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Abstract

Minerals and trace elements content and concentration in marine algae vary
depending on species morphology and physiology; as well as growing envi-
ronmental conditions. Despite this variability, accumulation of magnesium,
and especially iron, seems to be common in Chlorophyta; while Rhodophyta
and Heterokontophyta show higher affinity to manganese. The red agaro-
phyte Alsidium triquetrum was used to analyze the relationship between
metal concentration, environmental conditions and growth rate. Specimens
grown In situ showed a large variability of Fe, Mn, Mg, and Al in thallus tis-
sue concentrations. Further, a compelling relationship between the growth
rate and the thallus concentration of Mg and Mn, Zn, and Al was detected.
Manganese, unlike the other trace elements analyzed showed a positive linear
relationship between growth rate and tissue content during the period of
greatest vegetative growth.
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1. Introduction

Macroalgae have a high affinity and capacity to accumulate metals due to the
presence of polysaccharides in their cells [1]. Iron, copper, zinc, and manganese
are essential metals in biological metabolic pathways; however, these elements

can exhibit toxic effects on macroalgae at high concentrations [2].
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Because macroalgae have strong bioaccumulative capacities, their mineral
content can be up to 100 times higher than that of land vegetables [3]. Other
non-essential metals, such as mercury, lead and cadmium are also accumulated
in macroalgae [4]; potentially becoming a health issue to humans even in trace
amounts, if they are directly consumed [5].

Nutritional properties and chemical composition of algae are, highly depen-
dent on the species [6], locality [7], seasonality [8] [9] and growing conditions
[10] [11]. However, the majority of studies addressing metal content in ma-
croalgae tissue are linked to, among others, commercial important species of the
genera Gracilaria [12] and Gelidium [13], on massive bloom-forming species
such as Sargassum [14].

Alsidium triguetrum (S.G. Gmelin) Trevisan is very common in Caribbean
Reefs. While the exploitation of Alsidium gains momentum, fundamental
knowledge gaps related to the ecological-physiological relationship with growth
precursors such as Mn. One example is the limited information regarding micro
elements interactions between farmed macroalgae. Alsidium is known to be a
source of intermediate quality agar [15], of biogenic compounds [16], shows a
wide physiological tolerance to salinity [17], and supported several fastening
systems [18], making it an effective candidate for aquaculture [19].

In order to strengthen the knowledge about this species, the levels of tissue
accumulation of aluminum, iron, zinc, manganese, copper and magnesium in
Alsidium are analyzed and their possible relationship with in situ growth rates is

explored.

2. Materials and Methods
2.1. Study Area and Experimental Period

The research was carried out at two sites with different environmental condi-
tions. One of them in the interior of a shallow bay and other outside the bay in
the vicinity of the Institute of Oceanology at Havana Cuba (23°04'29"N,
82°2820"W). The area of the bay was of 15,487m?* and reaches an average depth
of 1.5 m, framed by two breakwaters that limit its entrance, approximately 25 m
wide (Figure 1(a)).

The bay has a bottom composed of the seagrass Thalassia testudinum,
rocks and sand in the inner half, and sandy-muddy sediments towards the vi-
cinity of its mouth. Two well-established seasonal periods govern the annual
cycle. One is the dry season, from November to April, corresponding to win-
ter, and another is the rainy season from May to October, coinciding with

summer.

2.2. General Methodology of the Experiments

Specimens of Alsidium triquetrum were collected from a bed in the vicinity of
the experimental site. Each thallus was vigorously cleaned with filtered seawater

to remove particles and epibionts. With them, a multipurpose experiment was
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Figure 1. Experimental zone of crop the Alsidium triquetrum. (a) study site; (b) Support structure used

to hold the ropes with bags with 6 cm holes, the arrow indicates (close up), suspended baskets attached

directly to the rope.

designed. Thirty pieces were sectioned into fragments of 25 and 50 g (wet weight =
ww) (n = 15 each), each fragment was inserted in a bag to avoid herbivory. The 30
bags were randomly installed onto three 10.5 m polypropylene ropes in such a way
that each rope held 10 bags separated one from the next by approximately 90 cm.
A squared structure consistent of iron piles inserted into concrete bases was dep-
loyed on a sandy-muddy bottom at a depth of 2.5 - 3.0 m to support bags with
cultures (Figure 1(b)) [for manufacturing methodology consult reference 19].

To determine the content of trace elements, and their relationship with
growth rate and tissular concentration of N, P, and K, bags with pieces of 50 g
were used. The experiment lasted 60 days both in summer and in winter. The
experimental period took place during the months of December-February, (he-
reafter referred to as winter), and in the wet season (June-August; hereafter re-
ferred to as summer). In each period, five bags were extracted every ten days to
be analyzed. In addition, a complementary experiment of collection and reple-
nishment of biomass every 30 days were done in the external zone (Figure 1(b);
n = 5), from March to October, during the months that best represent the peak
of growth of the species [15]. In the same locality, monthly records of the con-
tent of Al, Fe, Zn, Mn and Cu were also carried out at apexes and stipe of A. tri-
quetrum from the natural mantle. The data obtained were compared to the

growing experiment results.
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2.3. Samples Processes for Metal Content Estimations

The 50 g biomass from bags, as well as from specimens collected in the external
zone was cleaned of epibionts and inorganic residues and then washed in run-
ning water and dried in an oven at 60°C, until reaching constant weight. The
apical portions of specimens collected in the external zone were separated from
the stipe before drying. After drying, all material was grinded in a rotating mor-
tar mill of agate balls. The obtained material was sieved using a plastic mesh of
0.6 - 0.66 p. Subsequently, the samples, weighing 4 g, were treated with a con-
centrated mixture HCI:HNO;:H;O; in a ratio of 1:2:3. All the determinations
were made with two, three, or five replicates.

Estimation of Mg, Al, Fe, Zn, Mn, and Cu content were done using atomic
absorption spectrophotometer Pye Unicam SP-9-800 with air-acetylene flame.

For weighing, technical balances with an error of £0.1 g, or when necessary,

analytical balances of 0.0001 g precision were used.

