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Impacts of metal-based engineered nanomaterials
on soil communitiest

Moira S. McKee* and Juliane Filser

As use and emission of metal-based engineered nanomaterials (MENM) is steadily increasing, concern of
adverse effects on soil communities is rising. MENM are not only toxic to various organisms in soil, but can
bioaccumulate, trophically transfer and even biomagnify in some systems. Negative effects of MENM on
plant-fungi and plant-bacteria interactions have been shown in various studies, while further research on
other forms of interactions (e.g. competition, predation) is needed to assess potential risks. Negative effects
of MENM on nitrogen turnover and increased carbon emissions have been shown in numerous studies,
and other biogeochemical cycles potentially at risk are addressed here. Most data to date has been col-
lected on the consequences of MENM exposure for microorganisms and particle dependent changes in
their community composition have been shown; data on other organism communities is however not
available. In this review we summarize community interactions and soil ecosystem processes affected by
MENM exposure and show how soil organisms influence MENM properties. Based on short- and long-term
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toxic effects, multiple inter- and intraspecific interactions and chemical processes we develop a conceptual
framework. We postulate that cascading and potentially catalytic effects of MENM in soil might explain
DOI: 10.1039/c6en00007 toxic effects at low concentration after longer exposure. Therefore, risk assessment of MENM relying solely
on acute single species tests might be insufficient, and major research efforts are still needed in the area of

rsc.li/es-nano soil communities and MENM exposure.

Nano impact

Metal-based nanomaterials (MENM) emitted to the soil environment affect not only single species but rather the entire soil community and to date little is
known on how interactions, community composition and ecosystem functions are impacted. This review summarizes findings and points out trends
detected for most MENM: biogeochemical cycles (e.g. nitrogen) are affected negatively and carbon emissions increase because microorganisms involved
and subsequent consumers are hampered; the ratio of bacteria to fungi may increase; trophic transfer and biomagnification within the food web are
possible. Some of these strong effects were found at low concentrations that are environmentally relevant. Further research is needed to gain an
understanding of the complexity of interactions, in particular on soil animals.

Introduction ronment have been first raised 10 years ago.” Since then, the
number of publications dealing with this aspect has in-
creased exponentially, although research into the technology
and its applications clearly dominates.”

Most authors have investigated the potential impact of
MENM on organisms in the aquatic environment (e.g. ref. 5),
whereas research on MENM risk for the terrestrial environ-
ment gained momentum only recently.® Due to possible hu-
man exposure via food, MENM toxicity, uptake and accumu-
lation in plants have received considerable attention.®’” Far
less is known about the site from which plants get their wa-
ter, nutrients and find hold; namely the soil. This is astound-
ing since soil is the environmental compartment where the

The applications of nanotechnology have been constantly in-
creasing over the past decades, especially of metal-based
engineered nanomaterials (MENM)." OECD defines nano-
material as material confined to 1-100 nm in one, two or
three dimensions. This also includes material with internal
or surface structure at this scale.> Since a large variety of
MENM products run a high risk of release into the environ-
ment, concern about potential negative impacts on the envi-
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majority of MENM will end up, via atmospheric deposition,
inundation from rivers, sewage sludge application in agricul-
ture, waste disposal and targeted application of locally huge
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amounts of iron-based MENM for remediation purposes.®™*°
Although the quantity of MENM currently reaching the soil is
relatively small, production volumes are steadily increas-
ing.""" This increase could become dramatic due to the
amount of research activity, especially in developing coun-
tries, into directly applying MENM in agriculture."*" Thus it
is all the more important to explore whether MENM could
compromise soil organism communities'® and the important
functions maintained by them.

The vast majority of studies on the environmental impact
of MENM in soils has been restricted to single-species tests
and ecosystem processes’” or has dealt with abiotic processes
such as dissolution, speciation, sorption or transport.***°
Only recently soil microbial community structure came into
focus, e.g. ref. 20 and 21. Some studies have also examined
the effects of size and coating of MENM on their behaviour
and bioavailability in soil."> Tourinho et al'® reviewed the
fate, behaviour and effects of metal-based MENM on inverte-
brates in soil. The 28 studies on invertebrates compiled by
these authors address only a handful of different metals or
oxides and few standard test species (earthworms, nematodes
and collembola) plus one isopod species. Studied endpoints
were usually survival, growth and reproduction, in single
cases gene expression. Community testing with various tro-
phic levels in soil ecotoxicology has only recently gained in-
creased attention,”>>* but is becoming increasingly impor-
tant for environmental risk assessment and regulation,> in
order to meet the protection goal biodiversity. During the
past decades a large body of evidence on the importance of
biodiversity for the functioning of all kinds of different eco-
systems has been collected (see e.g. ref. 26 for a recent re-
view). For instance, merely by manipulating tiny soil organ-
isms such as bacteria, fungi, or nematodes by size (using
filters for the inoculum of grassland mesocosms), Wagg
et al.*’ demonstrated how increasing soil biodiversity posi-
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tively affected multiple ecosystem functions such as plant
productivity and diversity, nutrient retention or N,O release.

Navarro et al.”® were among the first to point out the rele-
vance of interactions with both the abiotic and the biotic en-
vironment for MENM bioavailability and toxicity. In this re-
view we focus on research on the impact of MENM on soil
communities, biotic interactions in these and associated eco-
system processes. Predicted environmental concentrations of
MENM are shortly summarized before briefly introducing
the different trophic levels in soil. The topics of bio-
accumulation and -magnification, community interactions,
soil biodiversity and ecosystem functioning in relation to
MENM are then discussed in more detail. We also raise
some methodological points and summarize how soil organ-
isms change their environment and thus MENM properties.
Finally, we come up with a longer synthesis in which we
put up a hypothetical worst-case scenario that delivers
community-based explanations for negative effects of MENM
at realistic, low concentrations.

Methods

To find scientific papers related to the topic of this review,
various search requests were run on the Web of Science™
(Thomson Reuters™) in October 2015. Each search included
soil* and nanoparticle* OR nanomaterial* combined individ-
ually with the following list of terms: parasite*, predator*,
mutualis*, competit*, interaction*, herbivor*, symbio*,
infochemical*, function*, communication, pheromone*, bio-
diversity, trophic level, antibiotic*, allelopath*. It became
clear that these search terms did not adequately cover litera-
ture on isopods, therefore the main search terms were addi-
tionally combined with isopod*. Wildcards were used to max-
imize the search output. After reading the abstracts of the
search results, the relevant papers were chosen and studied
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in more depth. If these papers included references to other
papers important for the topic of the present review, these
were additionally included. Further articles were retrieved
from literature in our own files and by following selected
links offered via research platforms such as ScienceDirect,
ResearchGate and Google Scholar.

We set up a scheme to rate the quality of original papers
based on particle characterization. Papers including basic in-
formation on the origin (producer, synthesis), chemistry (core
material), size (nominal, DLS, UV-vis, filtration/centrifuga-
tion, REM, TEM) and surface properties (coating/dispersant)
of the particles and the used control (zero, salt, bulk, disper-
sant) were selected to ensure citing only papers of high qual-
ity. For details refer to the ESL}

Rather than focusing on a specific group of organisms in
the soil community, the goal of this review is to discuss data
of MENM effects on several groups, especially various forms
of interactions among them, and biodiversity. As our search
revealed that published evidence thus far has a strong bias
towards soil microorganisms we here present only a selection
of studies on these and point out the gaps. Our analysis is
supported by relevant examples from soil ecology, ecotoxicol-
ogy and ecosystem research.

In the following, abbreviations for the different types of
engineered nanoparticles (NP) and nanomaterials are used:
Ag - silver; AgS, - silver sulphide; Al,O; — aluminium oxide;
Au - gold; CdSe QD - cadmium selenide quantum dots; CdTe
- cadmium tellur; CdZnS - cadmium zinc sulphide; CeO, -
cerium oxide; Cu - copper; CuCO; — copper carbonate; CuO -
copper oxide; Fe;O, — magnetite; FePt — iron platinum; IONP
- iron oxide; La,O; - lanthanum oxide; Mn - manganese;
nZVI - nanosized zero valent iron; SnO, - tin dioxide; TiO, —
titanium oxide; WO; - tungsten oxide; ZnO - zinc oxide.

Environmental concentrations of
MENM

Currently it is not possible to measure MENM concentrations
in the environment due to analytical restrictions, so model-
ling predicted environmental concentrations (PEC) is used in-
stead. Keller and Lazareva® estimated global mass flow of
the MENM with the largest production volumes. SiO, has
the largest global production volume followed by TiO,, Fe,
ZnO and Al,O;, Ag and CeO, and Cu. Based on these and
other factors, such as the products MENM are incorporated
into, it is predicted that 51 600 metric tons of these will end
up in the soil compartment.> The estimated primary recipi-
ent compartment for photostable and photocatalytic TiO,,
CuCO;, Ag and CeO, will be the soil, receiving more than
50% of the release.*® Due to population size and density, the
release of MENM to the environment is highest in Asia,
followed by Europe and then North America.*’

Gottschalk et al.*' focused on modelling PEC for Europe
and the US and their findings for TiO,, Ag and ZnO are sum-
marized in Table 1. They predict the highest increase per year
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for TiO, both in untreated and sludge treated soil and esti-
mate that concentrations in the soil for all three MENM will
steadily rise due to increase in production and use. A higher
worldwide yearly increase of AgNP in sewage sludge-treated
soil was calculated by Massarsky et al.>* (1.407-6.36 ug kg™
a™') and they also predict the yearly increase to rise with pro-
duction volume. It is interesting to model not only potential
concentrations of MENM in sewage-treated soil but also nat-
ural soil and agricultural soil to which MENMs are not di-
rectly applied. The predictions for these are also summarized
in Table 1 and they show that also soils without sewage
sludge input experience an increase in MENM concentra-
tions.*” This is important to consider when evaluating the po-
tential hazards of MENM to soil communities because it
shows that not only agricultural soil communities might be
influenced. Gottschalk et al*® calculated concentrations of
MENM that accumulated in environmental compartments be-
tween 2000 and 2014 while Gottschalk et al.*' estimated in-
creases in concentrations per year. The authors of the first
paper point out that ZnONP and AgNP are almost completely
removed or transformed in WWTP and this model specifi-
cally calculates concentrations of MENM forms. Because no
data on the transformation processes is available for CuCO;
the environmental concentrations of this MENM might be
overestimated.>® There are not only models estimating the
continental and regional concentrations of MENM but Keller
& Lazareva® also produced local data for the San Francisco
Bay area. Biosolid concentrations from WWTP are predicted
to be 10-170 mg TiO,NP kg™*, 1-8 mg AgNP kg™, 10-80 mg
ZnONP kg™ and 10™° mg CeO,NP kg™ (Table 1). This results
in a yearly release of 10-10000 kg TiO, in the San Francisco
Bay area.

When considering any predicted environmental concentra-
tions it is important to bear in mind that every model has its
limitations. Many of the studies reviewed here examined
much higher concentrations than currently estimated for
soils and therefore test conditions not found in the environ-
ment; however concentrations in all environmental compart-
ments are expected to increase. The use of higher concentra-
tions in ecotoxicological tests than in the environment is
common practice for various types of chemicals and is not
unique to MENM.**

Trophic levels in soil

A soil community is composed of several trophic levels that
are all interconnected and therefore strongly influence one
another and together make up a complex food web (Fig. 1).
The primary producers of biomass are mainly plants which
root into the soil habitat. Roots and their exudates are impor-
tant food sources for many primary consumers (bacteria,
fungi and herbivores). Plants also produce litter that is
decomposed by litter feeding animals and microorganisms,
producing soil organic matter and releasing nutrients to the
soil. Examples of animal decomposers are earthworms,

This journal is © The Royal Society of Chemistry 2016
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Table 1 Predicted environmental concentrations in several regions of the world with different soil treatments

ENM Region PEC in soil PEC in sludge-treated soil PEC in sewage treatment sludge
Ag Denmark 13-61 ng kg ™' (ref. 30) 20-350 ng kg™ (ref. 30) 4.2-250 pg kg™ (ref. 30)
6-21 ng kg '” (ref. 30)
Europe 17.4-58.7 Ang kg™ ' a ! (ref. 31)  1209-4091 A ng kg " a™* (ref. 31) 1.31-4.44 mg kg ™" (ref. 31)
San Francisco Bay NA NA 1-8 mg kg " (ref. 29)
USA 6.6-29.8 Ang kg ™' a™* (ref. 31) 526-2380 A ng kg " a”' (ref. 31)  1.29-5.86 mg kg ™" (ref. 31)
Worldwide NA 1.407-6.36 ug kg " a~* (ref. 32) NA
CeO, Denmark 24-1500 ng kg (ref. 30) 94-5100 ng kg " (ref. 30) 44-2300 pg kg (ref. 30)
10-530 ng kg '? (ref. 30)
Europe NA NA NA
San Francisco Bay NA NA 107° mg kg™ (ref. 29)
USA NA NA NA
CuCO; Denmark 39-130 pg kg *? (ref. 30) 32-70 pg kg™ (ref. 30) 5.2-17 mg kg " (ref. 30)
18-41 ug kg™?
Europe NA NA NA
San Francisco Bay NA NA 0.01-0.9 mg kg™ *° (ref. 29)
USA NA NA NA
TiO,* Denmark NA NA NA
Europe 1.01-4.45 A pg kg™ a™ (ref. 31)  70.6-310 A ug kg™" a™* (ref. 31)  100-433 mg kg " (ref. 30)
San Francisco Bay NA NA 10-70 mg kg™ (ref. 29)
USA 0.43-2.13 A pg kg™ a™ (ref. 31)  34.5-170 A ug kg™" a™* (ref. 31)  107-523 mg kg " (ref. 31)
Photocatalytic TiO, Denmark 0.2-4.9 pg kg ¥ (ref. 30) 17-480 pg kg™ (ref. 30) 9.3-230 mg kg™ (ref. 30)
0.1-1.7 pg kg™ (ref. 30)
Europe NA NA NA
USA NA NA NA
Photostable TiO,  Denmark 0.024-1.1 pg kg7 (ref. 30) 130-3100 ug kg " (ref. 30) 69-1500 mg kg™ (ref. 30)
0.01-0.39 pg kg *? (ref. 30)
Europe NA NA NA
USA NA NA NA
ZnO Denmark 0.018-0.9 pg kg™ (ref. 30) 0 (ref. 30) NA
0.008-0.35 ug kg*” (ref. 30)
Europe 0.085-0.661 A pg kg™" a™* (ref. 31) 2.98-23.1 A ug kg™ a™" (ref. 30)  13.6-57 mg kg ™" (ref. 31)
San Francisco Bay NA NA 10-80 mg kg " (ref. 29)
USA 0.041-0.274 A pg kg ™" a™* (ref. 31) 1.62-10.9 A ug ' kg a ' (ref. 30) 17.4-57.7 mg kg (ref. 31)

“ Photostable and photocatalytic TiO, not separated. * Agricultural soil. © Cu not CuCO;. ¢ Natural soil.

collembola and isopods that greatly differ among and be-
tween the groups in life history traits. Predators such as cole-
opteran larvae, millipedes, spiders and some acari prey on
the grazers and other decomposers and are themselves con-
sumed by higher trophic levels like birds, amphibians, small
mammals and top predators aboveground.

