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A B S T R A C T   

Macroalgae cultivation shows potential for the application as emerging feedstock for microbial fermentation to 
produce biochemicals. However, metal residues in macroalgae might affect the fermentation capacity of relevant 
microorganisms. This aspect is currently not considered when selecting macroalgae and microorganism species 
for microbial fermentation. To consider this aspect for selecting viable macroalgae and microorganism species, 
we link metal exposure in bioreactors from macroalgae residues to ecotoxicological test results for relevant 
microorganisms. Our results indicate that estimated bioreactor concentrations for most metals are below 
microorganism effect levels. For copper and hexavalent chromium, however, reactor concentrations might 
exceed relevant effect levels for at least some considered microorganism species. Adjusting water hardness in the 
bioreactor as well as selecting algae harvest location and macroalgae species might minimize metal exposure to 
fermenting microorganisms, in support of optimizing the biorefining process for biochemical production.   

1. Introduction 

Macroalgae are being increasingly explored as possibly viable bio- 
resource for a variety of purposes including bioremediation treatments 
[1], cattle feed [2] and bio-refinement processes for biofuel and 
biochemical production [3,4]. The use of macroalgae as alternative 
feedstock in bio-refinement processes is an important aspect to support a 
growing and viable bioeconomy [4–8]. Several advantages have been 
identified when comparing macroalgae to other feedstocks that are 
derived from terrestrial crops. First, due to a higher photosynthetic ef-
ficiency, aquatic autotrophic biomass is up to four times more intrinsi-
cally productive than any terrestrial autotrophic biomass [9]. Second, 
macroalgae farming does not exert pressure on freshwater resources or 
arable land and in consequence is not in competition with terrestrial 
food production systems, such as agricultural crops or cattle [10]. Third, 
algae are ubiquitous to most of the coastal water ecosystems worldwide, 
resulting in a high supply security [11]. Finally, using macroalgae as 
feedstock for biochemicals based on microbial fermentation can eradi-
cate the need for fertilisers and pesticides required in the production of 

various other biomass sources. In contrast to fertility issues of 
land-based crops, seawater environments often suffer from nutrient in-
puts from coastal activities such as fish farms [12], whereas pesticides 
are used to a much lesser extent in these environments [13]. 

Despite the various advantages of macroalgae over other bio- 
feedstocks, there are also challenges that need to be overcome before 
macroalgae-based biochemical production as early-stage technology can 
reach industry scale production levels [14]. One challenge is related to 
technological barriers, such as energy-intensive biomass drying and 
large seasonal variation in biomass composition [15]. An additional 
challenge is that carbohydrates available in macroalgae tissue for 
fermentation are often of different nature, more diverse, and appear in 
lower concentrations than those present in other feedstock sources [16]. 
Hence, suitable algae species for biorefining purposes along with 
respective pre-treatment operations and fermenting microorganisms are 
important and interlinked choices to make that can greatly influence the 
performance of the resulting biochemical production system. An over-
view of different macroalgae species used in bioethanol production is 
given in Table 1. Geographical distribution [17], carbohydrate 

* Corresponding author. 
** Corresponding author. Centre for Environmental and Climate Research, Lund University, Lund, Sweden. 

E-mail addresses: raul.lopez_i_losada@cec.lu.se (R. López i Losada), pefan@dtu.dk (P. Fantke).  
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composition, growth rate and technical readiness of industrial-scale 
farming techniques [5] have so far been relevant selection criteria for 
algae feedstock. 

In addition to these aspects, possible accumulation of unwanted 
hazardous chemicals—especially metals—in macroalgae feedstock 
might negatively affect the performance of the chosen fermenting mi-
croorganisms. Metal pollutants in coastal areas and their bio-
accumulation potential in macroalgae are widely acknowledged [18, 
19]. Hence, the use of cultivated macroalgae will depend, amongst 
others, on metal accumulation levels in algae tissue as function of in-
dividual algae species and metal bioavailability [18]. Some metals are, 
however, important in small quantities for microbial life to thrive. This 
depends on microbial species and the fermentation pathway, and they 
are usually referred to as trace metals. Such trace metals are in fact 
crucial for the fermentation process, where they can act as catalysts [20, 
21] or even inhibit key biological processes in their absence [22]. Hence, 
trace metals are often added in the amounts needed [23], while any 
additional residues from macroalgae feedstock would pose a possible 
risk for the microorganisms used in the fermentation process. 

For producing biochemicals, macroalgae tissues are added to a 
bioreactor for fermentation purposes after harvesting and relevant pre- 
treatment operations (e.g. milling, drying and chemical pre-treatment). 
Through this procedure, undesired metal residues can expose and 
reduce the efficiency of the microorganisms that are used in the 

fermentation process by inducing various kinds of toxicity-related ef-
fects [24]. Metal toxicity for microorganisms has already been reported 
to be a source of concern in other fields, where processes rely on mi-
croorganisms. This includes inhibition of microbial respiration in acti-
vated sludge in wastewater treatment [25] or fermentation inhibition in 
wine production due to metal content in grape pulp [26]. In conse-
quence, a better understanding of metal toxicity is necessary for opti-
mizing microbial fermentation processes for biochemical production. 
Different microorganism species show different levels of response to 
residual metal exposure concentrations in macroalgae (and other) 
feedstock; and furthermore different metals exhibit different ecotoxic 
potency to given microorganisms [27,28]. These factors will have to be 
considered in the selection of feedstock species and fermentation mi-
croorganisms. Additionally, different technologies might be applied to 
decrease metal concentrations in fermentation tanks where necessary 
[29,30]. Table 2 provides an overview of the most important bio-
chemicals in terms of global production volume and related most com-
mon microorganism species used for microbial fermentation. 

