seawater of negligible phosphate concentra-
tion and 35%S (Kalle 1945 as cited in Riley and Skirrow 1945, p.
601), Air was bubbled continuously during the assay (o oxygenate
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Fig. 1 Sampling sites

and stir the medium, After 45 min incubation at 25°C and 200 pmol
photon m™ 5", the ahsorbance was read at 410 nm against a blank
(buffer and substrate solution without plant) in a Beckman DU-7
spectrophotometer. Activity is reported as pmol paranitrophenol
(pNP) released g~' dry wih™'

Statistics

The significance of differences in APA umong locations or taxonom-
ical divisions was tested by a non-paurametric ANOVA test (Krusk-
al and Wallis 1952) a1 the 5% signilicance level. Multiple post-hoc
comparisons were performed by a non-parametric Tukey test. using
Dunn’s (1964} correction to estimate the ~tmndard error (SE), Com-
parison between two means was performed by a Siudent’s 7-test (Fish-
er [925).

Histochemical localization of alkaline phosphutase activiny

APA in the planis was located histochemically using a maodification
of the method proposed by Gomori (1939). which uses S-glycero-
phosphate as a substrate. Thalli were cul in a cryostate (Reichert-
Jung 2800 Frigocut) at -25°C. The sections (10 pm wide) were
mounted on clean glass slides coated with a 0.1% (wt/vol) solution
of poly-L-lysine (Sigma). The slides were then immersed in the as-
say medium. This medium was composed of 10 ml §-glycerophos-
phate (3% wt/vol). 10 ml barbital (5% wi/vol). 15 m! anhydrous
CaCl, (2% wt/vol). 10 ml MgSQ, (2% wt/vol) and 5 ml soivent me-
dium. All the solutions were made up using 0.5 M NaCl as the sol-
vent medium. After 85 min incubation a1t 29°C, and a rinse in run-
ning water (1 min), the sites of the alkaline phosphatase activity were
determined by incubating the sections as follows: § minin CO(NO;).
(0.5% wt/vol). 3 minrinse in running water, 2 min in (NH,),5 (0.5%
v/v), and a final rinsc of 10 min in running water, APA sites were in-
dicated by a black or brownish black precipitate of cobalt sulfide.
Finally. the sections were mounted in Aquatex jelly (Merck) for light
microscopy observation. The stained sections were compared against
a blank (sections incubated in a medium of assay without substrate).

Results

Alkaline phosphatase activity wus detected in all marine
macrophytes assayed (44 species). including the three di-
visions of benthic macroalgae (Chlorophy ta. Rhodophyta
and Phaeophyta) and marine phuncrogams («Table [). Ac-
tivity varied widely among species. from (L83 ymol pNP
gl dry wth™in Ulva vivida var, givaiiea o 238.8 pmol
pPNP e dey wih in Banew riscopurpurea. Most species
(72 1 display ed an APA or <20 gmaol pNP ¢ dry wth™!
(Fig. 21 withmost activities cenerally Iving between 4 and
6 umal pNPg¢ “dry wih A tew species (23 ) displayed
activities of >60 umol pNP + drv wih ' ¢Fig, 2).

Mean APA wus highest 1 the Phacophyia and lowest
in the murine phanerozam~ Tuble 21 A non-parametric
ANOVA testreveuled sigmincant ditterences among means
(7=0.016). However.utthe 5 sizmificance level. the post-
hoc comparison Lest fnded e detect differences between
any pair of means. although the APA of the Phaeophyta
differed from that ot the Chlorepihy e and marine phaner-
ogams at the 107 Jevel.

APA wax highestin ~pecios coliected at Mare and low-
est in species ftom Paimoeres River - Table 310 A non-par-
ametric ANOVA fest rovewcd that difterence i activities



Table 1 Alkaline phosphatase
activity (pmol pNP g™' dry wt
h™' +SD: means of 3 replicatcs)
of benthic marine macrophytes
collected from coast of Mdlaga
and Cédiz. Assays were per-
tormed at pH 8.3 and 25°C
tpNP paranitrophenol)
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Division,
Order.
Species

Estuarine Mediterranean

Lagos Maro

Atlantic

Chlorophyta

Cladophorales
Chaetomorpha aerea
Codiales
Codium adhaerens
C. decorticatum
Siphonocladales
Valonia urricularis
Ulvales
Enternpmorpha linza
Ulva gigantea
U. rigida