The soil environment consists of three phases: the solid
phase (minerals and organic matter), the liquid phase (soil
solution) and the gaseous phase (soil air). Within these, sev-
eral microhabitats (spheres according to ref. 34) can be dis-
tinguished that clearly differ both in physicochemical proper-
ties and in their associated organism communities. For
instance, the detritusphere consists of more or less
decomposed dead organic matter, has a low bulk density and
is inhabited by litter dwellers such as fungi or isopods
whereas the aggregatusphere deeper in the soil is character-
ized by mostly minerals, bacteria, protozoa and nematodes
living in the water film surrounding soil aggregates.*® Evi-
dently such different conditions (and exposure routes) will
mean pronounced differences in both fate and effects of
MENM. As previously described, MENM are released to soil
habitats via various pathways and there can affect each expo-
sure route and component of the food web. Numerous stud-

This journal is © The Royal Society of Chemistry 2016

ies have been conducted to assess the effects various MENM
have on soil organisms.

Plants

As primary producers, plants are key for any community to
function as they are responsible to transforming solar energy
into carbohydrates that can be used by other trophic groups.
Human food supply is largely based directly and indirectly on
plants and we therefore generally have great interest in ensuring
suitable conditions for plants to thrive. Plant roots prevent
erosion, enhance soil structure and give off exudates. Their
rhizosphere offers habitat to many soil organisms which have
a large impact on plant growth.>® If this trophic group is
harmed it influences all other trophic groups. As an emerg-
ing group of chemicals that is being increasingly used in fer-
tilizers and pesticides for agriculture'>*® MENM have been
tested on their effects on various plants.

Both positive and negative effects were found, depending
on plant species, particle properties, soil and test conditions.
A review by Gardea-Torresdey et al®’ summarizes some of
the findings of full-life cycle and long-term studies (=4
weeks) with plants and MENM. 28 studies were conducted

Environ. Sci.. Nano, 2016, 3, 506-533 | 509
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Fig. 1 Simplified soil community.

under laboratory conditions with various growth media; two
field studies are, however, also included. We present the re-
sults from nine of these studies here. Concentrations be-
tween 500 and 3000 mg AgNP kg™ increased fruit yield in cu-
cumber and 20 to 60 mg kg™ increased the seed yield of
borage. However AgNP (100, 1000 mg kg ') reduced chloro-
phyll content and increased superoxide dismutase activity in
tomato. AuNP caused higher seed yield (25 mg kg™*) while at
the same time amplifying oxidative stress (=10 mg kg™") in
Brassica juncea. Only one reviewed study showed positive ef-
fects of ZnONP on crop plants. ZnONP amplified pod yield of
peanuts (133 mg kg ™) while it reduced biomass in wheat (45
mg kg™), decreased chlorophyll and caused oxidative stress
in green peas (125-500 mg kg ').>® Cowpeas either showed re-
duced growth or no physiological effects in the presence of
ZnONP (500 mg kg™') depending on particle size and applica-
tion type. TiO,NP lead to increased superoxide dismutase ac-
tivity in tomatoes (50-5000 mg kg™*).>” In natural soil, TiO,-
NP (40-60 nm, mainly anatase) at < 200 mg kg ' fresh soil
did not affect growth or nutrient content of maize and soy-
bean.* The fruit weight of tomatoes rose when CeO,NP (1.3-
130 mg kg™') was applied; while shoot growth of soybean de-
creased (100-1000 mg kg'). IONP increased grain yield in
soybean (250-750 mg kg™'). Mostly negative effects on the
growth and physiology of crop plants in the reviewed papers
were caused especially by AgNP and ZnONP.*’

Another review summarizes that AgNP, ZnONP and
CuONP caused both positive and negative effects on crop
plants while CeO,NP had more subtle effects on the physio-
logical level."® Almost all studies reviewed by Gardea-
Torresdey et al.>’ and Dimkpa'® focus on crop plants, which

510 | Environ. Sci.. Nano, 2016, 3, 506-533

are in most cases only grown until harvest and therefore only
exposed to MENM for a relatively short period. Colman
et al.*® examined the effects of AgNP on five meadow plants
in a mesocosm for 50 days and detected a biomass decrease
for Microstegium vimineum. All plant species generally showed
stronger root growth in the top soil layer; 0.14 mg Ag kg™ in
form of AgNP had been applied to the soil as biosolid
slurry.”® The exposure period for meadows and permanent
crops such as fruit, wine or asparagus would however be
much longer, and also exposure of adjacent unmanaged land
via surface runoff or wind must be taken into consideration.
Therefore more studies of potential chronic effects are
needed. In summary, no overall statement on the sensitivity
or robustness of plants as a trophic group to MENM is possi-
ble due to the great variety of impacts MENM have.

Microorganisms

At the base of the soil food web are microorganisms - ar-
chaea, bacteria and fungi exploiting energy either from inor-
ganic or, primarily, from organic sources, mostly plant roots,
their exudates and litter. By decomposing organic material,
providing minerals, fixing atmospheric nitrogen, yet also
attacking living organisms (pathogens and nematode-
trapping fungi) they play a prime role in any soil, especially
for plant growth. The microbial biomass serves as food for
soil animals (see consumers below). Fungi are important in
first colonizing leaf litter and for mineralization of e.g.
carbon.”

Bacteria are generally considered a trophic group at risk of
MENM because several metal-based MENM, particularly Ag-

This journal is © The Royal Society of Chemistry 2016
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and Cu-based NP, exhibit antimicrobial characteristics.'®*>~
These effects differ between metals and are not necessarily
negative, and they may be nano-specific. For instance, AgNP
were twice as toxic for microbial growth than Ag" ions*® (see
Table 3 for details). In their review on microbial toxicity of
ENM, Suresh et al.*® concluded that parent material, particle
size and shape could be related to bacterial toxicity (mostly
pure cultures of single species) whereas no general conclu-
sions can be made for the respective coating. They described
toxic effects for Ag, Al,Oj3, TiO,, CeO,, CuO, CdSe, CdTe, FePt
and ZnO NP whereas studies with Si, Fe, Au, Pd, Ag,S and Pt
NP frequently found no or only little effect. Yet, these effects
were not always consistent, depending on particle configura-
tion and coating: for instance, Ag-oleate (4 nm) and Ag,S NP
(2-20 nm) with protein coating were non-inhibitory.*® How-
ever, biogenically prepared AgNP with a protein/peptide coat-
ing were more toxic than chemically prepared AgNP.*® Upon
comparing the toxicity of 0-200 mmol g”* CuONP (40-80 nm)
and ZnONP (20 nm) for microbial soil communities to their
bulk and ionic counterparts, Rousk et al.*’ related the toxicity
of both to dissolved ions. The initial inhibitory effect of ag-
glomerated CuONP (primary size <50 nm; 200 mg L) on
the growth of Pseudomonas chlororaphis was not seen any
more after 72 h, which was not the case for agglomerated
ZnONP (primary size <100 nm; 500 mg L™)."® Exposure of
the bacteria to the corresponding ions (at 2 and 5 mg L™)
had a similar effect in this study for Cu** but not for Zn**. In
his review, Dimkpa'® concluded that soil microbial commu-
nities in general are either “decimated or modified” by
CuONP, ZnONP, CeO,NP, Fe;0,NP, SnO,NP and AgNP. The
most recent review on this topic comes to similar conclusions
for AgNP, CuONP and ZnONP but not for Fe;O,NP.** These
authors also report negative effects of nZvI and TiO,NP in
certain soils and point out more research need for most
MENM.

Due to their different cell wall structure, Gram-negative
bacteria are often less sensitive towards MENM than Gram-
positive ones, which has intensively been studied in medical
research.’**® However, this is not universally true. For in-
stance, CuNP have a negative impact on both groups, and in
one study with Kkill-time experiments Gram-negative strains
were more susceptible.”* AgNP are more effective against
Gram-negative bacteria than Gram-positive: e.g., various types
of fungal-produced AgNP (5-56 nm) completely inhibited
Pseudomonas putida at 0.8 mg L™".**”° Pawlett et al.”" report
bactericidal effects of nZVI on Gram-positive bacteria in soils.
Premanathan et al>®> showed higher sensitivity of Gram-
positive bacteria towards ZnONP. Thus, generalizations are
difficult, and given the huge bacterial diversity in soils®* we
do not consider this morphological distinction too informa-
tive in an ecosystem context.

Ecologically more relevant would be a shift in the ratio of
bacteria to fungi as the latter are able to degrade more com-
plex organic compounds, including anthropogenic pollutants.
If this takes place in the presence of MENM is not clear, as to
date our knowledge on effects of MENM on soil fungi and Ar-

This journal is © The Royal Society of Chemistry 2016
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chaea is very limited.*>>* The generally higher metal suscep-
tibility of bacteria due to their prokaryotic nature® is
supported by a study with mineral silver compounds includ-
ing metal-accumulating fungi.>> On the other hand, MENM
are also highly efficient fungicides.”®* MENM effects on micro-
bial community structure and ecosystem functioning will be
discussed in more detail later on.

Consumers

This trophic group is composed of a huge variety of different
life forms and taxonomic groups that all have in common
that they feed on living and dead organic material, this way
contributing to decomposition and nutrient cycling. Within
this group collembola, acari (oribatida), myriapoda, insecta,
isopoda and oligochaeta are important representatives that
make major contributions both directly and indirectly to
preventing litter build-up and ensuring soil fertility.>’>°
Many litter feeding invertebrates are important for forming
pore structures in soils. This increases water holding capac-
ity, aeration and root penetration.>® Earthworms are regarded
as “ecosystem engineers” and they are essential for loosening
the soil and moving organic plant detritus to deeper soil
layers.®® After protozoa and nematodes, collembola and acari
are the detritivores with the highest abundances found in soil
and they play a key role in breaking up litter and this way
making it available for microorganisms to further decompose
it and mineralize nutrients. They also stimulate the growth of
fungi by grazing on them.>® Bacterivorous invertebrates regu-
late and stimulate microorganisms involved in nutrient cy-
cling. Due to their life form below ground or in close associa-
tion with soil, primary consumers are exposed to toxins
mainly via dermal contact with contaminated soil and uptake
from food.’”*® Because of their important role in the soil
community litter decomposing invertebrates should receive
considerable attention in the risk assessment of metal-based
NP as a loss of the functions of this trophic group can both
directly and indirectly negatively affect many processes in
soils. However, compared to the number of studies on plants
and microorganisms published to date, only few studies have
examined the effects of MENM on litter decomposing inverte-
brates. A search on Web of Science™ in November 2015 ren-
dered 369 articles for plants, 124 for microorganisms and 34
for invertebrates when combined with soil* and (nanoparti-
cle* OR nanomaterial*).

Tourinho et al.'® recently reviewed effects of MENM on
soil invertebrates. They report toxic thresholds of Ag, Al,O3,
Au, CeO,, Cu, TiO, and ZnO NP tested with representatives of
invertebrate groups (nematodes, earthworms, enchytraeids
and collembola), yet also point out more research need in
this area. Table 2 gives an overview of the papers published
on MENM effects on soil invertebrates since Tourinho
et al.'s"® review from 2012.