Despite its relevance, the accumulation of metals in harvested algae 
feedstock and the vulnerability of fermentation microorganisms toward 
exposure to metal residues in macroalgae are currently not considered as 
criteria for selecting algae and microorganism species for biorefining 
purposes. Furthermore, it is not known for which macroalgae genus- 
microorganism combinations potential toxicity of a metal accumulated 
in the macroalgae tissue can be a limiting factor in fermentation. To 
address these gaps, we quantify potential exposure and related toxicity 
impacts for microorganisms used in biochemicals fermentation pro-
cesses based on metal residues in macroalgae feedstock. We thereby 
address two specific objectives, namely to (a) assess levels of metal 
pollution in coastal marine macroalgae species used as feedstock for 
biochemical production, and (b) explore potential ecotoxicological im-
pacts of contaminated macroalgae on microorganisms used in 
biochemical production processes by comparing potential exposure 
levels to effect potency information for microorganisms. With the pre-
sent study, we aim to contribute to improving decision-making criteria 
for the selection of macroalgae and microorganism species for 
biochemical production in support of achieving technical viability of 
large-scale macroalgae biorefining technologies. First, we describe the 
followed approach, then present and discuss results, and finally outline 
our main conclusions and future research needs. 

Table 1 
Most relevant macroalgae species used in biochemical production.  

Algae species Bioethanol yield1 

(g/100 g) 
Sugar conversion 
efficiency1 (% w/w) 

Market 
share2 (%) 

Laminaria 
japonica 

41 78 32.61 

Eucheuma spp. 33 86 22.11 
Kappaphycus 

alvarezii 
53 91 11.88 

Gracilaria spp. 47 94 10.88 
Gracilaria 

verrucosa 
43 84 7.3 

Sargassum spp. 17 33 0.5 
Gelidium amansii 38 74 0.01 
Saccharina 

japonica 
34 67 <0.01 

Chaetomorpha 
linum 

44 77 <0.01 

Ulva fasciata 47 88 <0.01 

1Source [31,32]: 
2Percent of global macroalgae farming sector. Source [5]: 

Table 2 
Most important biochemicals in terms of global production volume, market share and most common organisms used for their microbial fermentation.  

Biochemical Global production volume 
(1000 t/yr) 

Market share 
(%) 

Preferred microorganism species 

Ethanol 71,310 93 Saccharomyces cerevisiae, Zymomonas mobilis, Escherichia coli 
Acetic acid 1357 10 Acetobacter spp., Moorella thermoacetica 
n-Butanol 590 20 Clostridium spp., Escherichia coli, Clostridium beijerinckii, Pyrococcus furiosus, Lactobacillus spp., Saccharomyces 

cerevisiae 
Lactic acid 472 100 Rhizopus oryzae, Sporolactobacillus 
Ethylene 

glycol 
425 1.5 Escherichia coli 

Ethylene 200 0.2 Escherichia coli, Penicillium digitatum, Pseudomonas syringae 
Acetone 174 3.2 Clostridium acetobutylicum 
Sorbitol 164 100 Zymomonas mobilis 
Xylitol 160 100 Candida tropicalis 
1,3- 

Propanediol 
45 n/a Clostridium butyricum, Clostridium acetobutylicum, Escherichia coli 

Succinic acid 30 n/a Actinobacillus succinogenes, Anaerobiospirillum succiniciproducens, Mannheimia succiniciproducens, Escherichia 
coli, Corynebacterium glutamicum 

1,4-Butanediol <10 n/a Escherichia coli 

1Source [16]: 
2Percent of global production volume per chemical. 
3Source [33]: 
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2. Methods 

2.1. Conceptual assessment framework 

To link concentrations of metals found in macroalgae to potential 
effects on fermenting microorganisms, we followed the general impact 
pathway approach [34]. This approach is consistent with ecotoxicity 
impact pathways modelled for characterizing human toxicity and 
freshwater ecotoxicity impacts, widely applied in life cycle impact 
assessment, chemical substitution and comparative risk screening [35, 
82]. In the present study, we want to link concentrations of metals in 
macroalgae to effects of these metals on fermenting microorganisms as 
outlined in Fig. 1. 

Linking metal residues to microorganism effects requires either 
starting from measured concentration in macroalgae feedstock or esti-
mating such residues based on measured background concentrations in 
coastal marine water, and translating these macroalgae residues into 
metal concentrations in the bioreactor water tank, which contains the 
exposed fermentation microorganisms. Finally, the estimated exposure 
concentrations are compared to related hazardous concentrations, 
which are specific for each fermentation organism species. This ulti-
mately yields a ranking of macroalgae-microorganism combinations in 
terms of metal exposure and effect potential. However, instead of 
applying the entire multimedia fate of the metals, we focused the direct 
pathway from macroalgae to the water tank of a batch bioreactor to 
capture the specific effect of residue impacts on microorganisms for 
biochemicals production. For estimating ecotoxicological effects of 
metal residues, we followed the latest recommendations of the ecotox-
icity taskforce of the Life Cycle Initiative hosted at the United Nations 
Environment Programme [36]. This taskforce recommends for ecotox-
icity impact modelling deriving the 20th percentile of a species sensi-
tivity distribution (SSD) curve as hazard concentration based on 10% 
effect concentration (EC10) data across exposed ecosystem species. 