Rhodophyta

Bangiales

Bangia fuscopurpurea

Porphyra umbilicalis
Ceramiales

Ceramium rubrum

Bostrychia scorpivides

Laurencia pinnaiifida

Prerosiphonia complanata
Cryptonemiates

Pevssonnelia coriacea

Amphirou rigida

Coralling elongata

Jania rubens
Gigartinales

Gigariina acicularis

Gracilaria bursa-pastoris
Gigartinales

Schizymenia dubyi

Plocamium cartilagineum

Gymnogongrus norvegicus

Schortera nicaensis

Rissoella verruculosa
Nemaliales

Asparagopsis armata

A. armara (phase Falkenbergia rufolanosa)

Gelidium latifolium

G. pusiltum

G. sesquipedale
Pterocladia capillacea
Nemalion helminthoides

Phaeophyta

Dictyotales
Dicivopreris membranacea
Dilophus ligulatus
Padina pavonia
Fucales
Cystoseira compressa
C. mediterranea
C. tamariscifolia
Fucus spiralis
Scyctosiphonales
Colpomenia sinuosa
Sphacelariales
Cladostephus verticillutus
Halopteris filicina

Marine phanerogams (seagrasses)

Posidonia oceanica
Zostera marina (leaf)
Z. noltii (leaf)

Z. noltii (stem)

Z. noltii {root}

77.5%+6.3
0.8+0.10
6.4+09

238.8+13.3
187.6+33.4

5.1+0.1 :
8.1x0.5

12.8+3.4
7.540.2

27.9x46
1.420.5

17.4+0.5
18.9+0.03

2.8x20.3 5.3+0.1

17.7+6.5
30.07+4.06
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Fig. 2 Frequency distribution of alkaline phosphatase uctivity in
marine macrophytes ussayed, showing skewed distribution towards
low values ol enzymatic activity (pNP paranitrophenol)

Table 2 Meun alkaline phosphatase activity (APA: pmol pNP g !
dry wt h ¥ in three divisions of macroalgac and marine phanero-
gams (seagrasses) (n number of species assayed in cach division:
PNP paranitrophenol)

Division () APA £SE

Chlorophyta (8) 220+ 97
Rhaodaphyia (29 37.2 =111
Phucophyta (h 7101203
Marine phancrogams (H 6.9 = 1.6

Table 3 Moaun ulkaline phosphatase activity (APA, pmol pNP g !
dry wih 'y inospecies from four sampling sites (1 number of specics
assayed trom cach location: pNP paranitrophenol)

Location (1 APA£SE

Punta Carnero (25) 132+ 8.4
Palmones (4) 4.3+ 2.1
Lagos 5 70.7+36.9
Muro (17 48.7x17.6

between the sampling sites was almost significant (p=
0.054). However. when the two Mediterrancan locations
(Lagos and Maro) were combined and compared to the At-
lantic site (Punta Carnero) a significant difference among
means emerged (p=0.032). A post-hoc comparison
showed that the APA of the species from the Palmones
River estuary was significantly lower than that of species
from the Punta Carnero or the Mediterranean locations.
Moreover, in all those cases where one and the sume spe-
cies was sampled from different sampling sites (with the
exception of Ulva rigida), the activities of Punta Carnero
(Atlantic) individuals were significantly lower than those
of individuals from Lagos or Maro (Mediterranean).
Figs. 3 and 4 show the sites of APA in the five species
selected for histochemical assays. For all these species, a
stained section was compared with a section incubated in
the absence of substrate. [n Corallina elongara (Fig. 3A,

B), the APA was located in the monolayer of cortical cells
(epithallial cells). Phycobiliproteins were found mainly in
a lower cell layer (vegetative initial cells), but these cells
lost their characteristic red cojour after the assay, probably
because of pigment thermolability (incubations were per-
formed at 29 °C). In Gelidium latifolium (Fig, 3C, D), APA
was located specifically in the outer region of smaller cells
(cortex). However, in G. sesquipedale (Fig. 3E. F) the
APA was clearly revealed on the thick external cell wall,
whereas the cortex displayed no difference in APA com-
pared to the control. Porphyra nmbilicalis also exhibited
APA on the thick external cell wall (Fig. 3G. H) but, in
contrast 1o G. sesquipedale, activity was apparent only on
one side of the alga. Finally, in Zostera noltii (Fig. 4) the
reaction was somewhat masked by the green colour of the
chlorophylls in the epidermal cells. However. 1wo charac-
teristics were determined. First, as in £ wmbilicalis. APA
occurred mainly on one side of the leaves (Fig. 4 A); and
second, the activity was confined specifically 1o two sites:
the epidermal cells (Fig. 4C) and the vascular bundle (Fig.
4D).