Methods Used for the Determination of Nitrogen, Potassium,
Phosphorus and Ash Content

The phosphorus content was determined using the Jackson technique [20]. For
the estimation of nitrogen, the Kjeldahl method was used [21]. Potassium was
determined by flame photometry according to [22]. Ash content was obtained by

incineration in an oven at 500°C. For more details on the procedure see [16].

2.4. Data Sources and Numerical Procedures

The growth of A. triquetrum under culture the daily growth rate was calculated

as:
DGR [daily growth rate] = [(In W/InW)) 1/¢- 1] x 100

where In = natural logarithm, W, and W; are the wet weights of each thallus (g)
at time one and time zero, and (?) is the time in days [23]

Inferred Turbulence (IT) was calculated according to the expression:
(T) = [(4 + £/ £] X {[Z( Wen @)1/ [Z( Ween®@)* + 1]}

where £ = total number of observations in the period (including calm data), £ =
number of observations corresponding to marine semicircle according to wind
direction, 4 = number of observations corresponding to terrestrial semicircle
according to wind direction, W = wind speed of each observation, ® = angle
formed between the coastal line and heading of wind. As the index was not used
to compare water turbulence in different locations, data were not corrected con-
sidering fetch.

On-site temperature recordings were carried out with +£0.1°C precision ocea-
nographic thermometers. The monthly precipitation data (MPD) were referred
to the Institute of Meteorology, whose location is close to the working site and
were provided by this institution.

Results were expressed as the arithmetic mean bounded by extreme values or

by £1 SD When its variability was considered, it was quantified by mean devia-

DOI: 10.4236/ajps.2023.143022

326 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2023.143022

A. ). Areces et al.

tion (MD), standard deviation (SD), or the corrected coefficient of variation for
bias [24]. Homogeneity of variance was not reached even after transformation of
data; non-parametric test was used. For the contrast of two samples, Mann-
Whitney Statistic U and the Fisher Median and Exact Probability tests were
used, and for the verification of k independent samples, the analysis of variance
of a Kruskal-Wallis range classification was used [25]. Data analysis to assess
differences in the Daily growth Rate (DGR) and differences between apices and
stipe across seasons was conducted using the Mann-Whitney U test [26] with a
level of significance of 0.05.

The effect of growth on trace elements concentration in A. triguetrum bio-
mass was explored by means of predictive models using determination coeffi-
cient as adjustment criteria [15]. The relationship between trace elements con-
centration, environmental magnitudes and tissular concentration of biogenic
compounds different magnitudes were assessed by linear correlations employing
Pearson’s linear correlation coefficient.

The numerical calculation and production of the graphs used the systems Sta-
tistic 10 [27].

3. Results and Discussion
3.1. Growth Rates per Season and Site

The growth of A. triguetrum was shown to be markedly seasonal, a fact demon-
strated also under controlled conditions in laboratory experiments, where the
highest rate were obtained at 29.05°C - 29.19°C, a temperature quite similar to
mean water temperature in summer season [15]. When culture was held simul-
taneously in different environmental conditions; near its natural habitat and sub
superficially inside an enclosed area (Figure 1(a)), growth rate trends were sim-
ilar despite the differences in magnitude and showed an abrupt increase from

June, maximum magnitudes in July and a rapid decrease in August (Figure 2).

DGR
50 (% day™)
4.0' —:
3.01 i / 9
201 - 4.0
1.01 il ) o
0.01 AR 2.0
/ [\ | __‘_h 1.0
. m AU T 0.0
MAR APR MAY JUN JUL AUG SEP OCT
Figure 2. Seasonal trend of A. triquetrum DGR in two culture sites (— [fnear the bottom in the
vicinity of natural bed; --- superficially, inside an enclosed area). Vertical segments bounded by

extreme values (U, p < 0.035).

DOI: 10.4236/ajps.2023.143022

327 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2023.143022

A. ). Areces et al.

3.2. Dynamics of Trace Metal Content Considering Growth,
Environmental Factors and Biogenic Elements

The bioaccumulation of trace elements by marine autotrophs, is attributed to
transport [28]. It is also influenced by availability environment [29], and by dy-
namics of the speciation of the absorbed metal ion and the type of interaction it
has with other bioactive metals [30].

In macroalgae, bioaccumulation has been associated with the reproductive
cycle, the stage of development of the species, or the degree of affinity of the spe-
cies for the metal [31]. It is assumed that it is also related to the prevailing envi-
ronmental concentration, by the time of exposure, and by the age of the plant
[32] but few results related them to growth rate directly.

In spite of the obvious behavior of the seasonal growth of A. triguetrum, when
his trace metal content is only related to annual sampling time, any relationship
is hardly seen in a similar way as the growth rate variations observed. Neither
the content behavior of Al, Fe, Zn, Mn and Cu appear to be equivalent. When
the tissue concentration of the metal studied are related to the time of observa-
tion in the annual cycle only Zn and Mn showed a consistent increase between
spring and summer (Figure 3).

Manganese is available in dynamic and transition ion pathways, in the form of
Mn?* [33], and in the water column through chemical processes linked to oxida-
tive precipitation and adsorption on suspended particles of silt and clay [34]. It
is usually deposited on the seabed, where large quantities can accumulate unless
extreme events (Ze., storms, dredging and suspension) expose the element to

benthic communities [33].
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Figure 3. Seasonal dynamics of some trace elements concentration in A. triguetrum bran-
chlets analyzed from a natural bed near the experimental site.
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Manganese, like other metals of the first transition series, acts as a cofactor or
is part of prosthetic group of numerous metallo-enzymes and proteins. It is also
well known for its role in the reaction center of the photosystem II, in relation to
the conversion of water molecules, as well as in the transport of electrons and
oxygen [35] [36]. Concerning intermediate metabolism, also a linear relationship
between the rate of absorption of Zn and oxygen production has been demon-
strated [37], with the magnitude of this accumulation, being attributed to the
availability of organic N ligands in the cell [38].