Nematodes. Caenorhabditis elegans, a standard nematode
test species, produced less eggs when exposed to CeO,NP
and TiO,NP (each 1 mg L) for 24 hours and TiO,NP also
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reduced survival.®® Wang et al®* also detected significant
negative effects of TiO,NP on growth, number of produced
eggs and offspring in C. elegans above concentrations of 47.9
mg L', The number of offspring was significantly lower than
when exposed to bulk TiO,. C. elegans showed changes in
metabolites when exposed to 7.7 ug TiO,NP mL™ for 24 h
compared to the control and to bulk TiO,. These perturba-
tions indicate that nine metabolic pathways are affected by
TiO,NP. The ROS production was significantly increased in
presence of 38.5 ug bulk TiO, mL™" (2 fold) and TiO,NP (5
fold after 6 h) compared to the control. The reproduction of
C. elegans per worm was also significantly reduced when
treated with 7.7 and 38.5 ug TiO,NP mL™" compared to the
control and the same concentrations of bulk TiO, treat-
ments.®® Negative effects growth and reproduction were also
seen after 24 hour exposure to ALO;NP (>102 mg L") and
ZnONP (>1.6 mg L™"). Growth, survival (after 96 hours) and
reproduction (after 72 hours) of this species was also
compromised by nZVI in a dose-dependent manner in vitro
(0.5-10 mg mL™"); in soil, however, no or pronounced posi-
tive effects were found at 17 mg g exposure.®® Fajardo
et al.® tested nZVI (<50 nm, 3% sodium polyacrylic acid
coating) in soils polluted with either Zn or Pb. While survival
of C. elegans was not affected by either metal, nZVI improved
growth in Zn-polluted soil (body length increase ~10%) but
had the opposite effect in lead-polluted soil. Also citrate- (7
nm) and PVP-coated AgNP (21 and 75 nm) reduced the
growth of C. elegans at 50 mg L', the smallest AgNP already
at 5 mg L% Using different strains and experimental ap-
proaches, they showed that only part of the observed effect
was related to the release of silver ions.

Earthworms and enchytraeids. J. 1. Kwak and An®
reviewed 36 studies published on nanotoxicity and earth-
worms between 2008 and 2015 and we highlight the findings
of some of these here. Heckmann et al.®® studied the effects
of several metal-based NP and the corresponding bulk form
on the earthworm Eisenia fetida in a reproduction limit test.
The concentration used was 1000 mg kg™ and the strongest
negative effects were found for AgNP. Cocoon production and
therefore reproduction was diminished to zero and biomass
was reduced in presence of AgNP. CuNP also reduced cocoon
production, hatchability and juvenile production while TiO,-
NP only negatively affected the latter two. Among the salts
tested Ag, Cu and Ni showed significant negative effects on
some of the measured life history traits.®® Shoults-Wilson
et al.*® investigated the influence of soil type and coating on
avoidance behaviour of E. fetida. Generally all AgNP were sig-
nificantly avoided in concentrations between 10 and 100 mg
kg™ after 48 hours while AgNO; was avoided immediately.
There were differences in the strength of avoidance between
the soil type and coating.”® In a very recent study Novo
et al.”® showed that the gene expression of E. fetida was al-
tered in presence of sublethal AgNO; and AgNP concentra-
tions (<1758 mg kg™') compared to the control. Several en-
ergy metabolism pathways such as sugar, protein and amino
metabolism acid were impacted by both contaminants. Dif-
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ferent transcription in AgNP and AgNO; exposure was
detected related to endocytosis and cilia.”® Cafas et al”*
studied the effect of exposure medium on acute and repro-
ductive toxicity of ZnONP and TiO,NP to E. fetida. Survival of
the earthworm was reduced after 14 days on filter paper and
sand in presence of ZnONP and TiO,NP (both 0.1-10 000 mg
kg "), however not in a dose response manner. In a 4 week
test with artificial soil E. fetida's cocoon production de-
creased stronger in the ZnONP treatment, reaching zero at
1000 mg kg™'; weight loss was also observed.”* Seven day ex-
posure to ZnONP and TiO,NP in concentrations above 1 g
kg ™" negatively affected E. fetida's activities of antioxidant en-
zymes and cellulose, and damaged DNA and mitochondria of
gut cells.”” AL,O;NP caused reduced cocoon production above
3000 mg kg in a 28 day test with E. fetida while this effect
was not found with micro sized Al exposure. 5000 mg kg
and higher contamination with micro- and nano-sized Al lead
to avoidance of this earthworm.”

E. andrei avoided soil contaminated with 120 and 200 mg
AgNP kg in a 28 day reproduction test. The reproduction
was adversely affected in a dose-response manner by AgNP
and the calculated ECs, value is 74.3-80 mg kg™'.”* In this
test Schlich et al.”* also found that the silver concentration in
this earthworms was higher when exposed to AgNP than to
the same concentration of AgNO; while AgNO; was twice as
toxic. TiO,NP were also avoided by the earthworm E. andrei
in concentrations of 1000 mg kg™* to 10000 mg kg while
micro-sized TiO, was not.””

When the earthworm Lumbricus rubellus was exposed to
154 mg AgNP kg™ for four weeks the weight gain and num-
ber of produced cocoons was significantly reduced.”® None of
the juveniles produced survived when the adults were ex-
posed to this AgNP concentration and even 15.4 mg kg™ sig-
nificantly reduced the juvenile survival. The long term effects
of 15.4 mg AgNP kg™ on this earthworm were worse than for
the same concentration of Ag in the form of AgNO;. In a pop-
ulation model a significant decrease in population growth
rate of L. rubellus was seen for all tested concentrations of
AgNP (1.5-154 mg kg ').”® TiO, nanocomposites caused a sig-
nificant increase in apoptosis of cuticle and intestinal epithe-
lium cells at 100 mg L™ in Lumbricus terrestris when exposed
via water for seven days.””

Gomes et al.”® showed that the enchytraeid Enchytraeus
albidus reproduces less at concentrations above 225 mg AgNP
kg™". At 100 and 200 mg kg™ CuNP (66 nm) reduced the re-
production of E. albidus by more than 70% and 95%, respec-
tively, while the corresponding salt concentrations only
caused a reduction of about 20% and 45%.”° In this study,
also avoidance towards CuNP was much more pronounced -
the difference to CuCl, only disappeared at 600 mg Cu kg™
and higher.

Collembola. Kool et al.®® found that ZnONP have a nega-
tive effect on the reproduction of Folsomia candida
(collembola) and the ECs, value was 1964 mg Zn kg™* in NP
form, with no significant difference to non-nano ZnO. Manzo
et al® detected no negative effects of ZnONP on the
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reproduction of this species at 230 mg kg™*. The avoidance of
F. candida towards ZnONP at this concentration was lower
than towards ZnCl,.

Isopoda. The isopod Porcellionides pruinosus avoided AgNP
and AgNO; spiked soil at concentrations of 36 and 18 mg Ag
kg™ dry soil, respectively. Feeding was also reduced in the
presence of Ag which led to a decrease in biomass compared
to the control after 14 day exposure. The ECs, for biomass
change was higher when the exposure to AgNP was via soil
(114 mg kg™) than via diet (>1500 mg kg'). AgNO; was
more toxic than AgNP with dietary exposure even though
internal Ag concentrations were comparable for both Ag
forms.*> CeO,NP exposure in soil at 10 to 1000 mg Ce kg™
did not affect the isopod's survival and reproduction.®

So generally it appears that several litter feeding inverte-
brates are sensitive to MENM; however more research is
needed to further validate this (see also the review by
Tourinho et al."®). This is particularly important because many
invertebrates play a vital role in organic matter breakdown.
The effects of high MENM concentrations on earthworms have
received most attention because they are well established test
organisms and play key roles in soil communities. Tests with
nematodes, collembola and enchytraeids, groups which also
interact which various other soil organisms, have, in contrast,
only been studied by few scientists and were confined to one
single standard test species per group. Some groups such as
soil insects and millipedes have not been studied up to now,
however, play an important role in the soil community. All
concentrations with effects on primary consumers presented
here are higher than current modelled environmental concen-
trations of MENM (Table 1) which means to date it is not
expected that such effects are found in the environment unless
bioaccumulation occurs. However, ecotoxicological tests with
higher concentrations give indications what effects are to be
seen if release of MENM to the environment further increase
as predicted. Below we will show that low, realistic MENM
concentrations do raise concern when ecological interactions
are taken into account.

Secondary consumers. Secondary consumers in soil com-
munities include ants, spiders, beetles, predatory mites and
nematodes, yet also larger animals such as moles, shrew or
birds, which feed, at least to some part, on litter decom-
posers. This way they exert an important top down control
and regulate populations of other invertebrates not only in
the soil.** If this control were lost when the predators were
harmed by MENM, it could potentially indirectly affect not
only primary consumers but all organisms these interact
with. To the best of our knowledge no data has been pub-
lished on effects of MENM on the growth, survival or repro-
duction of soil predators. This knowledge gap should be
filled to receive a better understanding of whether this tro-
phic group is potentially more or less at risk than others.

MENM can pose a potential risk not only to trophic
groups in soil but also to functional ones, therefore this is
discussed when assessing effects of MENM on ecosystem
functions.
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Bioaccumulation and -magnification

Many persistent or non-degradable substances are found in
higher concentrations in living organisms than in their envi-
ronment. Such bioaccumulation occurs through adsorption
at the organisms’ surface or uptake via food or water, which
often increases with increasing trophic level (biomagnifi-
cation). Among the best known examples are plants: more
than 1% of the shoot biomass of metal hyperaccumulators
may consist of metals.®® Bioaccumulation in soil organisms
has gained infamy with the Chernobyl disaster in 1986: espe-
cially fungi®® and lichens accumulated the radioactive *’Cs,
posing a large risk to humans and animals consuming them.
Numerous fungi are known to drastically enrich metal con-
centrations in their tissue even in unpolluted environ-
ment,”>*” and also for soil invertebrates considerable heavy
metal accumulation has been reported.®® MENM therefore
have bioaccumulation potentials which is highly relevant for
hazard assessment.

When MENM enter the environment it is seldom via a sin-
gle input in time but rather a continuous or reoccurring ap-
plication that can potentially lead to a long-term exposure
and, therefore, accumulation of MENM in organisms.?” Even
when soil concentrations are below the threshold for toxic ef-
fects, accumulation of MENM in the organisms can eventu-
ally lead to the build-up of MENM concentrations that cause
adverse effects. Hou et al.'’ define bioaccumulation as the
uptake of a contaminant via food as well as through ambient
sources. In soil systems uptake from food, pore water, soil
gas and solid soil components is possible."” Metal uptake
from MENM in several forms (ionic and/or particulate) is pos-
sible depending on particle characteristics dissolution and
aggregation behaviour, which vary with concentration. Based
on this, Cornelis et al.'® surmised that ENM are bioavailable
at low concentrations while uptake would decrease with in-
creasing concentration. When measuring internal metal con-
centrations of organisms the physical form as well as the pos-
sibility of transformation of MENM after uptake should be
taken into account.'” The question we ask in this section is,
do any soil organisms specifically enrich MENM?

Bioaccumulation

Plants. Colman et al.*® detected a significant increase in
Ag concentration in the aboveground tissue of three wetland
plant species (Carex lurida, Juncus effusus, and Panicum
virgatum) 50 days after a single slurry and AgNP application
of 0.14 mg Ag kg '. The concentrations in the plant tissue
was between 0.04 and 0.21 mg kg™'; the accumulation of Ag
after treatment with 0.56 mg Ag kg™ AgNO; was higher for
all of these species. The form in which Ag was accumulated
is not known. Another study examined in what form lettuce
takes up Ag from spraying with 100 pg AgNP g fresh weight.
For this a scanning transmission X-ray microscope was used
that located AgNP in various plant tissues after a 7 day expo-
sure. This indicated that not only ions but also other Ag
forms were taken up by lettuce.’® Soybean also accumulated

This journal is © The Royal Society of Chemistry 2016
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metals from MENM:*® 48 day CeO,NP exposure at 50 and 100
g kg™ soil led to Ce tissue concentrations 40 and 400 times
higher than in the control in the roots and nodules, respec-
tively. Zn was not only accumulated from 48 day ZnONP ex-
posure in belowground tissue but was also moved to stem,
leaves and pods posing the risk of human uptake from con-
sumption. At 50 ¢ ZnONP kg™ soil exposure the concentra-
tion of Zn was 6 times higher in the leaves than in the con-
trol treatment. EM images indicate that nano-sized forms of
Zn were located in the leaf epidermis after this treatment.®
When Brassica juncea seedlings were sprayed with AuNP 30,
50 and 70 days after sowing they showed a dose-dependent
accumulation of Au in the leaf tissue. At 100 mg AuNP L ™" ex-
posure the concentration of Au in the leaves reached 21.36
mg kg_l.gl

At concentrations of 10 and 30 mg TiO,NP L' in a nutri-
ent solution, wheat, beans and the wetland species Rumex
crispus TiO,NP had significantly higher Ti concentrations in
their roots than the control.””> Wheat accumulated 4.97 mg Ti
g dry weight and bean roots had a concentration of
1.46 mg g d.w. after four weeks of exposure to 30 mg TiO,-
NP L™". In R. crispus Ti taken up from the roots was trans-
located in significant concentrations to the shoot, reaching
0.215 umol g d.w. at 30 mg TiO,NP L™* exposure.’> Accumu-
lation of CdSe/CdZnS QDs in roots and root hairs of
Arabidopsis thaliana grown in hydroponic cultures was shown
at a concentration of 10 mg Cd L™".°® Bean plants exposed to
100, 250 and 500 mg CuONP kg™ soil accumulated Cu in the
shoot in concentrations of 225, 131 and 125 mg kg™ respec-
tively.”* Cornelis et al.'® reviewed and summarised various
other studies on uptake of MENM by plants, their focus how-
ever lies more on mechanistic aspects at the cellular level.