2.2. Quantification of exposure 

To determine residual metal concentrations in macroalgae, 
measured data are preferred. Whenever such data are not readily 
available, mass-based metal concentrations in dry weight (dw) algae 
tissue, Calgae (mg/kg dw), can be estimated from measured metal back-
ground concentrations in surrounding coastal marine water, Cwater (mg/ 
L), based on the bioconcentration factor, BCFalgae (L/kg dw), as: 

Calgae = Cwater × BCFalgae (1)  

where BCFalgae cumulatively accounts for all relevant uptake mecha-
nisms of metals from coastal marine water into macroalgae tissue [37]. 
Assuming that macroalgae dry weight biomass is then inserted into 
batch bioreactor water tanks, where microorganisms use the macroalgae 
as feedstock for biochemical production via fermentation, we subse-
quently estimate the related metal concentration in the water of the 
bioreactor tank, Cwater,reactor [mg/L], as: 

Cwater,reactor = DFalgae × Calgae (2)  

where an empirical algae-related dilution factor of DFalgae = 0.05 kg dw/ 
L is used. The dilution factor was derived from an average of 5 g dry 
weight of macroalgae biomass per 100 mL demineralised water in the 
bioreactor tank, assuming bacterial and trace volumes to be negligible 
[38]. We assumed no loss of a metal over the time between macroalgae 
harvest in coastal marine water and the time the macroalgae are inserted 
into the bioreactor water tank, and that the entire residual metal content 
in macroalgae is bioavailable to the fermentation microorganisms, 
yielding somewhat conservative water tank concentration estimates. 
With that, Cwater,reactor represents the estimated exposure concentration 
of the relevant microorganisms in the bioreactor tank toward metal 
residues in dry weight macroalgae feedstock. This exposure concentra-
tion is ultimately compared with quantifiable estimates of ecotoxico-
logical effects. 

Fig. 1. Conceptual map describing the approach followed for estimating and comparing exposure of fermenting microorganisms to metal residues in macro-
algae feedstock. 
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2.3. Quantification of ecotoxicological effects 

To determine the ecotoxicological effect potential of the residual 
metal concentrations in the bioreactor water tank, we used as reference 
metric the effect concentration at which 10% of a given microorganism 
species exhibits a given chronic effect, EC10 (mg/L). In case chronic 
EC10 data are rate or not available, they can be extrapolated from other 
chronic or acute endpoints (see e.g. Refs. [39]), and are expressed as 
chronic EC10 equivalents, EC10eq (mg/L). If EC10eq are available for 
various relevant microorganism species used in fermentation of mac-
roalgae for biochemical production, they are a direct indicator of dif-
ferences in microorganism vulnerability toward exposure to a given 
metal. If EC10eq are only available for few or none of the relevant 
microorganism species, we additionally determine from all available 
EC10eq across microorganisms a metal-specific hazard concentration, 
HC20 (mg/L), as reference concentration where 20% of exposed 
microorganism species in a SSD exhibit an effect above their 
species-specific EC10eq. The 20th percentile was selected because five 
data points (five microbial species) are sufficient to derive an HC20 
value without the need to extrapolate the SSD beyond the existing data 
[36]. It gives an indication of the general ecotoxicity potential of a given 
metal as compared to other metals, while it does not allow comparing 
individual microorganisms used in the bioreactor water tank for 
biochemical production. The HC20 is generally derived from arithmetic 
mean, μln, and standard deviation, σln, of the log-normally distributed, 
available chronic EC10eq data points for all considered species, and the 
z-value of this distribution corresponding to 20th percentile, z0.2, as: 

HC20 = exp(μln + z0.2 × σln) (3)  

with: 

μln = ln μ −
σ2

ln

2
, σln =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ln
(

1 +
σ2

μ2

)√

(4)  

where μ and σ are respectively the arithmetic mean and standard devi-
ation of the normal distribution of the underlying EC10eq data: 

μ =
1
n
×
∑n

i=1
(EC10eq

i ), σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
×
∑n

i=1
(EC10eq

i − μ)2

√

(5) 

To account for the influence of base cations on metal ecotoxicity in 
the bioreactor, we introduced a correction of HC20 to account for dif-
ferences in water hardness between soft water used under laboratory 
setups and water used in an industrial bioreactor containing marine 
water-grown macroalgae feedstock. This correction uses ecotoxicologi-
cal effects in reference soft water as benchmark according to water 
quality guidelines [40]. Following this approach, we estimated the 
water hardness in the bioreactor water tank based on considering levels 
of calcium (Ca) and magnesium (Mg) carried by macroalgae feedstock 
tissue, expressed as equivalents of calcium carbonate (CaCO3). 
Maximum and minimum measured Ca and Mg concentrations were used 
to derive a water hardness range in the present study, from which 
related corrected minimum and maximum bioreactor HC20′ (mg/L) 
were obtained as [40,41]: 

HC20’ = HC20 ×

(
CCaCO3

Cref
CaCO3

)β

(6)  

where CCaCO3 (mg/L) is the estimated permanent water hardness in the 
bioreactor water tank expressed as equivalent water concentration of 
CaCO3, Cref

CaCO3
= 30 mg/L is the reference (soft) water hardness, i.e. the 

reference water concentration of CaCO3, and β is a metal-specific factor 
in the range from 0.82 to 1.27. Factor β is derived from taking into 
consideration different parameters relating to metal speciation in water, 
such as pH, valence, and organic and inorganic complexation, in order to 

adjust ecotoxicity effect estimates for background water hardness [41]. 
Since no β was available for Hg and Cr(VI) in the applied guidelines, 
related water hardness has been corrected for Hg using β from Pb as 
another non-essential metal and using β from Cr(III) for Cr(VI). When-
ever sufficient effect data are available to distinguish effects on different 
microorganism species, the water hardness correction can also be 
applied at the level of microorganism species-specific EC10eq. 