The importance of some trace metals in plant metabolism and whether they
are linked to the DGR can be established considering the content that the plant
had in the period of the last sampling, and the DGR that the plant had in the pe-
riod preceding sampling, that is between the moment of sampling collection for
analysis and the date of the previous collection (Figures 4(c)-(f)).

When the content of Mg, Al and the trace elements tested is adjusted to pre-
dictive models considering DGR as independent variable (Table 1), the kinetics
of their accumulation in branchlets and young tissue could be seen easily. In the
case of Manganese, this ratio is direct and proportional and is represented, with
a high coefficient of determination, by a straight line (Table 1, Figure 4(c)).

Zinc, aluminum and magnesium experience a phenomenon of tissue dilution
when the rate of biomass generation is high. Based on the slope value for the first
derivative of each polygon (Mg = —1718.54; Al = -168.82; Zn = —30.79), this
process appears to be intense with the Zn. Therefore, with regard to DGR, only
Mn correlated direct and significantly (Table 2). If the absorption rate of
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Figure 4. Functional ratio of the magnesium, aluminum, and four trace elements content on the branchlet and
apex of A. triquetrum in relation to growth rate (DGR) of A. triquetrum during the period of greatest vegetative
development.
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Table 1. Numerical expressions with better-fit and representative coefficients of deter-
mination (r?), used to describe the relationship between the content of some metallic ele-
ments present in branchlets and apical portion of A. triguetrum and DGR of the plant.

Element Numerical model r?
Mg Mg = 864.40 + 527.38 (DGR) — 859.30 (DGR)? 0.870
Al Al =516.18 + 498.18 (DGR) — 79.41 (DGR)? 0.702
Zn Zn = 28.80 + 81.94 (DGR) — 15.40 (DGR)? 0.936

Mn Mn = 30.56 + 4.79 (DGR)

Table 2. Linear correlation coefficient of five trace elements presents in A. triquetrum,
with respect to the relative growth rate (DGR), its centesimal composition and the mag-
nitudes reached by three environmental variables during the stage of greatest beds devel-

opment.
Concentration (ug-g™) Al Fe Zn Mn Cu
Physical factors
IT 0.097 0.564* —0.142 —-0.494 —-0.490
AST (°C) 0.127 -0.461 —0.048 0.911** —0.011
MPA (mm) 0.100 -0.517% 0.535 0.169 0.626**
Macro elements
Na (ug-g*d. w) -0.134 -0.390 -0.412 0.684** 0.131
Mg 0.576** -0.160 0.551* 0.490 -0.231
K -0.206 -0.477 -0.219 0.775%** 0.211
N (% d. w.) -0.034 0.394 0.576** 0.223 —0.745%%*
P 0.020 0.504* 0.039 —0.837*** -0.132

Metabolic balance
RGR 0.311 -0.155 -0.028 0.896*** 0.490

IT = Inferred Turbulence; AST = Average surface temperature; MPA = Monthly precipi-
tation accumulation; d. w. = Dry weight; *p < 0.10; **p < 0.05; ***p < 0.001.

trace metals is independent of the growth rate of the plant, when DGR increase
the tissue concentration of the element usually decreases due to the overall re-
duction of the exposure time to the medium surrounding the thallus. This effect
was observed in Ulva Jactuca Linn., by [39] for Rb and Cd. The virtual “dilution”
of the content in metals such as the Mg, the Al and trace elements such as Zn, is
present in the apical portion of A. triguetrum when DGR increase.

Between the trace elements quantified in the apical tissue, Mn, Cu, Zn and Fe
correlates significantly in one way or other with macro elements linked to in-
termediate metabolism like magnesium, phosphorus, potassium and nitrogen
(Table 2).

The significant correlation between the Zn and N contents in A. triquetrum
(Table 2) could also postulate this fact. It is evident when the DGR is high and N
availability is limited, competition that can possibly occur between formation
and extraction in genesis of enzymes and structural proteins, is evidenced by the
research of [40].
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Attending to correlations with Inferred Turbulence (IT) and Monthly preci-
pitation accumulation (MPA), tissular Fe content seems to be linked to different
sources of this element in sea water during the annual cycle. Due to polar fronts,
in winter season the water turbulence enhances, and the suspension of sedi-
ments, is higher. In contrast, in summer increase of rain and consequently of
terrestrial runoff seems to be the main factor involved. Probably, this phenome-
non also determined the strong correlation seen between Cu and MPA due to
the presence of riverine pollution in the vicinity of the experimental place.

The increase in the tissue concentration of bioactive metals during the sum-
mer reflects their regulation at the metabolic level [41], which also holds for spe-
cimens from sites where nutrient availability is greater [42]. According to the
seasonal maxima of A. triquetrum specimens taken from wild beds, [Al (1204.6
+41.7 pg-g™* d. w), Fe (200.4 £ 31.7 pg-g™ d. w), Zn (67.3 + 10.8 pg-g™* d. w), Mn
(52.42 + 8.7 ug-g' d. w) y Cu (19.9 £ 5.5 ug-g™' d. w)], this apparent regularity
has been demonstrated.

The hierarchical ordering of these values, according to their magnitude, coin-
cides with the stoichiometric ratio proposed by [26] for the bioactive trace ele-
ments registered in the plankton. In order to attain maximum growth, nutrients
need to be supplied or acquired by the plant in a stoichiometrically balanced
manner [43] [44].

However, as for the ratio between Zn and Mn, at least in tropical and sub-
tropical areas, a significant percentage of the species evaluated by different au-
thors presented a higher content of Mn. Examples: for the Gulf of Mannar, Bay
of Bengal, 83.3% [45]; coast of Qatar, 66.7% [46] and for the north coast of Cu-
ba, 41.7% [39] [47].

In some cultivated terrestrial plants, the amount of Fe, Co and occasionally Zn
tends to be concentrated in their aerial tissues [48], and is markedly acropetal
[49]. Although translocation mechanisms in macroalgae can be quite different
from terrestrial plants [50], and their ecophysiological responses very peculiar,
there is also a similar relation according to distribution of these compounds and
possibly their metabolism in A. triquetrum.