Discussion and conclusions
Alkalinc phosphatase in marine macrophytes

There are but few APA data reported in the literature with
which to compare the APA data obtained in the present
study. Lapointe and O'Conncll (1989) measured APA in
eight specics of macroalgae from inshore waters of Ber-
muda. The activities they recorded (converted to the same
units as used in the present study) ranged from 21.5 pmol
pNP ¢~ dry wth " in Cladophora prolifera to =1 pmol
pNP g='dry wi h™' for Codium taviori. Although Lapointe
and O"Connell incubated the algac at 18 °C, the APA val-
ues they found all fell within the first interval of APA val-
ues recorded in our study (0 10 20 pmol pNP ¢ ' dry wt
h™'. Fig. 2).

For microalgie. APA is usuully expressed as pM sub-
strate released per unit time (e.g. Pick 1987: Heath and
Francko 1988) ar in units narmalized by some other bio-
mass indicator such as chlorophyll cells. or mg protein
{e.g. Burkholder and Wetzel 1990: Van Boekel and Veld-
huis 1990 Lubidn et al. 1992), making a comparison with
the results of the present work impossible. Exceptions are
the studies of Whitton et al. (1990). who reported a cell-
bound phosphomonoesterase activity value of =510 umol
pNP g™' dry wt h™' for Nostoe commune at pH 8.3, and
Grainger et al. (1989). who reported a cell-bound APA of
=3.75 mmol pNP ¢~' dry wt h™" for the cyanobacterium
Calothrix parieting, also at pH 8.3, A maximum activity
of 28 mmol pNP g™' dry wt h™' (at pH 12.2) was found for
C. viguieri (Mahasneh et al. 1990), and recently, Whitton
et al. (1991) reported cell-bound APA values between 2,91
and 5.24 mmol pNP ¢~' dry wt h™' for several cyanobac-
terial strains (at pH 10.3). All these previous studies in mi-
croaigae were carried out at 32 °C and a lower initial sub-
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Fig. 4 Zostera noltii. Gomori staining, revealing localization of al-
kaline phosphatase activity (black, brownish-black precipitates) on
teaves. A Positive rcaction; B control; C detail of a section showing
main positive reaction in epidermal cells of one side of a leaf; D de-
tail of positive reaction in a vascular bundle. (Scale bars = 100 pm in
A, B and 50 pm in C, D) (ec epidermal cells; vb vascular bundle))

strate concentration (250 uM pNPP vs 500 pM in our
study). However, it seems clear that the APA values re-
corded for microalgae are undoubtly higher than those re-
ported for macroalgae. This difference may have arisen
from the high phosphate demand of the planktonic species,
with a consequent higher PME turnover rate. Differences
in the surface:volume ratio have also been proposed to ex-
plain disparities in APA (Aaronson and Patni 1976). In the
present study, most of the highest APA values were re-
corded in leafy or branched species with a high surface:
volume ratio (i.e., Enteromorpha linza, Porphyra wmbili-
calis, Dilophus ligulatus, Fig. 2). Similarly, Wallentinus
(1984) found that phosphate uptake rates were faster in fil-
amentous species such as Ceramium tenuicorne than in
species with more fleshy thalli.

APA was found in all the marine benthic macrophytes
examined in the present study. This suggests that this en-
zyme plays an important role in phosphorus metabolism

(Wetzel 1981; Boavida and Heath 1986; Pick 1987). How-
ever, the activities shown in Table 1 were not constant over
time. It has been well documented that APA changes sea-
sonally (Wynne 1977; Herndndez et al. 1993) and is influ-
enced by external or/and internal phosphate concentrations
(Rhee 1973; Healey 1982; Gage and Gorham 1985;
Herndndez et al. 1992), with higher APA values during pe-
riods of phosphorus deficiency.

Nevertheless, some conclusions can be drawn from the
data in Table 1. The highest APA was recorded for the
Phaeophyta, whereas the lowest activity was found in the
marine phanerogams. Although the non-parametric
ANOVA test was significant. no differences were detected
between any pair of means. However, at the 10% signifi-
cance level, the APA level in the Phaeophyta was signifi-
cantly different from that in the Chlorophyta and the ma-
rine phanerogams. This simply reflects the fact that Type
I errors are more likely to occur in multiple-comparison
testing than with an ANOVA (Zar 1984).

The lowest APA was found in the marine phanerogams.
In seagrasses, phosphate may be assimilated not only
through the leaves but also through the roots (Denny 1972;
Penhale and Thayer 1980), which still retain many func-
tional characteristics of terrestrial plants (Tomlinson
1980). Phosphorus in the interstitial water may be enough



to meet seagrass growth for up to =3 yr (Patriguin 1972),
We do not have data on the sediments of Maro; however,
the soluble reactive phosphorus (SRP) content of the inter-
stitial water (0 to 5 cm depth) of the Palmones River estu-
ary was high (mean 15 uM: Clavero et al. 1991), whilst the
mean PME concentration in the water was 0.3 uM through-
out the year (Herndndez et al. 1994). All these factors may
contribute to limit the necessity for high APA in seagrasses.
Moreover, the total phosphorus content is generally higher
in seagrasses than in macroalgae, as demonstrated by Du-
arte (1992) in an extensive study. The inverse relationship
between APA and phosphorus content has been demon-
strated in other studies (e.g. Wynne 1981: Gage and Gor-
ham 1985; Hernéndez et al. 1993).