Even though plant species, particle characteristics and test
conditions differed between studies, all the presented find-
ings indicate that plants can take up and accumulate metals
when exposed to metal-based MENM. As also the rhizosphere
is an important food source for the entire soil food web®®
and soil animals are preyed upon by many smaller verte-
brates aboveground the risk of MENM entering the trophic
chain via plant litter and living roots should not be
underestimated. It is important to further deepen our under-
standing of the speciation of MENM taken up by plants and
to assess whether the accumulated metals are passed on to
other trophic levels.

Microorganisms. Due to their negative surface charge, bac-
teria are an excellent sorption site for MENM. In wastewater
treatment plants, ENM are mostly aggregated with bacteria.’
NO,NO; extraction of AgNP treated forest soils revealed a 10
fold enrichment of Ag in fumigated (compared to twofold in
unfumigated) soil within 60 days,”® suggesting a strong asso-
ciation with microbial tissue. A study from Priester et al.®
showed that the bacteria Pseudomonas aeruginosa can take
up intact CdSeQD from the growth medium with 75 mg
CdSeQD L. Werlin et al.”” used the same particle and bacte-
ria species to test whether bioaccumulation takes place. The
cadmium concentration in bacteria was 25% higher than in
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the growth medium and the volumetric concentration factor
(VCF) was calculated to be 70, which was more than twice as
high as for cadmium acetate. These are the only studies we
are aware of that have demonstrated that bacteria directly
take up and bioaccumulate MENM (distinguish from bio-
concentration via surface). This limited evidence is an effect
of a) research focus (which is clearly on antimicrobial activity
of MENM) and b) the fact that most bacteria have short gen-
eration times - meaning only a short period of exposure for
individuals, combined with high mutation rates that allow
for quick adaptation.

Whiteside et al.°® detected that the soil fungi Penicillium
solitum can accumulate CdSe QD conjugated to an amino
acid; however without the amino acid no uptake of CdSeQD
was seen. Also ectomycorrhizal fungi accumulate very high
concentrations of bulk metals such as silver.>® In the 1980's
it was detected that wood-decaying fungi accumulate several
metals from the wood including Cd, Fe, Zn, Cu and Rb.”
This raises concern that bioaccumulation of metals from
MENM is possible as well. The number of studies dealing
with accumulation of MENM in fungi is very limited and fur-
ther research is needed to assess whether MENM can enter
the soil food web via fungi.

Invertebrates. According to a literature review from Hou
et al,'” earthworms are the terrestrial invertebrates most
studied in the context of MENM accumulation because they
play an important role in structuring the soil and have a ma-
jor ecological function in the soil community. Eisenia fetida
showed a relatively low mean log biota-sediment accumula-
tion factor (BSAF) varying between —0.05 for CuNP and -1.00
for TiO, in kg dry soil per kg dry biomass compared to hydro-
phobic organic contaminants. ZnONP, AuNP and AgNP lay
between these values from low to high; details on the sizes
and characteristics of all particles are summarized in the re-
view of Hou et al.’” Au was taken up in five times higher con-
centrations from ionic exposure than from particulate expo-
sure and Ag uptake was also higher from ionic Ag than from
AgNP."” However, Eisenia andrei had a higher bioaccumu-
lation factor (BAF) for AgNP than for AgNO; from concentra-
tions between 15 and 200 mg kg™*.”* The BAF varied between
0.06 (200 mg kg™) and 0.47 (15 mg kg '), probably due to
avoidance behaviour in the higher concentrations.”* Although
not quantified, stronger bioaccumulation of smaller (7 and
21 nm) than of larger AgNP (75 nm) in C. elegans was demon-
strated by microscopy, both internally and by surface adsorp-
tion.®® The collembola Folsomia candida accumulated Ag
when exposed to AgNP contaminated soil in concentrations
similar to AgNO; spiked so0il."®® The isopod Porcellio scaber
significantly accumulated Zn from diet contaminated with
5000 ug Zn g' in form of ZnONP, the bioaccumulation was
similar to that from bulk and ionic Zn. The percentage of
Zn integrated by the isopod is similar to the percentage of
Zn that is usually dissolved from ZnONP. The authors
therefore suspect that the accumulation is based on uptake
of dissolved Zn ions from ZnONP.'®" Tourinho et al'®®
detected that the isopod Porcellionides pruinosus has a low
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elimination rate of Ag after exposure to AgNP contaminated
soil (30-60 mg kg™') and food (534-832 mg kg '). Toxico-
kinetic models and pX-ray fluorescence mapping indicate
that Ag bioaccumulated in the organism, specifically in the
hepatopancreas.'® After a 14 day exposure of the isopod
Porcellio scaber to 2 and 5 mg Cu g™* dry food in form of
CuNP and Cu salt, the highest Cu concentration was found
in the digestive gland as well. The concentration here did not
differ between the two Cu forms, which indicates that CuNP
toxicity in this isopod is mainly due to Cu ion dissolution.*?

Data on bioaccumulation in soil invertebrates are still very
scarce, yet the mentioned studies show that lower level tro-
phic groups in soil can accumulate metals from MENM and,
therefore, potentially pass them on to predators. As shown,
many studies have detected the uptake and accumulation of
metals from MENM, however the form of the metal (ionic or
particulate) is often not clear due to methodological limita-
tions. Knowing the form of a metal in the organism can be
important in understanding how MENM cause toxicity and
how they are bioaccumulated and are transferred to other tro-
phic levels. More research in this field is needed to allow an
adequate evaluation of the potential risks for the entire soil
community posed by the exposure to MENM.

Trophic transfer

Unrine et al.'® examined the trophic transfer of AuNP (tan-
nic aid capped, 12 nm) from Eisenia fetida to bullfrogs and
detected bioaccumulation of Au, but not -magnification. The
frogs were fed with earthworms for 14 days that had been ex-
posed to 200 mg AuNP kg™* contaminated soil for 60 days. Au
concentrations were higher in the frogs when trophic transfer
took place than when they were fed directly with AuNP via
oral gavage. This indicates that Au from AuNP is more bio-
available through trophic transfer. In a test system including
three trophic levels, zucchini exposed to 1228 ug CeO,NP g™
soil (155 nm diameter) was fed to crickets and these were fed
to wolf spiders. All three trophic levels showed elevated Ce
levels. The accumulation of Ce was higher from NP than
from the bulk material, however no biomagnification was
detected. Instead a 2-order magnitude decrease of Ce concen-
tration with each trophic transfer was observed.'® De la
Torre Roche et al.'’ exposed lettuce to 500 mg La,O;NP kg™
soil and the plants took up La during the 50 day treatment;
the uptake of La was higher from bulk La than from NP.
When these two lettuce types were fed to crickets the uptake
of La was significantly higher from bulk (0.53 mg kg ') than
from NP (0.33 mg kg™') treated-lettuce. The same trend was
found when the lettuce was consumed by darkling beetles.
However elimination of La in the insects was slower from
La,O;NP treated plants than from bulk La. When the crickets
which had fed on contaminated lettuce were consumed by
mantis the trophic transfer factor was higher for La,O;NP
than for bulk La. No biomagnification took place in this sys-
tem because the concentration of La in the mantises was
5-10 times lower than in the crickets.'®® Intact CdSe/CdZnS
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quantum dots were taken up both by Arabidopsis plants
and caterpillars feeding on these, causing damage in both.
The uptake and degree of damage were strongly affected by
the two different types of QD coating studied. Younger
Arabidopsis leaves transported CdSe/CdZnS QD considerably
faster than older ones,”® which demonstrates that life stage
of an organism must not be ignored when it comes to the
fate of MENM. Unlike the studies reviewed by Ma et al,'%”
the trophic transfer factor of QD to faeces was only 0.28,%
which might hint at accumulation in the herbivore. When
fed Rhicinus communis leaves surface-treated with either PVP-
coated AgNP or AgNO;, two species of lepidoptera larvae ex-
creted most silver through the faeces. Relative body uptake of
Ag was higher for AgNO; than for AgNP in Achaea janata
while this was not so clear for Spodoptera litura. Accordingly,
for A. janata Ag concentrations in faeces of AgNP-treated ani-
mals were mostly higher than in animals treated with AgNO;.
However, the Ag concentrations tested in this study were ex-
tremely high (500-4000 mg L™")."%®

Judy et al.*®® found that hornworms (Manduca sexta) can
take up and accumulate Au from tobacco leaves that were
previously sprayed with AuNP. Tannic acid coated AuNP were
used in the diameters 5, 10 and 15 nm. The concentration of
Au in the tissue of the hornworms was 6.2, 11.6 and 9.6 times
higher than in the tobacco leaves, respectively, for the three
particle sizes. This clearly shows that biomagnification takes
place in this system. Using 3 kDa membranes as filters before
performing the chemical analysis of the internal Au concen-
tration of the hornworms indicate that Au was taken up in
form of AuNP from the tobacco leaves. A similar experimental
setup with AuNP sprayed tomato leaves and hornworms as
primary consumers was also performed by Judy et al.''® The
indirect trophic exposure of 12 nm diameter tannate coated
AuNP to hornworms led to a bioaccumulation of AuNP, how-
ever lower than in the previous study and no biomagnifi-
cation was observed. The elimination efficiency of AuNP was
low after the gut of the hornworms was emptied."'® As noted
before, citrate-capped, 5 nm diameter CdSe QD accumulate
in Pseudomonas aeruginosa bacteria and, when the latter were
consumed by the protozoa Tetrahymena thermophila, the QD
were passed on to this trophic level within a 16 h exposure.
X-ray spectroscopy showed that the CdSe QD were taken up by
the protozoans in intact form. The trophic transfer factor, which
is based on the ratio of metal mass to dry body mass, was about
5.4 for CdSe QD, indicating substantial biomagnification.””

These are the only studies on trophic transfer of MENM in
soil systems we are aware of. More is known about the pass-
ing on of MENM from one trophic level to the next in aquatic
settings. The nematode C. elegans does not only internalise
citrate-coated AgNP (7 nm, 54 mg L") from its bacterial food
but also transfers them to its offspring.®® In a simplified rice
paddy microcosm, TiO,NP and 9 nm TiO, nanotubes were
taken up by water plant roots and transferred to nematodes
and snails feeding on the roots. The highest Ti concentration
was detected in a biofilm consumed by rice fish which also
accumulated Ti.""!
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Due to limited data it is difficult to predict if, where
and which MENM might bioaccumulate in natural soil com-
munities. In their review on metal-based nanotoxicity in
higher plants, Ma et al.'® identified major research gaps
with respect to field experiments at realistic concentrations
including implications to the food chain. They concluded
that in the few studies thus far apparently no biomagnifi-
cation of MENM occurred, yet (if measured) a high percent-
age was found in faeces. This implies a large exposure and
bioaccumulation potential to the decomposer community. It
is concerning that MENM can be transferred between trophic
levels in nano form because MENM are specifically intro-
duced to products due to their changed or new characteris-
tics in this form. This hinders predictions based solely on
previous experiences with metal accumulation from non-
nano forms in food webs because of potential differences in
behaviour and fate of the particles within organisms."® Re-
search in the area of MENM accumulation should be intensi-
fied to assess potential risks posed for soil food webs.

Community interactions

In addition to herbivory and predation, competition, mutual-
ism, allelopathy, symbiosis and parasitism also play major
roles in forming the dynamics of communities. When con-
taminants influence one or various organisms in a commu-
nity, this can indirectly affect other species due to changes in
interactions. To date little is known on how MENM influence
soil community interactions; the focus of research has been
mainly on plants and their interactions with fungi and bacte-
ria in the soil. The latter has been summarized in a review by
Dimkpa.'® Ma et al'®” provide a good overview on what is
known thus far concerning other interactions. We therefore
only report main conclusions, point out single aspects of
some studies cited in these reviews and focus on literature
not covered there.

Plants and microorganisms

Clover (Trifolium repens) roots are mycorrhized by arbuscular
mycorrhizal fungi (AMF) which increases nutrient uptake for
the plant. The fungi are supplied with carbohydrates from
the plant. In the presence of 3.2 mg IONP kg ' soil the
glomalin content and nutrient acquisition of AMF decreased,
which led to a decrease in biomass of the mycorrhizal clo-
ver.>* A more complex reaction was seen when AgNP were in
the soil; at low concentrations (0.01 mg kg ™) the growth of
the mycorrhized clover was inhibited. At high AgNP concen-
trations (>0.1 mg kg™') the ability of AMF to attenuate AgNP
stress on the plant was enhanced and, therefore, Ag content
and the activity of antioxidant enzymes were reduced. This
suggests that the plant is harmed less by high AgNP concen-
trations because AMF buffer the negative effects above a cer-
tain AgNP threshold.> In contrast, the presence of root-
associated bacteria could not alleviate the negative effect of
500 mg Zn kg " in form of ZnONP on root growth of beans
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(Phaseolus vulgaris), and shoot growth was even only
compromised in their presence. The authors showed that
also the uptake of Fe and Mn in bean shoots was reduced by
ZnONP when bacteria were present.**?