2.4. Collection of macroalgae residue and microorganism effect data 

Metal concentrations in macroalgae are derived from experimental 
literature data for tissue of different coastal marine macroalgae species. 
This data is reported base on total metal concentration per dry weight of 
algae tissue. We assumed that metals occur in their most common 
oxidation state in marine water under realistic pH and temperature 
ranges [42]. We considered for any given coastal marine water macro-
algae species reported data from all available locations worldwide. 
However, only studies including reported background concentrations of 
metals in coastal marine water were included to allow for a derivation of 
metal-specific BCFalgae. To obtain measured data, we used specific search 
terms in Scopus, namely TITLE-ABS-KEY (macroalgae AND metal AND 
concentration AND seawater OR sea AND water). Resulting documents 
were subsequently screened one by one for sources, which provided 
experimental metal concentration data in both macroalgae tissue and 
respective coastal marine water environments. Any sources reporting 
results from purely laboratory conditions were disregarded to arrive at a 
dataset reflecting real world conditions. 

Ecotoxicological effect data for microorganisms used in the 
fermentation of macroalgae biomass are derived for most typical mi-
crobial species involved in fermentation processes within the biorefining 
industry (see Table 2). In order to arrive at a robust dataset, we 
considered all effect endpoints that can be extrapolated to an EC10eq, 
namely EC10, EC20 and EC50 representing effect concentrations where 
respectively 10, 20 and 50% of exposed organisms show a response, as 
well as lowest observable effect concentrations (LOEC) and no-observed 
effect concentrations (NOEC). All metal elements were considered 
relevant for our study. However, we applied a set of systematic criteria 
to arrive at a reliable ecotoxicity dataset. (a) The reported data should be 
based on experiments carried out in controlled environments, thus 
excluding sewage water or other media, where certain attributes such as 
water hardness or pH remain unknown and uncontrolled. (b) The data 
for a given metal should cover at least three different microorganism 
species as a minimum coverage pre-requisite to ensure an adequate 
derivation of a SSD [43]. (c) The data should be based on experiments 
with reported hardness, which has consistently been shown to influence 
observed microorganism ecotoxicity [44,45]. (d) Finally, the data 
should be reported as total dissolved concentrations. Speciation of 
metals in the ecotoxicity test media was not considered to ensure 
consistent comparison with predicted metal concentrations at the 
reactor level based on total metal concentration measurements from 
algae tissue. Microorganism ecotoxicity data where gathered using 
specific search terms in Scopus, namely TITLE-ABS-KEY (toxicity AND 
metal OR inorganic AND cerevisiae OR acetobacter OR zymomonas OR coli 
OR moorella OR clostridium OR pyrococcus OR lactobacillus OR candida 
OR beijerinckii OR pseudomonas OR rhizopus) AND ALL (EC50 OR IC50 
OR EC10 OR EC20 OR LOEC OR NOEC). Through these search terms, 
data reported for microorganism species not included in our dataset (i.e. 
species not listed in Table 2) were disregarded, along with data where 
experiments were specifically carried out in media not relevant for our 
study (e.g. soil). Effect endpoints other than EC10 as well as acute data 
were converted into chronic EC10eq, applying recently developed 
extrapolation factors [39]. Many of our reported data points are EC20, 
for which no extrapolation factors exist toward EC10. In order to 
nevertheless account for the available EC20 data, we assumed no sta-
tistically significant difference between EC20 and EC10 [46]. 
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3. Results and discussion 

3.1. Overview of collected data 

As starting point for estimating exposure of microorganisms to metal 
residues in macroalgae feedstock (see Fig. 1, left side), we compiled in a 
first dataset a list of n = 934 data points of reported concentrations for 
25 metals in tissue of various brown, green and red macroalgae genera, 
for which related metal concentrations in coastal marine water were also 
reported. Data points were collected from nine peer-reviewed scientific 
articles [2,47–54]. Fig. 2 provides an overview of the range of consid-
ered macroalgae genera and the number of data points reported for each 
macroalgae genus-metal combination. The full dataset is provided in the 
Supplementary Data (Table S1). Across metals, data range from more 
than 50 reported concentration values for Cu, Cd, Zn, Pb, and Cr to a 
single value for Ti. Most data are available for green algae (n = 413), of 
which half is reported for various Ulva species, followed by red algae 
(n = 280) and finally brown algae (n = 263). Most data points per 
macroalgae species are reported for Cladophoropsis membranacea, Hyp-
nea hamulosa and Padina gymnospora (n = 51 each), while ten species 
have less than eight reported data points. Studies reported metal con-
centrations in coastal marine water and macroalgae from different re-
gions. Data were reported mostly from the Aegean Sea (n = 565), 
including the Gulf of Thessaloniki, Greece (n = 390). Additional regions 
with reported data are the Persian Gulf (n = 153), the Gulf of Aqaba, 
near Aqaba City in Jordan (n = 60), the coast of Sicily (n = 60), the 
Baltic Sea near the Polish coast (n = 36), the Philippines (n = 30), and 
the South Pacific Ocean along the coast of the Biobío region in central 
Chile (n = 30). 