The bioaccumulation of these elements in the thallus of agarophytes, although
can be associated with the age of the tissue, presented specific peculiarities. In
natural beds, the concentration of Al, Fe, and Zn in apical branchlets was
somewhat lower than in the oldest parts of the plant, as opposed to what hap-
pens with Mn and Cu, the magnitude of which is more than double (Table 3).

The effect of this heterogeneous distribution is well seen when, under culture,
the plant depresses for instance its growth and increase the proportion of stipes
and thick branches, in detriment of the newly formed tissue. That happened in
winter, when the rate of grown is lower and the fastening system used, hanging
bags, wasn’t the best. The differentiated loss of biomass resulting from unfavora-
ble growing conditions will result in an increase in both the ash content of the

sample and its trace element concentration (Figure 5). This enrichment process
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Table 3. Bioaccumulation of Al, Fe, Mn, Zn and Cu in two parts of the thallus of A. tri-
quetrum (Mean values + 1 SD) referred to four replicates.

Concentration (mg-g™ d. w.)

Element
Stipe Apical portion
Al 1000.1 £ 7.5 9723 +7.6
Fe 252.0 £ 3.2 225.0£4.3
Zn 59.6 £ 0.9 50.5+£2.5
Mn 65.1 £0.7 31.2+0.6
Cu 30.0t 1.6 114+ 09
winter ug-g-'(p-s) | summer ug-g-'(p-s)
12004 1700
1000+ F1500
800 1 1300
600 Al 1100
400 Al 1900
700+ 500
80 Fe F400
500+ L300
el Fe F200
180+ 180
1501 150
1204 L120
90+ 7N % oo
60+ ~¢ neg—o—9 L 60
304 Mni\H_H\ L30
ashes Biomass increase ashes
(%) @ 739 @ %)
130.0 k
124.0 K
63.01 o 9.0118. 163.0
6001 77 N 6.0112.0 160.0
57.09 / AN 3.016.0 +57.0
54.0¢ . T0. 154.0
51.01 - _. 307160 +51.0
49.04 Y 6.0712.0 r49.0
46'0'{ Days of cultivation Q:Q T18.0  Days of cultivation +46.0

10 20 30 40 50 60 10 20 30 40 50 60

Figure 5. Variation of the concentration of four trace elements in relation to the mean biomass increase (----) and
ash content (—). Analyses based on total specimens of Alsidium triquetrum grown for 60 days in opposite climatic
seasons. The culture technique tested prevented recovery and growth during the winter (Vertical heights equivalent
to 1 DE. Initial weight 50 g).

takes place due to the accumulation of detritus and the presence of abundant
epibionts on the affected fronds [51]. When this occurs, trace elements such as

Zn and Mn increase their variability concerning tissular content (CV = 31.9 and
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50.2% respectively in winter 23.1 vs 15.1 in summer). In addition, Mn increase
concentration meanwhile the proportion of ancient tissue increase in the thallus
(Figure 5).

The described process, if sufficiently intense, raises significantly in artificially
propagated plants the content of some trace elements with respect to those
coming from wild beds. This phenomenon masks the tendency toward an in-
crease in tissue concentrations of these elements during the summer when the
analysis was carried out using the entire plant. The decrease in relation to the
winter months was significant (U, p < 0.036) for all the trace metals studied. In
samples of apical tissue, it was confined only to Mn and Al (U, p < 0.016).

In multicellular models such as Alsidium triquetrum, the higher accumulation
of Mn and Cu in branchlets and apex suggest a greater relationship between
them than with other trace elements. If that is factual, the physiological regula-
tion of such interaction would be greater and can mask the differences between
the absorption rates of both elements, or their translocation [52]. For phytop-
lankton a competitive interaction of detoxifying effect has been demonstrated
between Mn and Cd [53] and, according to [54], in Rhodophyceae, or maybe
just red algae exist also antagonism effects between Fe [55], Zn [56] and Cu [57].
Considering Cu in particular, growth inhibition and deficiency manifestations
seem to depend on the ratio between the ionic concentrations of both elements
in the medium [30].

The absorption of Mn is physiologically regulated, and is linked to growth rate
to a greater degree than other trace elements [58]. Despite the importance of Mn
for photosynthesis and other processes, the physiological relevance of Mn uptake
and compartmentation in plants has been underrated [59]. This premise may
explain very well why, improved Mn uptake capacity will achieve in culture
higher growth and yield, even under suboptimal availability, by providing suffi-
cient Mn to PSII and thus increasing their photosynthetic efficiency. Neverthe-
less, Mn indeed from been a precursor to growth, as also demonstrated by the
results of [32], can cause the collapse of cell walls and irreversible metabolic
damage, a fact verified in Sargassum cymosum C. Agardh. Under experimental
conditions, it induced toxic effects at high concentrations, such as reduced
growth and diminishing the synthesis of photosynthetic pigments [35] [36].

In correspondence with DeBoer’s results [60], it is who suggested that man-
ganese and zinc, could limit growth of macroalgae in nature and demonstrated
experimentally in Ulva Jactuca [61], and in Sargassum cymosum [32], our data
also suggest that this phenomenon takes place with A. triguetrum.

Perhaps it underlies the assertion that macroalgae are among the best biologi-
cal indicators of the element Mn [62] [63], and because of its practical impor-
tance, this relationship should be explored more, specifically in controlled expe-
rimental conditions. Alsidium triquetrum and other macroalgae are considered
as biological models. Hence, the detection of Mn in the apice of A. triguetrum

can be used to evaluate the physiological status of the plant. Also due to its high
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concentration in stipe and basal branches, it could be used, together with Cu, to
monitor the quality of surrounding environment. This particular allocation is
not the same in other macroalgae models. It has been observed that in Laminaria
digitata (Hudson) JV Lamouroux the concentration of Mn was higher in distal
blade sections than in stipes, contrary to what was observed in Alsidium trique-
trum [64] (Table 3).

4. Conclusions

The on-site growth data of A. triquetrum and its association with the internal
concentration of five metals, some of them directly linked to plant metabolism,
indicated a differentiation between them in the bioaccumulation and transloca-
tion processes in relation to growth.