Nitrogen-fixing bacteria, which are symbionts of legumes,
are also closely associated with plant roots. Legumes form
nodules which are inhabited by nitrogen-fixing bacteria
that in return supply the plant with nitrogen, which is often
the limiting nutrient in plant growth. Rhizobium bacteria as-
sociated with Pisum sativum showed damaged membranes
after 48 h exposure to 250 mg TiO,NP L™ and nodule size
was decreased after 7 day exposure. The pea plants treated
with TiO,NP began nodule formation and N, fixation later
than the control plants.'”® Exposure of the legume Pisum
sativum to <500 mg L' ZnONP led to significantly shorter
and fewer first- and second-order lateral roots compared to
the control. The same was seen in the Zn>" treatment. The
legume was inoculated with the symbiosis partner
Rhiziobium leguminosarum. When treated with 250 mg
ZnONP L' rhizobia morphology changed from rod shaped
to round cells. 750 mg ZnONP L™ exposure led to damage or
complete destruction of the bacteria cells. Exposure to equiv-
alent Zn>" concentrations also caused changes in morphol-
ogy but no lysis occurred. TEM images showed that the size
of nodules decreased with increasing ZnONP concentration,
the infection of the nodules by rhizobia was delayed and
nodule senescence was earlier. The bacteroid densities in the
nodules and therefore the nitrogen fixation were lower than
the control when treated with ZnONP."** Dimkpa et al”*
detected an inhibition of bean shoot and root growth in
presence of CuONP; however, when plant-associated bacteria
were in the soil, the inhibition was reduced. The accumula-
tion of Cu was also lower with bacteria in the soil.
Dimkpa's'® review reports negative effects of AgNP, CeO,NP,
CuONP, IONP, TiO,NP, WO;NP and ZnONP on nitrogen-
fixing bacteria. There are, however, also cases where the
opposite phenomenon was seen (see also mechanistic as-
pects below). For more information on how nitrogen fixation
is influenced by MENM refer to “Ecosystem functioning - ni-
trogen turnover”.

Other interactions

Competition can also be indirectly affected by MENM; how-
ever to the best of our knowledge only one study has assessed
how plant communities react to AgNP. Pure and mixed cul-
tures of eleven wetland plants were sown out and the effects
of 40 mg AgNP L™ on the germination and early growth were
observed. In the pure cultures AgNP increased germination
of three species and reduced it in one plant species. The leaf
length of six species decreased in the pure culture with AgNP
treatment. When grown together, the germination effects
were less pronounced and all but one taxa had reduced
growth in presence of AgNP. Only Lolium muliflorum in the
mixed culture treated with AgNP showed improved growth.
The differences in reactions depending on culture type might
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be due to indirect AgNP effects mediated by altered species
interactions. AgNP toxicity to several wetland plant species
might have freed Lolium muliflorum from competition, caus-
ing improved growth.''”

In summary, most studies involving microorganisms re-
duced the toxicity of MENM to plants, whereas the presence
of other plant species aggravated the toxic effects observed in
the only study to date investigating this type of interactions.
The ameliorating effect of soil microorganisms, however,
does not seem to be nano-specific.*®

Examining the effects MENM have on interactions be-
tween organisms in the soil community allows evaluation of
more realistic scenarios than single species tests. Under natu-
ral conditions when species are integrated into a complex
system of interactions (Fig. 1), toxins can cause effects that
cannot be foreseen by evaluating toxicity to single species. As
MENM in most cases will occur in very low concentration in
the environment it is noteworthy that community reactions
are differential and do not always follow a typical dose-re-
sponse curve. In a study with AgNO; and pulverized fruit bod-
ies of a silver-accumulating fungus, bacteria and fungi
showed an opposite reaction, irrespective of Ag source: rela-
tively high doses (0.5 mg Ag kg™) and the control favoured
fungi and depauperated bacteria whereas the opposite was
true at 0.008 mg Ag kg.>® Overall very little is known to
date on how MENM affect interactions between various soil
organisms and more research is needed, in particular on in-
teractions with soil animals and their residues: excreta, fae-
ces, dead bodies and egg clutches provide a lot of organic
matter that is a very important food source for microorgan-
isms."'® Recent experiments in our group have shown that
MENM effects in single-species tests with collembola can be
significantly aggravated in presence of interacting species
(Hackmann, in preparation).

Mechanistic aspects

Mechanistic aspects of direct MENM action have been stud-
ied extensively at the beginning of MENM hazard assessment,
especially in toxicology.'’” These include, among others,
interference with cell membranes, DNA replication or gene
expression (see ref. 16 and 107 for examples in terrestrial
microorganisms). Here we refer to the mechanisms of
interactions.

One important mechanism by which bacteria foster plant
growth is the production of Fe(m) biochelators, siderophores.
Dimkpa et al.*® showed that CuONP (200 mg Cu L™') and
ZnONP (500 mg Zn L™") had completely different effects on
the production of siderophores by Pseudomonas chlororaphis.
Whereas ZnONP (although inhibiting bacterial growth) in-
creased siderophore production, this was dramatically de-
creased by CuONP (which only initially inhibited bacterial
growth). Effects of the corresponding ions were similar for
Zn®* but not for Cu®". The effect could be explained by
CuONP suppression of the transcription of a transport
gene.*® CuONP increased the production of indole-3-acetic

518 | Environ. Sci.. Nano, 2016, 3, 506-533

View Article Online

Environmental Science: Nano

acid (IAA) and ZnONP increased siderophore production by
bacteria — both components involved in plant growth promo-
tion.’ In his review, Dimkpa'® provides some information
on possible interference of these two types of MENM with
other elements relevant for plant nutrition.

Hayashi and Engelmann''® reviewed the immune re-
sponse of the earthworm Eisenia fetida, where coelomocytes
play an important role, engulfing, for example bacteria.
Based on studies with in vitro cultures of these cells with
AgNP they suggest that coelomocytes seem to be a suscepti-
ble target of MENM. This is an example of one mode of ac-
tion within an invertebrate - yet where could MENM interfere
with community interactions in soils?

Chemistry is the key language of communication within
and between organisms. An interference with substances rele-
vant for chemical communication is especially relevant in a
dark environment. Due to their high surface area and reactiv-
ity, MENM are prone to easily interfere with the countless
small molecules involved in chemical communication.'*
Such effects are known from in vitro cultures, for instance
AgNP inhibited quorum sensing, biofilm formation and sev-
eral factors involved in virulence.’*® Such effects will not be
limited to agar plates and organisms' cells but also occur in
their environment - especially in soils, where orientation
and communication are almost entirely based on chemical
cues at often very low concentrations. Biofilms are involved
in the formation of soil aggregates and an important food
source for smaller soil fauna (protists, nematodes, micro-
arthropods).*® What if MENM interfered also with their
receptors? And what if MENM that are sorbed to mineral par-
ticles or organisms' surfaces bind the signalling molecules
themselves, thus directly blocking their communication func-
tion? Would toxic fungi no longer be avoided or would ants
and termites not find the way back to their mounds? Despite
these obvious probabilities and potentially associated prob-
lems, based on our research virtually no literature on soils
has dealt with this topic.

Soil biodiversity and ecosystem
functioning

Soil communities are extremely abundant and diverse: 1 g of
soil may contain thousands to ten thousands different taxa of
microorganisms and small invertebrates such as protozoans,
nematodes and microarthropods.>” Wardle et al.*** showed
the multiple connections between these organisms and
plants, underpinning the vital role soil organisms and their
diversity play in ecosystem functioning. This has been dem-
onstrated in countless studies since, reviewed for instance by
Hooper et al.>® More recently, Lavelle et al.°® pointed out the
relevance of soil invertebrates for ecosystem services. For an
ecosystem to function properly and to deliver the ecosystem
services it is essential that each functional group contributes
to material and energy flows within the system. An under-
standing of whether and to what extent MENM might
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compromise soil biodiversity and ecosystem functioning is
therefore urgently needed.

Biodiversity and community structure

Effects on biodiversity can be expressed in various ways. The
simplest approach is to count the number of taxa revealed,
while keeping in mind the respective methodology (see meth-
odological remarks below) - which is especially relevant in
microbiology. Briefly, community analysis in microbiology is
based either on physiological profiles (culture-dependent
methods) or on culture-independent methods that are ap-
plied on soil extracts of either DNA or structural components
such as fatty acids. Phospholipid fatty acids (PLFA) are im-
portant components of microorganisms' cell walls. Since they
are only present in active microorganisms and a number of
marker PLFA for specific groups has been found they are of-
ten used in soil community analysis (e.g. ref. 122). Soil inver-
tebrates are usually identified by microscopy and morpholog-
ical differences, more recently also by DNA-based methods.

Aside from the number of taxa, community size (overall
abundance or biomass), activity, composition (exchange of
single taxa by others) and/or abundance of single taxa (shifts
in dominance structure) can change. This may or may not
have consequences on ecosystem functioning: on the one
hand, redundancy in soil is high and omnivory widespread;
on the other processes and subsequent cascades can be seri-
ously affected. For instance, if ammonification is reduced,
this will have negative effects on subsequent nitrifiers, plant
growth and health, often also on aboveground herbivores.'*

Soil microorganisms. The sensitivity of single taxa towards
MENM is extremely variable. We illustrate this by some exam-
ples from a recent review on CuNP:** Bacillus subtilis is
completely inhibited at concentrations >60 ug CuNP L™
whereas Pseudomonas aeruginosa is resistant. CuNP also effi-
ciently killed soil fungi such as Aspergillus niger within 48 h
(which is way more sensitive than the closely related species
A. flavus), reduced other soil-living fungal taxa and inhibited
the decay of cotton fabric, which is why CuNP are considered
very efficient fungicides. Still, bacteria appear more sensitive
towards CuNP.**

During 14 days of incubation the activity and community
structure of methanogenic bacteria in anaerobic sewage sludge
remained unaffected at concentrations up to 40 mg AgNP (29
nm) L', most likely due to the negligible dissolution of free
Ag" ions.’*® However, AgNP-treated sludge aged in soil for up
to 140 days became very toxic to bacteria at much lower con-
centrations™" (see also Table 3). At still lower concentration in a
similar study, AgNP significantly altered microbial community
structure and OTU richness only after one day, but not any-
more after 50 days.’® The only study we are aware of that was
conducted in a forest soil found a pronounced decrease of
CNmic upon AgNP exposure for up to 90 days, strongly
suggesting a higher sensitivity of bacteria® (see also Table 3).
This was confirmed by cultivable bacteria and fungi. DGGE
profiles in this study rendered no impact of AgNP on overall
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genetic diversity of bacteria but rather distinct community
shifts, also hinting on apparently more resilient taxa
(Luteobacter rhizovicinos, Dyella sp., Edaphobacter modestus).”
Adding AgNP during the composting of municipal solid waste
altered the structure of the highly diverse (more than 120 000
operational taxonomic units (OUT)) microbial community.***

Xu et al.** compared MENM at concentrations between
100 and 1000 mg kg soil * in flooded paddy soil to untreated
controls. Based on PLFA patterns, CuONP were overall more
toxic than TiO,NP, yet also these inhibited bacteria whereas
fungi were not compromised by both MENM. When
distinguishing aerobic and anaerobic bacteria, only CuONP
had negative effects, and only these changed the overall
community structure.>* In OECD soil incubated at 20 °C and
80% WHC with a 16 h light/8 h dark cycle for 30 days, gold
nanorods (average size: 12.3 nm, 3.3 mg kg soil™) signifi-
cantly altered the bacterial community structure (based on
DGGE profiling)."*® This was also found for TiO,NP in the
same study, yet at extremely high concentrations (5 g kg
soil ™). Also exposing activated sludge for 70 days with 50 mg
SiO,NP L™ modified the microbial community, fostering e.g.
Stenotrophomonas sp. and Rhodocyclaceae while reducing
Thiotrix sp. and actinobacteria'*® (Table 3).

nZVvI (<50 nm, 3% sodium polyacrylic acid coating, 17 mg
nZvI g') modified the phylogenetic microbial composition,
and which taxa were affected varied with soil type.®* Fajardo
et al.®® tested the same nZVI for the remediation of Pb- and
Zn-polluted soils, which increased their Fe concentrations
from 9.8 to 28.2 (Pb soil) and from 12.5 to 28.7 g kg soil ™"
(Zn soil). Effects varied greatly with the type of pollution: no
significant impact on the phylogenetic composition was
found in the Zn soil whereas in the Pb soil p-proteobacteria
increased from 7% to 21.8% while y-proteobacteria decreased
from 9.9% to 6.1%. Transcriptional biomarkers seemed more
affected in Gram-negative than in Gram-positive bacteria in
this study. Pawlett et al.® found that nZVI reduced AMF
fungi. Specific taxa were more sensitive in this study,
responding to CuONP as well: at high concentrations (1%)
proportions of some groups increased, for instance
1-bacillales. Interestingly, this group decreased upon CuONP
exposure at just 0.1%. However, due to low replication and
high variation these results should not be overrated.