Considering that numerous macroalgae species occur along a wide 
range of continental coasts [55,56], metal concentrations in water and 
macroalgae of other regions should also be studied in order to provide a 
more comprehensive picture of metal contamination and distribution 
across a large set of macroalgae species relevant for microbial fermen-
tation. This includes extending the coverage toward species currently 
used for biochemical production (including bioethanol for biofuel pro-
duction) as listed in Table 1, of which only species of Gracilaria as 
market-relevant (i.e. >1% market share) macroalgae genus is covered in 
our concentration dataset. 

As starting point for estimating ecotoxicological effects of microor-
ganisms exposed to metals brought into bioreactor water tanks via 
macroalgae feedstock (see Fig. 1, right side), we compiled in a second 
dataset a list of n = 57 data points of reported ecotoxicological effect 
information that is available for seven metals tested on microorganism 

species used in microbial fermentation. Data points were collected from 
12 peer-reviewed scientific articles [24,57–67]. Fig. 3 provides a sum-
mary of the range of microorganism species for which ecotoxicological 
test results for metals are available. Across seven metals with available 
information, test results range from 11 data points for Hg to three data 
points for Pb. Effect data are only available for three microorganism 
genera, namely Pseudomonas (n = 35) with five tested species domi-
nated by P. fluorescens (n = 24), Saccharomyces (n = 8) with S. cerevisiae 
as only reported species, and Escherichia (n = 10) with E. coli as only 
species. While test results are available for six different effect endpoints, 
they all either relate to inhibition of microbial growth (n = 30), of mi-
crobial respiration including ferricyanide-mediated toxicity (n = 20), or 
of microbial activity including metabolic and resazurin reduction inhi-
bition as indicator of cell viability (n = 7). Across these endpoints, 25 
data points are reported as EC20 and 29 as EC50 (i.e. effect concentra-
tions where respectively 20% and 50% of exposed organisms show an 
effect over background), and only three data points are reported as 
NOEC (no-observed effect concentration). 

The limited number of available ecotoxicological test results for 
microorganism species relevant for microbial fermentation demon-
strates that additional efforts are required to test or estimate effects of 
metals on the wide range of potentially viable microorganisms. Such 
efforts may start from the data that are becoming increasingly available 
for example under the European chemicals regulation or from data gap 
filling methods at the level of species group or even individual species 
[39,68,69]. In addition, also the microorganism species coverage needs 
to be extended—only three of the 20 microorganism species listed in 
Table 2 are effectively covered by our ecotoxicological test results 
dataset. 

3.2. Bioaccumulation in macroalgae 

For estimating exposure of microorganisms to macroalgae metal 
residues, we analysed reported metal concentrations in the tissue of 
different brown, green and red macroalgae genera. Residual metal 
concentrations in macroalgae tissue was plotted as function of the 
related metal concentration in surrounding coastal marine water. Fig. 4 
presents the resulting 934 data points, plotting concentrations in dry 
weight macroalgae tissue as function on of the corresponding total (n =

391) or dissolved (n = 543) concentration in coastal marine water. 
Overall, we observe a wide range of concentrations within and across 

metals, since our dataset covers different areas, including some highly 
polluted regions, such as the Southern Baltic Sea, which is mainly due to 
high industrial metal emissions into rivers draining into the Baltic Sea 
[70]. Highest total concentrations in coastal marine water are found for 
the trace elements Na (1360 mg/L) in the Southern Baltic Sea near 
Poland, and for Mg (1497 mg/L) and S (986 mg/L) in the Persian Gulf. 
Several metal-macroalgae species combinations show especially large 
variability across reported water concentrations. Largest variability of a 
factor 498 is found in brown algae species Padina gymnospora for Pb, 

Fig. 2. Overview of reported data (n = 934) of metal concentrations in tissue 
of various brown, green and red macroalgae genera, for which also respective 
metal concentrations in coastal marine water were reported in the same study. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. Overview of reported data (n = 57) of metal ecotoxicological test re-
sults in various microorganism species used for microbial fermentation. Data 
represent bivalent metal forms except for chromium, which is hexavalent. 
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ranging from 0.0267 μg/L in Emam Hassam to 13.3 μg/L in the Nayband 
Bay, both in the Persian Gulf. The observed large variability in metal 
concentrations and bioaccumulation in algae can generally be explained 
by a combination of seasonally varying environmental and metabolic 
factors. Previous studies have reported differences of up to two orders of 
magnitude in metal concentrations in algae tissue within the same year, 
and highlighted the effect of growth dynamics as a main driver to ac-
count for seasonal variability [48,71,72]. 

This high within-metal variability along with fitting the concentra-
tion data in macroalgae on the concentrations in coastal marine water 
reveals some aspects contributing to the observed high variability in 
metal concentrations. When including all water concentration data (i.e. 
total and dissolved metal), we yield a log-log linear regression of the 
form log Calgae = 0.766 × log Cwater + 2.61 with a coefficient of determi-
nation of R2 = 0.56 (see Fig. 4). This changes when only including total 
concentrations, yielding a weaker correlation (log Calgae = 0.823×

log Cwater + 2.52, R2 = 0.43), or when only including dissolved concen-
trations, yielding a slightly better correlation (log Calgae = 0.706×

log Cwater + 2.68, R2 = 0.62). This indicates that speciation behavior 
across metals (partly depending on water chemistry) and metal uptake 
across macroalgae species are important aspects driving bio-
accumulation of metals in macroalgae. Large variability is also found 
across regions for the same metal, indicating the additional relevance of 
different water chemistries across considered regions. When comparing 
the average ratio of metal concentration in algae tissue and in water, the 
largest variability is found for Pb with more than four orders of 
magnitude higher ratios found in the Indian Ocean than in the North 
Pacific Ocean. This is about two orders of magnitude higher than the 
next largest differences found for Cd (factor 760 higher ratio in South 
Pacific than in Baltic Sea) and for Cu (factor 700 higher ratio in Indian 
Ocean than in North Pacific). Ranges of reported metal concentrations in 
water and algae across metals and regions are provided in the Supple-
mentary Data (Table S2). These aspects render a general regression for 
estimating macroalgae concentrations from water concentrations not 
very useful. 