Apparently, the growth rate regulates the concentration of trace elements di-
rectly linked to metabolites such as Mg, Zn and Mn. The kinetics of these three
elements as also that of Al, suggests the existence of a tissue dilution process in
relation to growth rate. Manganese in particular showed a direct linear relation-
ship with growth.

If proven, this fact could have implications in the definition of physiological
criteria of feasibility and fertility on given sites in the the aim to develop culture
trials at different scales or for biomonitoring schedules to assess environmental
health.

Authors’ Contributions

AA, conceived and designed the experiments, analyzed the data, prepared fig-
ures, and reviewed all manuscript drafts. RC, prepared figures, and reviewed all
manuscript drafts. JDL prepared figures and worked on conceptualization and
analysis. LCV contributed to editing and reviewing all drafts of this manuscript.

All authors have read and agreed to the version of the manuscript submitted.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-
per.

References

[1] Davis, T.A., Volesky, B. and Mucci, A. (2003) A Review of the Biochemistry of
Heavy Metal Biosorption by Brown Algae. Water Research, 37, 4311-4333.
https://doi.org/10.1016/S0043-1354(03)00293-8

[2] Cabrita, A. R.J., Maia, M.R.G., Oliveira, H.M., Sousa-Pinto, I., Almeida, A.A., Pinto,
E. and Fonseca, A.J.M. (2016) Tracing Seaweeds as Mineral Sources for Farm-Animals.
Journal of Applied Phycology, 28, 3135-3150.
https://doi.org/10.1007/s10811-016-0839-y

[3] Ruperez, P. (2002) Mineral Content of Edible Marine Seaweeds. Food Chemistry,
79, 23-26. https://doi.org/10.1016/S0308-8146(02)00171-1

[4] Dhaneesh, K.V., Gopi, M., Noushad, K.M., Ganeshamurthy, R., Kumar, T.T.A. and

DOI: 10.4236/ajps.2023.143022

334 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2023.143022
https://doi.org/10.1016/S0043-1354(03)00293-8
https://doi.org/10.1007/s10811-016-0839-y
https://doi.org/10.1016/S0308-8146(02)00171-1

A. ). Areces et al.

(5]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Balasubramanian, T. (2012) Determination of Metal Levels in Thirteen Fish Species
from Lakshadweep Sea. Bulletin of Environmental Contamination and Toxicology,
88, 69-73. https://doi.org/10.1007/s00128-011-0459-9

Circuncisido, A.R., Catarino, M.D., Cardoso, S.M. and Silva, A.M.S. (2018) Minerals
from Macroalgae Origin: Health Benefits and Risks for Consumers. Marine Drugs,
16, Article No. 400. https://doi.org/10.3390/md 16110400

Gressler, V., Yokoya, N.S., Fujii, M.T., Colepicolo, P., Filho, J.M., Torres, R.P. and
Pinto, E. (2010) Lipid, Fatty Acid, Protein, Amino Acid and Ash Contents in Four
Brazilian Red Algae Species. Food Chemistry, 120, 585-590.
https://doi.org/10.1016/j.foodchem.2009.10.028

Marinho, G.S., Holdt, S.L. and Angelidaki, I. (2015) Seasonal Variations in the
Amino Acid Profile and Protein Nutritional Value of Saccharina latissima Culti-
vated in a Commercial IMTA System. Journal of Applied Phycology; 27, 1991-2000.
https://doi.org/10.1007/s10811-015-0546-0

Tala, F. and Chow, F. (2014) Ecophysiological Characteristics of Porphyra spp.
(Bangiophyceae, Rhodophyta): Seasonal and Latitudinal Variations in North-
ern-Central Chile. Journal of Applied Phycology; 26, 2159-2171.
https://doi.org/10.1007/s10811-014-0249-y

Zhou, A.Y., Robertson, J., Hamid, N., Ma, Q. and Lu, J. (2015) Changes in Total Ni-
trogen and Amino Acid Composition of New Zealand Undaria pinnatifida with
Growth, Location and Plant Parts. Food Chemistry, 186, 319-325.

https://doi.org/10.1016/j.foodchem.2014.06.016

Edding, M., Fonck, E., Acuiia, R. and Tala, F. (2008) Cultivation of Chondrus cana-
liculatus (C. Agardh) Greville (Gigartinales, Rhodophyta) in Controlled Environ-
ments. Aquaculture, 16, 283-295. https://doi.org/10.1007/s10499-007-9142-x

Abreu, M.H., Pereira, R., Yarish, C., Buschmann, A.H. and Sousa-Pinto, I. (2011)
IMTA with Gracilaria vermiculophylla: Productivity and Nutrient Removal Per-

formance of the Seaweed in a Land-Based Pilot Scale System. Aquaculture, 312,
77-87. https://doi.org/10.1016/j.aquaculture.2010.12.036

Redmond, S., Green, L., Yarish, C., Kim, J. and Neefus, C. (2014) New England Seaweed
Culture Handbook—Nursery Systems. Connecticut Sea Grant CTSG-14-01, 92 p.

Jayasinghe, G.D.T.M., Kamal Jinadasa, B.K.K.K. and Manoj Chinthaka, S.D. (2018)
Nutritional Composition and Heavy Metal Content of Five Tropical Seaweeds.
Open Science Journal of Analytical Chemistry, 3, 17-22.

Rodriguez-Martinez, R.E., Roy, P.D., Torrescano-Valle, N., Cabanillas-Teran, N.,
Carrillo-Dominguez, S., Collado-Vides, L., Garcia-Sanchez M. and van Tussen-
broek, B.I. (2020) Element Concentrations in Pelagic Sargassum along the Mexican
Caribbean Coast in 2018-2019. Peer], 8, €e8667. https://doi.org/10.7717/peerj.8667

Mallea, A.J.A., Cabrera, R. and Diaz-Larrea, J. (2020) Biotecnologia de agardfitas del
género Alsidium C. Agardh: Requerimientos para el cultivo. Editorial Académica

Espaiiola, London, 137 p.