IONP stimulated bacteria related to actinobacteria, and
v-Fe,0;-NP seemed to have a greater effect on bacterial com-
munity structure than Fe;04,NP'?” (Table 3). In natural soil,
TiO,NP (40-60 nm, mainly anatase) at <200 mg kg " fresh
soil caused a clear structural shift in arbuscular mycorrhizal
but not in bacterial community composition.>® Judy et al.*°
compared aged soil amended with biosolids containing a
mixture of Ag (100 mg kg™), ZnO (1400 mg kg™) and TiO,
(2400 mg kg ) of either MENM or salts (Ag, Zn) or bulk
material (TiO,) that had been continuously dosed at very
realistic conditions, albeit ending up in rather high concen-
trations of the final mixtures (deviations from nominal con-
centrations in both treatments <10%). Based on PLFA
patterns, both treatments had significant negative effects on
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anaerobic bacteria, Gram-positive bacteria and “actinomy-
cetes”, which were more pronounced in the MENM than in
the salt/bulk treatment for all groups except for the latter.
Only the MENM treatment significantly reduced total bio-
mass, Gram-negative bacteria, fungi and AM fungi whereas
positive effects on fungi, AM fungi and eukaryotes were only
found in the salt/bulk treatment."”® This study thus indi-
cates a considerably higher hazard potential for MENM
than for the bulk or ionic form of the three materials studied.
Importantly, the authors stated that “operationally defined
extraction methods used were unable to capture differences
in bioavailability between the ENM and bulk/dissolved metal
treatments”. The effect of ZNONP (29.8 nm, 2500 mg kg ™)
was highly pH-dependent: its difference to bulk (300 nm) or
salt (ZnCl) counterparts was more pronounced at lower
pH."*® This was particularly apparent in Proteobacteria
which were hardly affected by bulk or nano-ZnO at pH 7 but
substantially reduced at lower pH. In turn, ZnCl changed the
community composition towards Actinobacteria, almost unaf-
fected by pH. Bacteroidetes largely increased at low and me-
dium pH (6) in presence of bulk and nano ZnO, with ZnCl
much less and only at low pH (4.8). More studies on MENM
and microbial communities were summarized recently,* see
above under “Microorganisms”.

Overall, various MENM have caused alterations in micro-
bial community structure. Changes in the community compo-
sition of soils upon environmental stress are not surprising,
given the astronomical number of potential combinations in
physiology and morphology in such extremely diverse sys-
tems. More interesting is the question which (combination
of) trait(s) make taxa vulnerable or resistant to a given
stressor. In bacteria, extracellular polymer substances (EPS)
seem to play an important role, protecting them against tox-
icity of AgNP and CuONP.'®"*° Using two strains of geneti-
cally engineered bacteria and a commercial polymer, Joshi
et al."*" showed that EPS trapped AgNP outside the cells and
also caused their aggregation in the medium. Their results
were supported by measuring the dissolved Ag" ions, which
alone could not explain the observed toxicity. The authors
remarked that differences in EPS characteristics may cause
opposite results for aggregation and they pointed out that a
reduced growth rate may also be considered a protective
mechanism against AgNP toxicity in bacteria. A stimulation
of EPS production by bacteria has also been shown for AgNP,
ZnONP and Cu-doped TiO,NP."®

In their review on AgNP and microorganisms, Sweet and
Singleton*® recommend that future studies focus on “biofilm
communities as a more pertinent system when regarding
food, medical and environmental systems” (see also ref. 120).
They also demanded further attention be paid to the interac-
tions between soil microorganisms and their invertebrate
predators.

Soil animals. Effects of MENM on a handful of standard
test organisms have been performed with various types of
MENM (see chapter on consumers and Tourinho et al.'® and
J. I. Kwak & An"?* for recent reviews). To the best of our knowl-
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edge, to date no studies involving MENM and soil animal bio-
diversity have been published.

Ecosystem functioning

Frequently studied ecosystem functions are basic element cy-
cles, in particular of carbon, nitrogen and phosphorous. Vari-
ous standardized guidelines by OECD, ISO etc. have been
performed for testing MENM. These guidelines are simple
tests in which mineralization, e.g. release of carbon dioxide,
nitrite or nitrate from entire communities, is measured. An-
other fairly simple approach is measuring activities of en-
zymes involved in organic matter breakdown and plant nutri-
tion such as phosphatase, dehydrogenase or urease.
Numerous studies (of which we show only a selection since
this is not our focus) have shown negative impacts of nano-
particles on element mineralization and enzyme activi-
ties.""'® These were mainly (but not exclusively, e.g. ref. 133)
metal-based and soluble MENM, in particular Ag and Cu.

Table 3 summarizes those studies referring to soil nutrient
cycling which provided sufficient basic information on parti-
cle characterization and included at least a negative control,
ideally also a salt or bulk control. Mostly negative effects of
MENM were reported, yet for some endpoints or concentra-
tions also neutral and positive effects were observed, even for
otherwise toxic metals such as Ag or Cu. Positive effects are
not necessarily beneficial but in most cases rather reflect a
stress response such as increased growth, reproduction,
moulting or metabolic activity (e.g. ref. 134) to dilute, excrete
or detoxify the contaminants. This holds especially for the
microbial metabolic quotient (MQ), the ratio between micro-
bial respiration and microbial biomass, which often in-
creased upon MENM exposure. One study with a positive ef-
fect of CuNP™ refers to the development of resistance: the
particles were applied to a soil community adapted to Cu.
“True” positive effects in Table 3 (e.g. ref. 127) mainly refer to
iron-based MENM which are used for remediation purposes
of contaminated soils. Note, however, that under both aero-
bic and anaerobic conditions Filser et al.'® found negative ef-
fects of IONP on bacteria, which increased with decreasing
concentration. In their review, Simonin et al.** raise concern
also for nZVI.

Nitrogen turnover. Nitrogen fixing bacteria play an impor-
tant role in the soil habitat because they deliver nitrogen es-
sential and often limiting for plant growth and therefore en-
sure primary production. Dimkpa'® reports several examples
where plants were compromised by MENM, and the quantita-
tive examples in Table 3 frequently show drastic effects on
both N fixation and N mineralization - in one case even an
increase of N,O production by 350%, implying potentially
dramatic consequences for greenhouse gas emissions.
Priester et al.®® detected that N, fixation in soybean was re-
duced by more than 80% in presence of 50 and 100 g CeO,-
NP kg™ soil and negatively affected plant growth.®* The le-
gume Medicago truncatula down-regulates various genes
involved in nodulation, nodule morphogenesis and nitrogen
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fixation when treated with aged biosolid-amended soil with a
mixture of Ag (180 mg kg™), ZnO (1400 mg kg™) and TiO,
(5000 mg kg ') MENM."*® This was not observed in bulk/
ionic treatment. It was also seen that the nodulation fre-
quency decreased >8 fold in the ENM treatment compared to
the bulk/dissolved treatment.>® Because the added N, fixating
bacteria has similar population densities in bulk/ionic and
MENM treatment the authors hypothesize that the lack of
nodulation is mainly based on phytotoxicity not on negative
effects of MENM on rhizobium bacteria.'*® CeO,NP even led
to a shutdown of nitrogen fixation in soybean.’® The genus
Azotobacter that also fixes atmospheric nitrogen (N,) and
lives freely in soil, was reduced in number in the presence of
ZnONP, CeO,NP and TiO,NP.'3® Ge et al.'®’ observed a de-
crease in bacteria associated with nitrogen fixation in soils
treated with ZnONP and TiO,NP. Although Anabaena
variabilis is an aquatic species; its inhibition by TiO,NP"*® is
very relevant due to the prime importance of the Azolla-
Anabaena symbiosis for plant nutrition of rice fields."*’

In planktonic cultures, growth rates of nitrifying and
denitrifying bacteria were much more sensitive to CuNP com-
pared to when they were growing in biofilms, which was also
reflected in ammonium oxidation and nitrate reduction.
However, the opposite was found when measuring ATP con-
tents in nitrifiers. In contrast, nitrogen fixing bacteria grew
better in planktonic cultures than in biofilms. Dissolution be-
haviour, speciation and particularly the formation of an oxide
layer at the NP surface strongly depended on the respective
medium of the three different species of bacteria studied.
Differences between the three species' reactions were also
related to species traits such as speed of growth and nutrient
requirements.'*°

In activated sewage sludge, nitrifying bacteria were
compromised both in enzyme activity and abundance by
SiO,NP, yet only at high concentration'*® (Table 3). Garcia
et al.’ observed that CeO,NP and - considerably less - AuNP
reduced the activity of ammonifying bacteria in a wastewater
treatment plant, whereas no such effects were seen for TiO,-
NP and AgNP. AgNP, however, are inhibitory to the nitrifier
Nitrosomonas europaea that oxidates ammonia.*** Choi and
Hu" (Table 3) found that the observed toxicity was best -
even better than by Ag" - explained by the AgNP fraction <5
nm. Dramatic effects on nitrifiers at rather low silver concen-
trations were found in various tests with long-term incuba-
tions (up to 180 d) of soil treated with sewage sludge
containing AgNP - for instance, almost 100% inhibition after
140 d at 5.2 mg kg™ dry soil."* Colman et al.*® performed a
realistic long-term field mesocosm experiment at a very low
dose (final concentration 0.14 mg AgNP kg soil *). A single
application of AgNP-treated slurry resulted in a 4.5 fold in-
crease of N,O emissions compared to the slurry only treat-
ment, and 50 days after application the activity of the proteo-
lytic enzyme peptidase was still 52% lower. Moreover, AgCl,
had similar or smaller effects, despite 4 fold Ag concentra-
tion.*® Still lower concentrations of AgNP (up to 100 ug Ag
kg™ dry soil) in an arable sandy loam soil significantly

This journal is © The Royal Society of Chemistry 2016
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inhibited net N mineralization.® Soil treated with aged sew-
age sludge (spiked with a mixture of Ag, ZnO and TiO, in ei-
ther MENM or bulk/ionic form, see Table 3) reduced nodula-
tion frequency by 94% in the MENM compared to the salt/
bulk treatment.>

Bacteria involved in the nitrogen cycle can, therefore, be
considered a functional group that is specifically at risk of
metal-based MENM. N and C cycle are closely interlinked.
For example, the abovementioned reduced nodulation in the
study by Judy et al.>° was accompanied by a 23% reduction in
shoot biomass (Table 3) and a particularly large inhibition of
fungi. As fungi (C:N 5-15) have a higher C:N ratio than bac-
teria (C: N 3-6),"** this should have rendered an overall lower
C:N ratio of the microbial biomass (CNmic), yet in that study
fungi made up less than 20% of the total microbial biomass.
An increased CNmic upon exposure to Fe;O,NP and SnO,NP
in one study might suggest a community shift towards my-
corrhizal fungi, but this was not found for CeO,NP."** The
impact of AgNP in a forest soil increased the C:N ratio from
14.9 to up to 17.9 after 60 days® (Table 3). Several MENM
(perhaps also nZVI°') could thus affect both N and C turn-
over via multiple mechanisms, from selective toxicity to sen-
sitive taxa (see above) to increased N emission and reduced
nitrogen fixation or mineralisation (Table 3).

Carbon turnover. Next to plant roots, microorganisms play
a prime role in soil carbon cycling: they represent the labile
pool responsible for temporary carbon storage in biomass
and greenhouse gas (GHG) emissions (CO,, CH,).*> An in-
creased metabolic quotient (MQ) and a decrease in the
microbial biomass (Cmic) was frequently found in the exam-
ples in Table 3, indicating increased GHG emissions, whereas
only single studies reported reduced emissions. Bacterial oxy-
gen uptake rate (OUR) directly relates to aerobic respiration
and can therefore be taken as a substitute for C mineraliza-
tion. As for N mineralization (see above), CeO,NP, followed
by AgNP, had a strong inhibitory effect on OUR in the study
of Garcia et al.® TiO,NP and AuNP had no observed effect on
OUR.’ Very low concentrations of AgNP (up to 100 ug Ag kg™
dry soil) reduced microbial biomass and at the same time in-
creased soil respiration.® Echavarri-Bravo et al'**> showed
that a single pulse of a realistic concentration of AgNP (NM
300, 6 mg kg™ dry substrate) caused a short-term shift in the
carbon utilization pattern of the microbial community in an
estuarine sediment community. Recovery occurred within 5
days, and the dispersant of the AgNP alone had no effect. In
sewage sludge treated with AgNP, microbial respiration was
inhibited (ECy, = 27.9 mg L"), yet this effect was not seen
any more after 3 h until test end at day 28."' However, in
long-term tests with the same AgNP after 100 and 180 days
the microbial biomass was significantly inhibited by about
42% at only 1.6 mg kg™ dry soil. The authors concluded that
sewage sludge masked the AgNP effect until the sludge had
been degraded by microorganisms. Also in the
abovementioned study by Colman et al. the microbial bio-
mass was 35% lower in the AgNP compared to the pure slurry
treatment. AgNO; had similar or smaller effects on all
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measured endpoints, despite 4-fold Ag concentration.*® How-
ever, Wakelin et al.*** have shown that the biomass of micro-
bial communities (adapted to varied levels of total Cu) in-
creased upon CuNP exposure when the communities had
been adapted to higher Cu levels. Yet, the effect was less pro-
nounced and not linearly increasing with previous Cu con-
centration, as upon exposure with Cu**.

Turnover of other elements. Mycorrhizal fungi, phospho-
rous and sodium solubilizing bacteria are also important
functional groups in soil, they make these essential elements
available for plants. Both ectomycorrhizal (EMF) and AMF
are largely involved in the P cycle. In a study on clover inter-
actions with AMF, low concentrations of AgNP (0.01 mg kg ™)
and high concentrations of Fe,O;NP (3.2 mg kg ') decreased
P contents of clover roots compared to the control although
AMF infection rates tended to be higher.>* The count of phos-
phorous and sodium solubilizing bacteria decreased in the
presence of ZnONP, TiO,NP and CeO,NP."*® $iO,NP had no
effect on P removal from activated sludge'*® (Table 3). So far
these are the only studies we are aware of that examined
these functional groups, yet their findings indicate that fur-
ther research is needed to assess potential risks to ecosystem
functions.