While data of measured metal concentrations in marine water are 
relatively consistently and globally available [73,74], measured con-
centration data in macroalgae are rather scarce, both in terms of 
coverage across the numerous species and across the many relevant 
coastal regions where macroalgae occur. Estimating macroalgae con-
centrations from available water concentrations is hence an important 
option to fill in data gaps. Ecotoxicological test results refer to the dis-
solved fraction of metals in water (i.e. excluding the fraction bound to 
suspended particles or colloids) and are controlled by speciation within 
this fraction [75,76]. Hence, we further analysed the 543 data pairs 

reporting dissolved metal concentration in coastal marine water, which 
are available for 20 metals. Relating for these data the reported con-
centration in macroalgae to the reported dissolved concentration in 
coastal marine water at the level of individual metal would yield esti-
mated, metal-specific bioconcentration factors, expressed in litre water 
per kg dry weight (dw) algae tissue (see eq. (1)). Fig. 5 provides an 
overview of bioconcentration factors plotted separately for all species of 
considered brown, green and red algae per metal against the related 
dissolved concentration in coastal marine water. 

Again, we observe a large variability across macroalgae species 
within each metal, also across species of the same macroalgae group 
(brown, green, and red algae). Variability of bioconcentration factors 
ranges from a factor of around six (Ba, Ca and Se) to more than a factor 
of 150 (Mo; lowest data point of 0.8 L/kg dw for Ulva spp. Not shown in 
Fig. 5) across macroalgae species. For some metals (Co, As, U and Sr), 
brown algae species show highest bioconcentration potential, while for 
other metals (Mn, Pb, Ni, Mg and S), red algae species show highest 
bioconcentration potential. Overall, there is no consistent trend of a 
particular algae group or species to show higher potential for bio-
accumulation across metals (or even within a single metal) than other 
macroalgae. However, when looking for each metal at the geometric 
mean value across obtained bioconcentration factors, we observe a clear 
ranking of metals, where Fe (40,946 L/kg dw), Ba (24,085 L/kg dw), Se 
(11,541 L/kg dw) and Mn (10,522 L/kg dw) show the highest geometric 
mean bioconcentration in macroalgae. If reported concentration data in 
tissue of specific macroalgae are missing, we hence recommend using 
the bioconcentration factors from Fig. 5 to derive algae concentrations, 
considering higher uncertainty due to large variability across macro-
algae species per metal. 

3.3. Microorganism ecotoxicity and comparison with exposure levels 

For estimating ecotoxicological effects of microorganisms exposed to 
metals brought into bioreactor water tanks via macroalgae feedstock, we 
analysed the dataset of reported ecotoxicological effect information, 
using the hazard concentration (HC20) as reference concentration 
where 20% of exposed microorganism species exhibit an effect above 
their chronic EC10 equivalents (EC10eq). HC20 for each metal is finally 
compared to the estimated metal concentration in bioreactor water 
tanks for microbial fermentation, in order to understand how realistic 
exposure to metal residues from macroalgae feedstock compares to 
related microorganism sensitivity. Fig. 6 shows the range of estimated 
metal concentrations in bioreactor water as well as water hardness 
corrected and uncorrected HC20 and EC10eq for all metals where both 
macroalgae concentration and ecotoxicological effect information for 
relevant microorganisms was available. 

The 90% confidence range across estimated metal concentrations in 
bioreactor water consistently spans over a factor of around eight for Hg 
to a factor of over six orders of magnitude for Pb, as function of vari-
ability in underlying reported concentrations in macroalgae. Highest 
median reactor water concentrations are estimated for Cr (417.5 mg/L), 
followed by Zn (332.7 mg/L), Ni (325 mg/L) and Cu (158 mg/L). 

Respective HC20 for the considered metals range from 1.4 mg/L for 
bivalent Hg and 2.5 mg/L for hexavalent Cr as potentially most toxic 
metals across considered microorganisms to 95.1 mg/L for Zn and 102.6 
mg/L for Ni. These HC20 are, however, uncorrected for any water 
hardness in the bioreactor water tank. For correcting for water hardness 
according to eq. (6), we derived minimum and maximum estimated 
permanent water hardness in the bioreactor water tank from respec-
tively the minimum and maximum reported Mg and Ca concentrations 
in dry macroalgae tissue (see Fig. 4). Water hardness corrected HC20 are 
consistently higher than uncorrected HC20, ranging from being between 
a factor 26 and 162 higher for minimum water hardness corrected HC20 
to being between a factor 282 to 6238 higher for maximum water 
hardness corrected HC20. The same effect applies for correcting data at 
the level of species-specific EC10eq. This indicates that the effect of water 

Fig. 4. Comparison of reported data (n = 934) of metal concentrations in tissue 
of various brown, green and red macroalgae genera and of total and dissolved 
metal concentrations in surrounding coastal marine water. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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hardness on microorganism sensitivity to metal exposure differs across 
metals, with the highest effect of reducing sensitivity for Pb (and Hg, for 
which the β factor from Pb was applied due to missing guidance for 
hardness correction for Hg). 