Cabrera, R., Areces, A., Diaz-Larrea, J., Nufiez-Garcia, L.G. and Cruz-Avifa, J.
(2021) Influence of the Macronutrients N, P and K on the Agarophyte Alsidium
triguetrum (S. G. Gmelin) Trevisan, during Experimental Culture. American Jour-
nal of Plant Sciences, 12, 573-585. https://doi.org/10.4236/ajps.2021.124038

Areces, A.]. and Araujo, M. (1996) Influencia de la salinidad y la temperatura sobre el
crecimiento de Bryothamnion triquetrum (Gmelin) Howe (Rhodophyta: Rhodome-
laceae). Revista Biologia Tropical, 44, 449-454.

Areces, A.J. and Soberats, L.R. (1992) Optimizacién del cultivo in situ de Bryothamnion

DOI: 10.4236/ajps.2023.143022

335 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2023.143022
https://doi.org/10.1007/s00128-011-0459-9
https://doi.org/10.3390/md16110400
https://doi.org/10.1016/j.foodchem.2009.10.028
https://doi.org/10.1007/s10811-015-0546-0
https://doi.org/10.1007/s10811-014-0249-y
https://doi.org/10.1016/j.foodchem.2014.06.016
https://doi.org/10.1007/s10499-007-9142-x
https://doi.org/10.1016/j.aquaculture.2010.12.036
https://doi.org/10.7717/peerj.8667
https://doi.org/10.4236/ajps.2021.124038

A. ). Areces et al.

(19]

(20]

(21]

[22]

(23]

(24]
(25]

[26]
(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

triguetrum (Gmelin) Howe mediante evaluacion de diversos sistemas de sujecion.
Cliencias Biologicas, 18, 65-76. https://doi.org/10.7773/cm.v18i2.892

Areces, A.]., Cabrera, R. and Diaz-Larrea, J. (2022) Guia ilustrada para el cultivo in
situ de Alsidium triquetrum. Brazilian Journals Editora, Sao José dos Pinhais, 24 p.
https://doi.org/10.35587/brj.ed.0001359

Jackson, ML.I. (1970) Determinaciones del fosforo en los suelos. In: Andlisis Quimico
de los Suelos, Revolucionaria, La Habana, 213-216.

Kjeldahl, J. (1883) Neue Methode zur Bestimmung des Stickstoffs in organischen
Korpern. Zeitschrift fiir Analytische Chemie, 22, 366-382.
https://doi.org/10.1007/BF01338151

Chapman, H.D and Pratt, P.F. (1962) Methods of Analysis for Soils, Plants and
Waters. 93, 68. https://doi.org/10.1097/00010694-196201000-00015

Yong, Y.S,, Yong, W.T.L. and Anton, A. (2013) Analysis of Formulae for Determi-
nation of Seaweed Growth Rate. Journal of Applied Phycology, 25, 1831-1834.
https://doi.org/10.1007/s10811-013-0022-7

Sokal, R.R. and Rohlf, F.J. (1981) Biometry. 2nd Edition, W.H. Freeman, New York.

Siegel, S. (1972) Diseflo experimental no-paramétrico aplicado a las ciencias de la
conducta. Revolucionaria, La Habana, 346 p.

Zar, ].H. (2010) Biostatistical Analysis. 4th Edition, Prentice Hall, Hoboken, 944 p.

STATSOFT, Inc. (2004) STATISTICA (Data Analysis Software System), Version 7.
http://www.statsoft.com

Morel, FM.M., Hudson, R.J.M. and Price, N. M. (1991) Limitation of Productivity
by Trace Metals in the Sea. Limnology and Oceanography;, 36, 1742-1755.
https://doi.org/10.4319/10.1991.36.8.1742

Bilal, M., Rasheed, T., Sosa-Hernandez, J.E., Raza, A., Nabeel, F. and Igbal, H.M.N.
(2018) Biosorption: An Interplay between Marine Algae and Potentially Toxic Ele-

ments—A Review. Marine Drugs, 16, Article No. 65.
https://doi.org/10.3390/md16020065

Bruland, K.W., Donat, J.R. and Hutchins, D.A. (1991) Interactive Influences of
Bioactive Trace Metals on Biological Production in Oceanic Waters. Limnology and
Oceanography, 36, 1555-1577. https://doi.org/10.4319/10.1991.36.8.1555

Black, W.A.P. and Mitchell, R.L. (1952) Trace Elements in the Common Brown Al-

gae and in Sea Water. Journal of the Marine Biological Association of the United
Kingdom, 30, 575-584. https://doi.org/10.1017/50025315400012984

Costa, G.B., Simioni, C., Ramlov, E., Maraschin, M., Chow, F., Bouzon, Z.L. and
Schmidt, E.C. (2017) Effects of Manganese on the Physiology and Ultrastructure of
Sargassum cymosum. Environmental and Experimental Botany, 133, 24-34.
https://doi.org/10.1016/j.envexpbot.2016.09.007

Yeats, P.A. and Strain, P.M. (1990) The Oxidation of Manganese in Seawater: Rate
Constants Based on Field Data. Estuarine Coastal and Shelf Science, 31, 11-24.
https://doi.org/10.1016/0272-7714(90)90025-M

Kowalski, N., Dellwig, O., Beck, M., Grunwald, M., Badewien, T., Brumsack, H.-J.,
van Beusekom, J.E.E. and Béttcher, M.E. (2012) A Comparative Study of Manga-
nese Dynamics in the Water Column and Sediments of Intertidal Systems of the
North Sea. Estuarine Coastal and Shelf Science, 100, 3-17.
https://doi.org/10.1016/j.ecss.2011.03.011

Rai, L.C., Gaurx, J.P. and Kumar, H.D. (1981) Phycology and Heavy-Metal Pollu-
tion. Biological Review, 5, 99-151.
https://doi.org/10.1111/§.1469-185X.1981.tb00345.x