The species collected in the Palmones River estuary,
which is a eutrophic estuary chracterized by a great energy
input and consequent high production (Pérez-Llorens and
Niell 1989), displayed the lowest activity. At this site the
mean SRP throughout the year was 3.89 pM (SE=1.13)
(Clavero et al. 1992), a perceptibly higher value than the
phosphate concentrations observed at the rest of the sam-
pling sites. Furthermore, the mean APA in the species col-
lected from the Atlantic location (Punta Carnero), was
lower than the mean APA in species collected from the
Mediterranean sampling sites (Lagos and Maro). This is
most clearly demonstrated by comparing the activity of
species collected in Punta Carnero with data for the same
species from a Mediterranean site (Table 1). The APA
differences were inversely related to environmental nutri-
ent supplies, especially NO3 and SRP. which are vsually
higher at Punta Carnero (Torres 1986; Niell et al. 1989;
Herndndez et al, 1993). Lower APA levels in species from
localities with constantly higher phosphate concentrations
suggest an inverse relationship between APA and external
phosphate concentration, as described in other studies
(Healey 1973; Smith and Kalff 1981; Jansson et al. [988).

Finally, we failed to relate APA levels to vertical distri-
bution, zonation or intertidal location of the species, but
this possibility should be tested in future studies.

Localization of enzyme activity

Herndndez et al. (1992) tound that APA in Porphyra um-
hilicalis is significantly influenced by salinity. Distilled
water and low salinities strongly inhibit the activity of this
enzyme. For histochemical purposes, the use of a 0.5 M
NaCl solution as a solvent medium allows sections to be
incubated in salinity conditions close to those of natural
environment, thus obviating the possible influence of de-
viations from natural conditions.

In the four macroalgae assayed, APA was stained on the
outer part of the thallus. In Gelidium sesquipedale and Por-
phyra umbilicalis (Fig. 3E, G) activity was clearly identi-
ried on the external cell wall, as has been shown for Chlo-
rella vulgaris (Brandes and Elston 1956). In Corallina
clongata and Gelidium latifolium (Fig. 3 A, C) activity was
in the cortical cells. Unfortunately, it was not possible to
Jistinguish whether the site of the activity was on the cell
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wall, the plasmalemma, or even in the whole cell as in Peri-
dinium cintum (Wynne 1977). However, the external loca-
tion on the thallus suggests that alkaline phosphatase hy-
drolyzes the external PMEs, utilizing them as an additional
source of phosphate.

APA was revealed at two sites in the leaves of Zostera
noltil: in the epidermal cells and the vascular bundle (Fig.
4). The APA located in the vascular bundle may reflect the
unspecific phosphomonoesterase activity of substrates
translocated through the leaves. Although phosphorus is
transferred to the xylem stream mainly as phosphate (Bi-
eleski and Ferguson [985), phosphatase is present in small
amounts in the bleeding sap of vascular plants (Bieleski
1973); this is possibly related to hydrolysis of esters such
as phosphatyl choline (Maizel et al. 1956). which is the
main component of the organic phosphorus fraction of the
sap of vascular plants.

In the two species that grow parallel to the substrate,
especially at low tide, APA was stained mainly on one sur-
face of the blades (Porphyvra umbilicalis) or on one side of
the leaves (Zostera noltii) only. This suggests some degree
of asymmetry arising from different rates of enzyme syn-
thesis by the upper and lower surfaces. Leaves of sub-
merged aquatic plants such as Elodea canadensis, E. nut-
tallii, Egeria densa and Potamogeton lucens exhibit a po-
lar reaction in light (Helder and Boerma 1973). Upon illu-
mination, the medium on the lower leaf surface is acidi-
fied whereas the upper surface becomes more alkaline (El-
zenga and Prins 1989). The rate of synthesis of alkaline
phosphatase could differ between the upper and lower sur-
face, being higher on the surface exposed to light. In Por-
phyra umbilicalis and Z. noltii, APA is largely dependent
on pH, with maximum APA being achieved at pH 8.8
(Hernédndez et al. 1992; Herndndez et al. 1994). This pH
may easily be attained during direct exposure to sunlight,
when active photosynthesis occurs.
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