When finally comparing HC20 with respective estimated metal 
concentrations in bioreactor water, we observe that for all metals except 
Hg the uncorrected HC20 falls within the range of estimated water 
concentrations. For Pb, Cu, Ni, Zn and Cr, uncorrected HC20 are lower 
than their respective estimated median water concentrations. Corrected 
HC20 fall within the range of estimated water concentrations for Cr and 
Cu (only for minimum hardness correction). For the other considered 
metals, corrected HC20 are between a factor of four (Zn) and five orders 
of magnitude (Hg) higher than the respective maximum estimated water 
concentrations. This indicates that for Cr and Cu, reported concentra-
tions in macroalgae feedstock constitute a potential risk for microor-
ganisms when correcting ecotoxicological effect estimates for bioreactor 
water hardness. However, this picture slightly changes when comparing 
microorganism species-specific EC10eq against the respective estimated 
bioreactor water concentrations per metal. Values for EC10eq vary be-
tween a factor of two for Pb and more than 4 orders of magnitude for Ni, 
indicating partly large variation in sensitivity across microorganism 
species per metal. When comparing uncorrected EC10eq (not shown), we 
observe that lowest EC10eq for all considered metals except Hg are lower 
than respective median estimated reactor water concentrations. When 

correcting EC10eq for minimum water hardness in the bioreactor tank 
(see Fig. 6), several EC10eq for Cd, Cu, Ni, Zn and Cr are still lower than 
the respective median estimated reactor water concentrations, indi-
cating that residues of these metals in macroalgae are of special concern 
for at least some fermenting microorganisms. Generally, lowest EC10eq 

are derived for various Pseudomonas species across metals except for Cd, 
Ni and Zn, where the lowest EC10eq is derived for Escherichia coli. With 
that, metal residues might affect microbial fermentation capacities, 
which is also supported by a recent review on fermentative and anaer-
obic digestive pathways to produce biofuel from macroalgae feedstock, 
stating that metal residues in the biomass greatly influence yields, while 
thresholds above which inhibitory effects might start are still unclear 
[77]. 

Based on these findings and the given data availability, we recom-
mend comparing for each metal reactor water concentrations (either 
directly measured or derived from macroalgae concentrations) with 
microorganism species-specific EC10eq whenever available. When 
species-specific EC10eq cannot be derived, we recommend using HC20 as 
reference values, considering that HC20 might underestimate the 
sensitivity of specific microorganism species toward exposure to certain 
metal residues ranging from a factor of around 10 (Hg, Zn and Cr) to a 
factor of 40 (Cd), 120 (Cu) and 200 (Ni). While further efforts to reduce 
metal concentrations in macroalgae fermentation and anaerobic diges-
tion processes are needed [77], our approach can provide a meaningful 
quantitative input to prioritize target metals, and microbial and mac-
roalgae species. 

3.4. Applicability and limitations 

Following our approach for comparing residual metal concentrations 
in bioreactor water with respective microorganism effect concentrations 
allows for identifying suitable macroalgae and microorganism species. 
On the exposure side, our approach is ideally based on reported data for 
metal concentrations directly in macroalgae or, if not available, derived 
from reported dissolved metal concentrations (to match ecotoxicological 
test metrics) in coastal marine water at the location where the respective 
macroalgae are harvested. Thereby, it is important to correct the derived 
exposure concentrations in the bioreactor water for water hardness, 
yielding different correction factors across metals. On the ecotoxico-
logical test side, our approach is ideally based on effect metrics that can 
be translated into EC10eq (e.g. EC20, EC50) to allow for a consistent 
comparison across microorganisms. 

However, mainly due to differences and a rather low coverage of 
macroalgae and microorganism species in our underlying set of reported 
exposure and ecotoxicological test data, our study has several limita-
tions. First, our data only cover a relatively restricted number of 

Fig. 5. Bioconcentration factors (ratio of reported 
metal concentration in dry macroalgae tissue and 
related dissolved metal concentration in coastal ma-
rine water) plotted as function of concentration in 
coastal marine water for 20 metals with available 
data pairs. Data are grouped according to brown, 
green, and red algae species, and ranked across 
metals according to decreasing geometric mean bio-
concentration factors per metal. The highest BCF =

5.6 × 107 L/kg dw for Pb is not shown. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 6. Box and whisker plot of estimated metal concentrations in bioreactor 
water for microbial fermentation using macroalgae feedstock, compared against 
three sets of derived metal-specific hazard concentrations (HC20, mg/L) across 
considered microorganism species, namely uncorrected for water hardness, and 
corrected for minimum and maximum water hardness, and species-specific ef-
fect concentration equivalents (EC10eq, mg/L). HC20 and EC10eq data refer to 
bivalent metal forms except for hexavalent chromium. 
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macroalgae species from a limited number of possible regions for coastal 
algae harvest, and few microorganism species that are not even among 
the most relevant species for microbial fermentation. To cover the wide 
range of potential macroalgae and microorganisms for biochemical 
production, additional empirical studies along with extrapolation 
methods for data gap filling are needed. Second, most available studies 
reporting metal concentrations in marine water provide only total 
concentrations, not considering the fraction dissolved or any relevant 
metal speciation, which is also relevant within the dissolved fraction 
[75,76]. To match ecotoxicological test results, speciation also in the 
bioreactor water needs to be considered, but speciation patterns pre-
diction methods for bioreactors are currently limited with respect to the 
complexity of the modelled system and insufficient knowledge on 
related thermodynamic constants [78]. This limitation may especially 
affect results for metals with strong affinity to organic ligands, which are 
abundant in bioreactors, such as Cu. Furthermore, factors to correct 
exposure concentrations for water hardness are not available for all 
metals. For example, no correction factor for Cr(VI) as most abundant 
oxidation state of Cr in marine water [42] is currently available, and 
hence the factor provided for Cr(III) was applied. Given the relatively 
narrow range of correction factors across metals, this is not a major 
limitation. As additional aspect, water hardness corrections in the 
bioreactor water tank may have to consider that higher salt content in 
marine macroalgae feedstock (as compared to freshwater algae) can 
inhibit algal sugar fermentation by some microorganism species [79]. 
Finally, we did not consider any mixture effect of residual metals, 
although the co-occurrence of some metals (e.g. Cu, Cd, and Zn) might 
increase overall effects on microorganisms beyond additivity [80]. 
Despite these limitations, our study can be used for screening viable 
combinations of macroalgae and microorganism species. 