DOI: 10.4236/ajps.2023.143022

336 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2023.143022
https://doi.org/10.7773/cm.v18i2.892
https://doi.org/10.35587/brj.ed.0001359
https://doi.org/10.1007/BF01338151
https://doi.org/10.1097/00010694-196201000-00015
https://doi.org/10.1007/s10811-013-0022-7
http://www.statsoft.com/
https://doi.org/10.4319/lo.1991.36.8.1742
https://doi.org/10.3390/md16020065
https://doi.org/10.4319/lo.1991.36.8.1555
https://doi.org/10.1017/S0025315400012984
https://doi.org/10.1016/j.envexpbot.2016.09.007
https://doi.org/10.1016/0272-7714(90)90025-M
https://doi.org/10.1016/j.ecss.2011.03.011
https://doi.org/10.1111/j.1469-185X.1981.tb00345.x

A. ). Areces et al.

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

(44]

[45]

[46]

(47]

(48]

[49]

(50]

Millaleo, R., Reyes-Diaz, M., Ivanov, A.G., Mora, M.L. and Alberdi, M. (2010)
Manganese as Essential and Toxic Element for Plants: Transport, Accumulation and
Resistance Mechanisms. Journal of Soil Science and Plant Nutrition, 10, 476-494.
https://doi.org/10.4067/S0718-95162010000200008

Bachmann, R.W. and Odum, E.P. (1960) Uptake of Zinc * and Primary Productivi-
ty in Marine Benthic Algae. Limnology and Oceanography, 5, 349-355.
https://doi.org/10.4319/10.1960.5.4.0349

Rice, D.L. and Lapoint, B.E. (1981) Experimental Outdoor Studies with Ulva fascia-
ta Delille. II. Trace Metal Chemistry. Journal of Experimental Marine Biology and
Ecology, 54, 1-11. https://doi.org/10.1016/0022-0981(81)90098-8

Cabrera, R., Diaz-Larrea, J., Cano, M. and Areces, A.J. (2019) Abundance and
Components of the Ulva fasciata Delile 1813 Northern Coast of Havana City, Cuba.
Merit Research Journal of Microbiology and Biological Sciences, 7, 56-72.

Thompson, M.W. (2022) Regulation of Zinc-Dependent Enzymes by Metal Carrier
proteins. BioMetals, 35, 187-213. https://doi.org/10.1007/s10534-022-00373-w

Sawidis, T. and Voulgaropoulus, A.N. (1986) Seasonal Bioaccumulation of Iron,
Cobalt and Copper in Marine Algae from Thermaikos Gulf of the Northern Aegean
Sea, Greece. Marine Environmental Research, 19, 39-47.
https://doi.org/10.1016/0141-1136(86)90038-3

Ronnberg, O., Adjers, K., Ruokolahti, C. and Bondestan, M. (1990) Fucus vesiculo-
sus as an Indicator of Heavy Metal Availability in a Fish Farm Recipient in the
Northern Baltic Sea. Marine Pollution Bulletin, 21, 388-392.
https://doi.org/10.1016/0025-326X(90)90648-R

Aerts, R. and Chapin III, E.S. (2000) The Mineral Nutrition of Wild Plants Revi-
sited: A Re-Evaluation of Processes and Patterns. Advances in Ecological Research,
30, 1-67. https://doi.org/10.1016/S0065-2504(08)60016-1

Reef, R., Pandolfi, ].M. and Lovelock, C. E. (2012) The Effect of Nutrient Enrich-
ment on the Growth, Nucleic Acid Concentrations, and Elemental Stoichiometry of
Coral Reef Macroalgae. Ecology and Evolution, 2, 1985-1995.
https://doi.org/10.1002/ece3.330

Ganesan, M., Kannan, R., Rajendran, K., Govindasamy, C., Sampathkumar, P. and
Kannan, L. (1991) Trace Metals Distribution in Seaweeds of the Gulf of Mannar,
Bay of Bengal. Marine Pollution Bulletin, 22, 205-207.
https://doi.org/10.1016/0025-326X(91)90472-5

Kureishy, T.W. (1991) Heavy Metals in Algae around the Coast of Qatar. Marine
Pollution Bulletin, 22, 414-416. https://doi.org/10.1016/0025-326X(91)90347-U

Ramirez, M., Areces, A.J. and Gonzéilez, H. (1988) Concentracién de metales
pesados en macroalgas del litoral rocoso. Area no contaminada. Ciencias Bioldgicas,
19/20, 88-95.

Alberts, J.J., Price, M.T. and Kania, M. (1990) Metal Concentrations in Tissues of
Spartina alterniflora (Loisel.) and Sediments of Georgia Salt Marshes. Estuarine,
Coastal and Shelf Science, 30, 47-58. https://doi.org/10.1016/0272-7714(90)90076-4

D’Souza, T.J. and Mistry, K.B. (1979) Uptake and Distribution of Gamma-Emitting
Activation Products *°Fe, *3Co, **Mn and ®Zn in Plants. Environmental and Expe-

rimental Botany, 19, 193-200. https://doi.org/10.1016/0098-8472(79)90048-0

D’Armas, H., Jaramillo, C., D’Armas, M., Echavarria, A. and Valverde, P. (2019)
Proximate Composition of Several Green, Brown and Red Seaweeds from the Coast
of Ecuador. Revista de Biologia Tropical, 67, 61-68.
https://doi.org/10.15517/rbt.v67i1.33380

DOI: 10.4236/ajps.2023.143022

337 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2023.143022
https://doi.org/10.4067/S0718-95162010000200008
https://doi.org/10.4319/lo.1960.5.4.0349
https://doi.org/10.1016/0022-0981(81)90098-8
https://doi.org/10.1007/s10534-022-00373-w
https://doi.org/10.1016/0141-1136(86)90038-3
https://doi.org/10.1016/0025-326X(90)90648-R
https://doi.org/10.1016/S0065-2504(08)60016-1
https://doi.org/10.1002/ece3.330
https://doi.org/10.1016/0025-326X(91)90472-5
https://doi.org/10.1016/0025-326X(91)90347-U
https://doi.org/10.1016/0272-7714(90)90076-4
https://doi.org/10.1016/0098-8472(79)90048-0
https://doi.org/10.15517/rbt.v67i1.33380