In summary - despite considerable variation between both
MENM type and experimental conditions — both carbon and
nitrogen turnover have often shown dramatic responses to
MENM exposure, hinting at a net loss of carbon from the soil
system and a lowered nitrogen availability for plants through
reduced nitrification and N fixation, in one case also in-
creased N emission (Table 3). Negative effects on the cycling
of other elements have been reported as well, yet existing evi-
dence is too scarce to draw any general conclusions.

Enzyme activity and substrate use. Enzyme activities are al-
ways related to element cycling. MENM-induced alterations in
these not yet referred to in previous sections are reported in
summary here as most authors studied more than one en-
zyme. In the aforementioned long-term study by Schlich
et al.'* enzymes belonging to the C and N cycle were strongly
inhibited in most cases, unlike enzymes involved in P turn-
over. The results appeared to vary with the way AgNP were
added to the sludge (manual spiking vs. via a sewage treat-
ment plant simulation)."” In field mesocosms with lower AgNP
concentrations the activity of peptidase and phosphatase was
substantially reduced® (Table 3). Unlike soil respiration and N
mineralization (see above), enzyme activities were not or only
marginally affected by extremely low concentrations of AgNP.?
In flooded paddy soil, TiO,NP had less severe (in one case
even positive) effects on enzyme activity than CuONP, which at
medium and high concentration inhibited all three enzymes
almost completely>! (Table 3). SiO,NP at high concentration
inhibited nitrite reductase and nitrate reductase, which could
be explained by removal of Cu and Fe ions (which are part of
their catalytic centres) from the synthetic wastewater'**
(Table 3). In this study, no effect was found on enzymes in-
volved in the phosphorous cycle. A number of studies reviewed
by Dimkpa showed that various MENM (Ag, TiO,, ZnO, CuO)
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had negative effects on a variety of enzymes; for CUONP the ef-
fects were more pronounced than for micron-sized Cu0O."

Altogether, there is plenty of evidence that many MENM
have negative effects on element cycling - reducing desirable
ecosystem services, in particular nitrogen fixation and
mineralisation, and increasing greenhouse gas emissions. If
these effects are direct or indirect — via impact of MENM on
plant roots or soil animals - is often not clear. How impor-
tant these interactions are for the understanding of MENM
effects we will point out later on.

Soil structure. Next to element turnover, soil structure is a
vital component for plant growth. Resistance to water and
wind erosion, nutrient contents, water holding capacity and
cation exchange capacity are to a large extent a result of the
activities of the soil community. Soil structure is mainly de-
termined by texture, particularly clay and organic matter con-
tent, by aggregate formation and stability and by secondary
pores. The latter are formed by digging animals (see
“consumers”) and plant roots.*® Glomalins are glycoproteins
produced by AMF which glue mineral particles of the soil to-
gether. Glomalin contents and P transfer to associated plants
were lowered in presence of both IONP and - at low concen-
trations — AgNP.'® Aggregates are formed via microbial EPS,
fungal hyphae and by animal faeces; larger aggregates may
also be held together by plant roots. Avoidance by earth-
worms, key players in forming and maintaining soil struc-
ture, has already been shown by Shoults-Wilson et al.®® and
McShane et al.”® (see “consumers”). Thus, reduced number
or altered community structure of microorganism or inverte-
brates by MENM will obviously have accompanying effects on
soil structure, yet direct evidence is scarce.

Relevance of soil properties

Besides particle characteristics such as size, shape, coating or
functionalisation, soil properties (in particular texture, pH
value, ion concentration, redox status, clay and organic mat-
ter) have a massive impact on the fate and bioavailability of
MENM,'819:46:145147 The chemistry of the soil solution varies
not only between soils but also within one soil, due to
weather, management and organism activity (see next
section), and it also determines the particle corona'*® and
subsequent bioavailability. Thus, MENM effects on soil or-
ganisms or processes often vary with soil type or treatments,
as shown in several studies reported in our re-
view,'116:18:47:51,64,129 pate and physicochemical behaviour of
MENM in different soils have been studied comparably well
(e.g. ref. 16) whereas less is known how the variation in soil
properties affects their impact on soil organisms and com-
munities."®*"'*? Rousk et al.*” found that both ZnO (20 nm)
and CuO (40-80 nm) NP were more toxic to bacterial commu-
nities in mineral than in organic soil at 0-200 mol kg™". Cor-
responding salts showed higher and bulk compounds lower
toxicity, but in organic soil bulk ZnO were more toxic than
ZnONP.* Pawlett et al.”" showed that clay protects microor-
ganism communities against negative effects of nZVI. They
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also demonstrated that straw aggravated nZVI effects on the
microbial biomass, which in turn was insensitive to soil or-
ganic matter content. On the other hand, Simonin et al.'*’
found a negative effect of TiO,NP only in one out of six soils
with a high clay and organic matter content (Table 3). They
explained this by the latter and an accordingly altered zeta
potential of the particles in this soil.

So what is specific for MENM? These are particularly two
processes: size-dependent slow dissolution of soluble
MENM'® (compared to fast for corresponding salts and very
slow for bulk materials) and physical (or physico-chemical)
interference. Physical interference refers to physical modifica-
tions of either the environment or the organism, not only by
pristine MENM but also by (hetero-)aggregates formed by
these (see ref. 19). This may affect manifold processes, for in-
stance solute transport, bacterial sorption, function of exoen-
zymes, plant nutrient uptake or chemoreception. Silica clay
included during synthesis of AgNP formed highly bactericidal
nanohybrids, causing cell death by surface contact only."*® If
heteroaggregation of pristine AgNP in soils with naturally
occurring clays could lead to similar detrimental effects on
beneficial bacteria urgently needs to be studied.

Generally, the colloidal nature of MENM makes predictions
in a complex matrix like soil extremely difficult, if not impossi-
ble: Are they inactive due to complexation with organic mat-
ter? Where do they adsorb, at mineral or organic particles, or
rather at organisms' membranes? Which conditions favour de-
sorption? And to what extent does all this interfere with organ-
ism activity (cf. ref. 131) and temporal variation?

Variation over time

Evidently, MENM fate over time will be a function of soil prop-
erties. For instance, at drier conditions the low water holding
capacity of sandy soils reduces the available time for dissolution
compared to soils with a finer texture. Another example would
be the quantity and quality of dead organic matter which
strongly affects biomass and activity of soil organisms and thus
their impact on, e.g., the degradation of organic coatings.

As almost any metal compound, also MENM in soil un-
dergo aging, i.e. both coating and core material change over
time."® Slow dissolution of metal-based MENM causes a per-
manent, chronic exposure. At the same time a chemical equi-
librium is not achieved, which alters speciation. For instance,
when silver nitrate dissolves in soils, a large share of the
dissolved silver ions will form sparingly soluble precipitates
with chloride or sulphide which are not bioavailable and
therefore not toxic. Slowly dissolving AgNP behave different
and their effects may show only after long periods of time,
see.""! In standard tests and many study designs the target
variables are measured at only one point in time, often after
a very short exposure duration. For reasons of efficiency and
resource restrictions this is reasonable, yet, how misleading
this can be was shown in several studies reviewed here. The
results by Schlich et al'' raise even more concern, they
clearly showed that dramatic effects on microbial C and N
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turnover intensified over time or became apparent only after
100 an more days of incubation.

The results by Vittori Antisari et al.** (Table 3) varied both
with soil conditions (upper, more organic soil M1 and lower,
more mineral soil M2) and time. NP effects on the microbial
C:N ratio (CNmic) were more pronounced in M2 than in M1.
After 7 days, the metabolic quotient (MQ) increased signifi-
cantly for all three NP types and both concentrations in M2,
which in M1 was only the case for CeO,NP. In turn, after 60
days CeO,NP and Fe;O,NP had no more effect at all whereas
SnO,NP increased MQ in both soils and at both concentra-
tions. AgNP in a forest soil showed the most drastic effects
on microorganisms after 60 days: although part of the
community appeared to somewhat recover after 90 days
the observed community shift became more pronounced
with extended incubation time®(cf. Table 3). The toxicity of
both TiO, (15-20 nm, 81% anatase, 0-2000 g kg™') and
ZnO NP (20-30 nm, 0-500 g kg™") on extractable soil DNA
drastically increased over 60 days whereas it rather decreased
when looking at substrate induced respiration,*” see
also next section. Many other studies reviewed here con-
tained observations over shorter and longer periods of time,
which in most cases revealed differential effects of
MENM.” 11 16:41:46,121,143,1457147 Thjg j5 by no means surpris-
ing as all ecosystems and inherent processes and interactions
are highly dynamic. Processes include the physical environ-
ment (variation especially of water content, pH, salinity, re-
dox conditions and temperature), the fate of MENM, from ag-
gregation, sorption, dissolution to speciation of dissolved
ions and all kind of biotic actions and interactions. How
tightly these processes are connected to activities of soil or-
ganisms is shown in Table 4.

Temporal variation of contaminated soils has been stud-
ied intensively (e.g. ref. 25 and 154), and many of the ob-
served processes also apply to MENM. Based on our long-
term expertise with various kinds of pollutants®'?>13>71%8 jp
soil we suggest long-term changes in the soil community
upon MENM exposure. Features that might specifically
emerge from MENM will be shown in the last chapter.

Methodological remarks

Multiple techniques are being applied in soil community
analysis, from standardized reproduction tests and simple
enzyme assays to high-resolution sequencing. For instance,
culture methods dramatically underestimate the number of
microbial operational taxonomic units (OTU) compared to
those revealed by DNA-based methods (e.g. ref. 124). Yet also
these differ substantially: profiles in banding patterns re-
vealed by, for instance DGGE, are way less variable than
those from deep sequencing techniques. For merely statisti-
cal reasons, high resolution methods will detect differences
upon MENM exposure much more frequently than methods
that render only comparably few OTU. Not too surprising, the
latter appear more sensitive to detect effects caused by
MENM, as shown by the studies where various methods were
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Table 4 Biotic processes, examples of their impact on soil physics and chemistry and related interference with MENM. Evidence for interference is indi-
cated by exemplary reference numbers (for more see earlier chapters); ? indicates hypothesized interference. EPS - exopolysaccharides; NP - nano-

particles; OM - organic matter; SPW - soil pore water chemistry

Biotic process  Impact, specifications

Effects on MENM in soil Ref.

Sorption to biological surfaces (membranes,
EPS etc.): bioconcentration;
of ENM transport by bacterial biofilms"®

Horst et al. 2012,'%*
Priester et al. 2012,”°
Yeo et al. 2013,"""
Cornelis et al. 2014,

90,111,161 yetardation

Altered zeta potential and ionic composition of
SPW

Altered ionic strength and composition;'®
enlarged surface of organic matter by
comminution > (de-)stabilization, sorption or
dispersion; bioaccumulation™*

Degradation of coating; modification via
extracellular enzymes/excreta or inside

Cornelis et al. 2014,
Schlich et al. 2013,"

Cornelis et al. 2014,
Gupta et al. 2015°°

organism/cell'*>°

Dissolution via reduced pH, chelation;"®
inactivation by EPS;"*® excretion of NP by
fungi;*® Reduction of ions, e.g. Ag™?

Altered solute chemistry; aggregates with
physically and chemically modified OM
De-aggregation;'®" dilution or concentration

Dinesh et al. 2012,"°
Cornelis et al. 2014,"
Gupta et al. 2015°°

Lavelle et al. 2006,*°
Maaf et al. 2015*°
Horst et al. 2012'%!

60,116

within growing individual

New sorption surfaces; transfer to next
generation;®® potential resistance

Aeration, altered spatial distribution, altered
solute transport and redox status®®

Preference (?) and avoidance by animals;”®
distribution of animal surfaces via aggregation

Meyer et al. 2010°°

Lavelle et al. 2006°°

Amorim &
Scott-Fordsmand 2012,”°

behaviour; biofilm formation'®* Horst et al. 2012'%*

Production C input (mainly carbohydrates): food source for
microorganisms, herbivores and decomposers

Respiration C output, acidification via dissolved CO,,
dissolution of calcareous minerals

Ingestion N input by symbiotic and free-living bacteria; (se-
lective) uptake of nutrients, organisms, bulk min-
erals; altered community structure, population
size and activity

Metabolisation = Chemical degradation; altered chemistry, physics
and biology inside cell/gut

Excretion Root exudates: sugars, organic acids etc.
microorganisms and animals: extracellular
enzymes, polysaccharides, toxins, minerals,
greenhouse gases, infochemicals etc.

Egestion e.g. nitrite — nitrate; dead leaf — faeces

Growth Growth of individuals and populations

Reproduction Clonal growth, release of spermatophores, eggs,
spores etc.; genetic modification

Movement Formation of soil pores, aggregation at OM hot
spots, dispersal of OM and microbial propagules
in soil

Communication Quorum sensing, pheromones, perception,
avoidance behaviour

Predation Impact on activity and composition of prey or
parasite host

Facilitation Mycorrhiza, legume symbiosis, “fungus gardens”

of ants or termites, provision of secondary food
sources (e.g. carbohydrates, faeces or nitrite)

used in parallel (e.g. ref. 133 and 152). Also for the estimation
of microbial biomass various methods exist. Most common
are substrate induced respiration (SIR) and extraction of C
and N after chloroform fumigation (CFE). More recently, total
extracts of DNA or phospholipid fatty acids (PLFA) have in-
creasingly been used. The drawback of DNA extraction or en-
zyme assays is that they also render extracellular compounds
(and inactive stages) whereas the other methods refer to liv-
ing microorganisms. Functional parameters such as respira-
tion or enzyme activity integrate over the entire community
and are therefore less dynamic and less sensitive than struc-
tural parameters. Whenever two methods are being used in
parallel, the substantial differences become apparent (see e.g.
ref. 137, Table 3). When interpreting results or comparing ef-
fective concentrations from various authors, this must be
kept in mind.