4. Conclusions 

In the present study, we explored the distribution of residual metal 
concentrations in macroalgae that are cultivated for bioremediation, as 
source causing possible ecotoxicological effects in fermentation micro-
organisms for biochemicals production. Considering this aspect, our 
results will help optimizing the microbial fermentation process by 
selecting potentially viable combinations of macroalgae feedstock spe-
cies and fermenting microorganism species. With that, we provide input 
for a bioeconomy that is free of potentially toxic metal residues in line 
with any capacity limits for chemical pollution [81]. However, it is 
currently not possible to provide recommendations for all macroalgae 
and microorganism species at the level of individual macroalgae 
species-microorganism species-metal combinations. This is mainly due 
to limitations in available ecotoxicological effect information across 
relevant fermenting microorganisms per metal, but also due to gaps in 
reported metal concentrations in macroalgae. Hence, we provide rec-
ommendations at the level of individual microorganism species, wher-
ever related ecotoxicity test data allow, while providing 
recommendations at the level of macroalgae genus-metal combinations 
using species-generic hazard concentrations where data for individual 
microorganisms are missing. Still, our approach is useful for guiding the 
selection of microorganisms for microbial fermentation as function of 
expected metal residues depending on region of macroalgae harvest. 

Our results generally show that macroalgae, which are used for 
bioremediation, are generally also suitable for biochemicals production. 
However, adjusting the bioreactor media for hardness and high mac-
roalgae salt content, and selecting macroalgae species with low metal 
content are relevant aspects to minimize possible negative effects of 
metal residues on microbial fermentation. This is particularly relevant 
for Cd, Pb, Cu, Ni, Zn and hexavalent Cr, where expected metal con-
centrations in bioreactor water from macroalgae feedstock residues can 
be in the order where at least some microorganism species show an ef-
fect over background. Our approach was developed for metals; however, 
it can generally be extended to cover other chemical contaminants in 

support of providing a more comprehensive optimization of biorefining 
processes based on microbial fermentation. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biombioe.2020.105812. 
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[62] F. Krujatz, A. Haarstrick, B. Nörtemann, T. Greis, Assessing the toxic effects of 
nickel, cadmium and EDTA on growth of the plant growth-promoting 
rhizobacterium Pseudomonas brassicacearum, Water Air Soil Pollut. 223 (2012) 
1281, https://doi.org/10.1007/s11270-011-0944-0. 

[63] D. Yong, L. Liu, D. Yu, S. Dong, Development of a simple method for biotoxicity 
measurement using ultramicroelectrode array under non-deaerated condition, 
Anal. Chim. Acta 701 (2011) 164, https://doi.org/10.1016/j.aca.2011.06.044. 

[64] F. Figueredo, X.C. Abrevaya, E. Cortón, A new P. putida instrumental toxicity 
bioassay, Environ. Monit. Assess. 187 (2015) 294, https://doi.org/10.1007/ 
s10661-015-4499-1. 

[65] A.N. Ezemaduka, Y. Lv, Y. Wang, J. Xu, X. Li, Heterologous expression of AgsA 
enhances Escherichia coli tolerance to the combined effect of elevated temperature 
and zinc toxicity, J. Therm. Biol. 72 (2018) 137, https://doi.org/10.1016/j. 
jtherbio.2018.01.007. 

[66] Y. Lv, A.N. Ezemaduka, Y. Wang, J. Xu, X. Li, AgsA response to cadmium and 
copper effects at different temperatures in Escherichia coli, J. Biochem. Molecul. 
Toxicol. 33 (2019), e22344, https://doi.org/10.1002/jbt.22344. 

[67] E.N. Suominen, T. Putus, J. Atosuo, Investigating the short- and long-term effects of 
antibacterial agents using a real-time assay based on bioluminescent E. coli-lux, 
Heliyon 6 (2020), https://doi.org/10.1016/j.heliyon.2020.e04232. 

[68] P. Fantke, N. Aurisano, J. Provoost, P.G. Karamertzanis, M. Hauschild, Toward 
effective use of REACH data for science and policy, Environ. Int. 135 (2020) 
105336, https://doi.org/10.1016/j.envint.2019.105336. 

[69] M.T.D. Cronin, T.I. Netzeva, J.C. Dearden, R. Edwards, A.D.P. Worgan, Assessment 
and modeling of the toxicity of organic chemicals to Chlorella vulgaris: 
Development of a novel database, Chem. Res. Toxicol. 17 (2004) 545, https://doi. 
org/10.1021/tx0342518. 

[70] P. Szefer, Metals, Metalloids and Radionuclides in the Baltic Sea Ecosystem, first 
ed., Elsevier Science B.V., Amsterdam, The Netherlands, 2002. 
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