A. ). Areces et al.

(51]

(52]

(53]

(54]

(55]

[56]

(57]

(58]

[59]

[60]

(61]

[62]

(63]

(64]

Cabrera, R., Areces, A.]., Diaz-Larrea, J., Sahu, S.K., Cruz-Avifia, J.R. and Nufiez
Garcia, L.G. (2022). Population Dynamics of Colonizing Fauna and Its Effect on
Growth Rates of the Farmed Red Alga Alsidium triquetrum (S.G. Gmelin) Trevisan.
Natural Science, 14, 42-55. https://doi.org/10.4236/ns.2022.142005

Milner, M.]., Seamon, J., Craft, E. and Kochian, L.V. (2013) Transport Properties of
Members of the ZIP Family in Plants and Their Role in Zn and Mn Homeostasis.
Journal of Experimental Botany, 64, 369-381. https://doi.org/10.1093/jxb/ers315

Rebhun, S. and Ben-Amotz, A. (1988) Antagonistic Effect of Manganese to Cad-
mium Toxicity in the Alga Dunaliella salina. Marine Ecology-Progress Series, 42,
97-104. https://doi.org/10.3354/meps042097

Souza, P.O., Ferreira, L.R., Pires, N.R.X,, Filho, P.].S., Duarte, F.A., Pereira, C.M.P.
and Mesko, M.F. (2012) Algae of Economic Importance That Accumulate Cad-
mium and Lead: A Review. Brazilian Journal of Pharmacognosy, 22, 825-837.
https://doi.org/10.1590/S0102-695X2012005000076

Harrison, G.I. and Morel, F.M.M. (1986) Response of the Marine Diatom 7halassi-
osiran weisstloogiito Iron Stress. Limnology and Oceanography, 5, 349-355.
https://doi.org/10.4319/10.1986.31.5.0989

Viljoen, J.J., Weir, L, Fietz, S., Cloete, R., Loock, J., Philibert, R. and Roychoudhury,
A.N. (2019). Links between the Phytoplankton Community Composition and Trace

Metal Distribution in Summer Surface Waters of the Atlantic Southern Ocean.
Frontier Marine Science, 6, 295. https://doi.org/10.3389/fmars.2019.00295

Kazumi, J., Zorkin, N. and Lewis, A.G. (1987) The Effect of Manganese-Copper In-
teractions on Growth of a Diatom in Water From a Manganese-Rich British Co-
lumbia Fjord. Estuarine, Coastal and Shelf Science, 25, 337-346.
https://doi.org/10.1016/0272-7714(87)90076-X

Alejandro, S., Holler, S., Meier, B. and Peiter, E. (2020) Manganese in Plants: From
Acquisition to Subcellular Allocation. Frontier in Plant Science, 11, Article 300.
https://doi.org/10.3389/fpls.2020.00300

Broadley, M., Brown, P., Cakmak, I., Rengel, Z. and Zhao, F. (2012) Function of
Nutrients: Micronutrients. In: Marschner, P., Ed., Marschner s Mineral Nutrition of
Higher Plants, 3rd Edition, San Diego, USA, 191-249.

https://doi.org/10.1016/B978-0-12-384905-2.00007-8

Deboer, J.A. (1981) The Marine Plant Resources and Their Aquaculture Potential in
Bahamas. A Report to the Fisheries Training and Development Project (BHA/78/001),
49 p.

Rice, D.L. (1984) A Simple Mass Transport Model for Metal Uptake by Marine Ma-
croalgae Growing at Different Rates. Journal of Experimental Marine Biology and

Ecology, 82, 175-182. https://doi.org/10.1016/0022-0981(84)90102-3

Zingde, M.D., Singbal, S.Y.S., Moroses, C.F. and Reddy, C.V.G. (1976) Arsenic,
Copper, Zinc and Manganese in Marine Flora and Fauna of Coastal Estuarine Wa-
ters Aroud Goa. Indian Journal of Geo- Marine Sciences, 5, 212-217.

Catsiki, V. A., Papathanassiou, E. and Bei, F. (1991) Heavy Metal Levels in Charac-
teristic Benthic Flora and Fauna in the Central Aegean Sea. Marine Pollution Bulle-

tin, 22, 566-569. https://doi.org/10.1016/0025-326X(91)90898-3

Stengel, D.B., McGrath, H. and Morrison, L.J. (2005) Tissue Cu, Fe and Mn Con-
centrations in Different-Aged and Different Functional Thallus Regions of Three
Brown Algae from Western Ireland. Estuarine, Coastal and Shelf Science, 65,
687-696. https://doi.org/10.1016/j.ecss.2005.07.003

DOI: 10.4236/ajps.2023.143022

338 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2023.143022
https://doi.org/10.4236/ns.2022.142005
https://doi.org/10.1093/jxb/ers315
https://doi.org/10.3354/meps042097
https://doi.org/10.1590/S0102-695X2012005000076
https://doi.org/10.4319/lo.1986.31.5.0989
https://doi.org/10.3389/fmars.2019.00295
https://doi.org/10.1016/0272-7714(87)90076-X
https://doi.org/10.3389/fpls.2020.00300
https://doi.org/10.1016/B978-0-12-384905-2.00007-8
https://doi.org/10.1016/0022-0981(84)90102-3
https://doi.org/10.1016/0025-326X(91)90898-3
https://doi.org/10.1016/j.ecss.2005.07.003

	Relationship of Trace Elements Concentration and Growth Rate in Alsidium triquetrum (Rhodophyta)
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods 
	2.1. Study Area and Experimental Period
	2.2. General Methodology of the Experiments 
	2.3. Samples Processes for Metal Content Estimations 
	Methods Used for the Determination of Nitrogen, Potassium, Phosphorus and Ash Content 

	2.4. Data Sources and Numerical Procedures 

	3. Results and Discussion 
	3.1. Growth Rates per Season and Site
	3.2. Dynamics of Trace Metal Content Considering Growth, Environmental Factors and Biogenic Elements 

	4. Conclusions
	Authors’ Contributions
	Conflicts of Interest
	References