Due to the opaque and crystalline nature of soil, direct
imaging of ENM in soil is a difficult task. TEM images can
be used if the ENM under study can be clearly distin-
guished from soil minerals by their optical density, size or
shape (e.g. ref. 82). If this is not the case, TEM-EDX is nec-
essary to characterize the elemental composition. However,
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Bioaccumulation;'” biomagnification?; indirect
effects on SPW and aggregate properties
Increased plant uptake via mycorrhizal hyphae?
Dispersal and accumulation by invertebrates?

Hou et al. 2015"7

the core components of several frequently used ENM, espe-
cially silica and iron oxides, belong to the most abundant
soil minerals at all. In such cases more advanced tech-
niques are required such as specifying the detailed crystal-
line structure of the ENM or labelling them with fluorescent
markers. In the latter case, however, it has to be kept in
mind that most of such coatings and functionalisations will
be decomposed sooner or later.

Toxicity tests with nematodes and plants sometimes in-
clude information on MENM concentrations in liquid me-
dium rather than in soil. This makes the comparison with
other studies and test systems difficult and does not reflect
environmental behaviour in soil, which might be considered
a drawback in the use for risk assessment.

During the literature search and review it became apparent
that explicit information on coating or dispersant of MENM is
often missing. This was found in various papers in which the
particles used were otherwise well characterized and thor-
oughly described (e.g. ref. 61, 71, 73 and 90, for details refer to
the ESIT). We therefore call attention to the importance of this
information because coatings can have strong impacts of the
behaviour, fate and toxicity of MENM, 8139160
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Finally we stress that any attempt for generalizing the
findings summarized by us must only be made when
supported by multiple evidence, as for instance in case of fre-
quently observed effects on nitrifiers or shifts in the fungi-
bacteria ratio. In all other cases readers must keep in mind
the extreme variation in particle characteristics (size, shape,
coating etc.), soil properties and any details of the respective
methods used.

Synthesis

We have briefly sketched the soil ecosystem, its organisms,
their activities, interactions and associated ecosystem pro-
cesses. Although the current knowledge is limited and some-
times also positive effects were reported, many studies have
shown that any trophic or functional group, any ecosystem
process in the soil can be adversely affected by MENM - in
particular by those based on soluble toxic metals and the an-
atase form of TiO,. Mind that also mechanical effects may oc-
cur, for instance by blocking of receptors or inhibiting gas ex-
change or water uptake of the organisms via surface
adsorption. A number of studies have shown nano-specific ef-
fects, yet the mechanisms behind in many cases remain
unclear. We propose that these can often be related to the
complexity of organisms and processes in the soil, and to in-
direct effects and interactions that are not taken into consid-
eration, particularly in soil animals. Another important point
is that most studies do not take into account that not only
MENM affect organisms but there is also a reverse side,
namely the impact of organisms on MENM.

Impact of soil organisms on MENM properties

Table 4 shows the main processes and interactions
performed by soil organisms and how these affect the physi-
cal-chemical soil environment, with corresponding effects on
MENM. Besides modification inside the organism, any biotic
process in soil affects the chemistry of the soil pore water, of-
ten also the quality and physical arrangement of its solid
constituents and the spatial distribution of biota. As much of
this was discussed earlier, we elaborate here only on three ex-
amples from Table 4: TiO,NP (75-80% anatase) preferably
sorbed to the cell membrane of Pseudomonas aeruginosa (di-
ameter increase by >30%), which in turn caused dispersion
of about 70% of large NP agglomerates through bacterial
growth."®" Soil microorganisms can exploit almost any or-
ganic compound, and lots of inorganic ones as well. MENM
coatings, but also sometimes the core materials as well, will
thus sooner or later be modified or completely degraded by
them. Loss of organic coatings can increase bactericidal activ-
ity of MENM, yet overall the chemical stability of coatings in
the environment is poorly understood.*® Note that respira-
tion, water uptake and egestion of faeces also substantially
influence the redox potential within the single microhabitats
(aggregates, pore water, dead organic matter etc.). Finally,
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several soil-living fungi and bacteria can produce highly toxic
metal nanoparticles themselves from dissolved ions.**>°

Cascading and potentially catalytic effects in soil food webs

Many studies found no effects of MENM at low, often not
even at very high concentrations. There are four main expla-
nations for this: (1) the particles are not toxic: fine; (2) NP
interact with the soil solution, which causes aggregation, pre-
cipitation to sparingly soluble salts such as AgCl, or chelation
by organic molecules - all conditions which make them less
reactive and/or bioavailable, at least temporarily;'® (3) soil
conditions determine MENM fate and bioavailability - so no
effect in one particular soil does not preclude effects in other
soils;"*® (4) the test duration was too short as many effects
manifest only after a longer period of time'" - worst case. We
conclude with a hypothetical worst-case scenario that might
explain the reported strong effects of low MENM concentra-
tions after longer exposure and at often very realistic condi-
tions, compiling evidence from several studies performed
mainly, but not exclusively, with AgNP.*'">*%® We consider
this mixture justified as there is much research into mixed
(e.g. CdSe QD) and doped MENM such as Ag@TiO, (ref. 157)
- and because several types of MENM will co-occur in the real
environment.

Immediate toxic effects on single species, groups, or pro-
cesses have extensively been described above; here we focus
on how interactions might explain and/or predict long-term ef-
fects of MENM, starting with some relevant general phenom-
ena. Only part of the community will be compromised, and
often dominant organisms are affected to a larger extent,
simply because of the higher probability of abundant species
to come in contact with the toxic compounds.'” This re-
leases resources, so that any other competing species will
profit and increase in abundance or biomass. An excess of re-
sources can be exploited best by r strategists with high
growth rates, which then will dominate'® - yet also other
species may take advantage of this, perhaps immigrate or
switch from dormant to active status. Each step will be ac-
companied by cascading effects on all interaction partners,
from mutualists to prey, predators and parasites. Therefore
often community structure changes (e.g. ref. 21). Finally, any
consumption of other organisms may result in bio-
accumulation and trophic transfer (see above).

Now we dig into the soil community (bold numbers in the
following refer to Fig. 1). Let us start with the community at
the rhizosphere (1). Studies with hydroponic cultures have
shown a strong enrichment of MENM at the root sur-
face.”®'®* Although in soil this process will be considerably
reduced,'® substantial uptake from a sandy loam into corn
plants*®* shows high mobility of ZnONP. Thus it is likely that
a large percentage of MENM will concentrate at surfaces re-
lated to water and nutrient uptake of plants and mycorrhizal
fungi.>>°® This will also expose associated consumers,
namely root herbivores (2), bacterial (3) and fungal grazers
(4). Soil bacteria exploit root exudates and are thus mostly
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found in the rhizosphere.®® Above we have shown that their
majority appears to be very sensitive towards a range of
MENM Bacteria often grow as biofilms (5), largely protected
by exopolysaccharides (EPS)."**'** If MENM slowly penetrate
this EPS layer they will first kill the uppermost layer of bacte-
ria. This releases nutrients which will readily be used by the
surviving part of the population, causing de-aggregation of
the MENM and thus higher reactivity'®" - killing more bacte-
ria. As MENM can interfere with biofilm formation,'®" this
process will be inhibited, in the long term also affecting soil
aggregate stability. Typical bacterial consumers are proto-
zoa®” and nematodes.>® Nematodes will first thrive as they
may grow even better with killed than with living bacteria®® -
yet this study lasted only three days, and of course then food
shortage will start, on top of direct effects such as growth re-
duction.®® Apparently, smaller AgNP are easier adsorbed and
internalised by nematodes than larger AgNP, and even trans-
ferred to the next generation®® (6). Although adult inverte-
brates often remain unaffected, offspring may suffer as repro-
duction is generally much more sensitive than mortality.®®”*
Effects of contaminants may be more pronounced or even oc-
cur for the first time in subsequent generations,'>*"®>16°
When tomato plants were treated with CeO,NP, second gen-
eration seedlings were weaker and smaller than control
plants (Wang et al. 2013, cited in ref. 16). The reduction of
nematode populations®”®> and of protozoan bacterial
grazers®” will dramatically reduce the NH," excreted by both
groups,® with cascading effects on nitrifying bacteria, plant
nutrition and nematode predators (mainly microarthropods
and certain fungi). As also microarthropods largely increase
the availability of plant nutrients,"®” plant nutrition will fur-
ther deteriorate, resulting in reduced growth and thus lower
carbon input in the soil, which will further reduce microbial
populations.

This is related to the labile carbon pool in the soil food
web which mainly refers to root exudates, bacteria and their
grazers.>> More recalcitrant plant litter and dead wood will
rather foster fungi (7), arthropods and long-term carbon in-
put, often associated with lower fertility'>""*°® and microbial
pathogens (8). Pathogens will be suppressed by antimicrobial
MENM, yet also their natural enemies such as nematodes or
collembola’®” and beneficial microorganisms (9). The most
efficient use of nutrients with associated positive effects on
plant growth is provided by a balanced interplay of fungi,
bacteria and soil animals.*>® Although resistant bacteria exist
and negative effects of MENM on fungi have been reported
as well,”® fungi as eukaryotes are generally better able to cope
with metal stress than most bacteria.*>*® Even new MENM
can be formed by interactions between plants and endo-
mycorrhizal fungi, as shown by Manceau et al."® for copper.
Once MENM are chemically (e.g. complexation, precipitation)
or biologically (uptake, ingestion) removed from the system,
fast-growing microorganisms will recover — on the cost of
slow-growing ones such as free-living nitrogen fixers (10).
Thus we postulate a shift of the microbial community to-
wards fungi and fast-growing bacteria upon MENM expo-
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sure.”’® However, any tolerance to metal exposure requires
additional energy, e.g. for the activity of metal transporters or
the synthesis of metallothioneins, resulting in increased res-
piration (11). Many of the studies in Table 3 have shown an
increased metabolic quotient upon MENM exposure, mean-
ing a higher loss of carbon - the main limiting factor for the
microbial soil community.>® Consequently, its biomass will
decrease over time.

Microorganisms are also the main energy source for larger
animals such as earthworms, millipedes, ants or termites
(12). Together with the direct toxic effects on burrowing in-
vertebrates reported above, the microbial decrease will on the
long term reduce invertebrate populations and consequently
all beneficial ecosystem services provided by them (13); (see
also Table 4). On top of that comes a tricky aspect, namely
behaviour: the study by Schlich et al.”* clearly shows higher
bioaccumulation of AgNP in earthworms at lower concentra-
tions, most likely due to reduced avoidance behaviour. Al-
though the BAF was below 1, that study was too short to as-
sess the final bioaccumulation as a) life expectancy of
earthworms is much longer (up to several years) than the du-
ration of an OECD reproduction test (56 days) and b) earth-
worms repeatedly ingest soil. This means that BAF over time
might well exceed 1, resulting in accumulation in earth-
worms. As these are prey to numerous larger invertebrates
and vertebrates (14), the potential of AgNP biomagnification
in top predators (birds of prey, foxes etc.) cannot be excluded.
Behaviour in soil largely relies on chemical communication,
which is well known, for instance, in social insects such as
ants (15). To our knowledge no studies in this direction exist,
yet the fact that MENM interfere with chemical communica-
tion and aggregation behaviour in bacteria'®* requires further
research into soil animal communication.

Over longer exposure, additional resistance (16) will
evolve, for instance via overproduction of EPS in bacteria'®'
or by various mechanisms of metal tolerance in other organ-
isms.'07-143147 The bacterium Pseudomonas stutzeri, isolated
from silver mines, forms AgNP by itself, just as many resis-
tant fungal species do.*”*® Thus, even if part of the
AgNP had first dissolved, their presence in the system is
sustained - resulting in a catalytic effect. Qiu et al.’”* showed
that four types of NP (TiO,, SiO,, Fe,03, Al,O;) at low concen-
trations (e.g. 5 mmol L' for Al,O;) promoted plasmid trans-
fer between various bacterial species (even between Gram-
positive and -negative ones) 20 to 200 fold. This does not only
imply fast evolution of MENM resistance but raises addi-
tional concern with respect to the development of multidrug-
resistant strains. Luckily, thus far increased antibiotics resis-
tance due to MENM exposure has only been shown in the
laboratory but not in the field at environmentally relevant
conditions.*>**'”! Resistant organisms thrive fairly well in
an environment with few competitors (e.g. ref. 49 and 154). If
these are challenged by the same or a similar contaminant
later on, this advantage becomes apparent, yet upon exposure
to other contaminants these organisms are often more af-
fected than communities from the control site. Filser et al.'”>
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and Wakelin et al.'*® have shown this for Cu pollution, the
latter authors also for CuNP as secondary stressors. In their
study, the microbial communities previously exposed to var-
ied levels of total Cu were much more tolerant to CuNP than
to Cu>'.

Conclusions and outlook

We have summarized manifold examples of negative effects
of MENM on soil organisms and processes, albeit often at
concentrations far exceeding those that can be reasonably
expected in the natural environment. Only some tests were
conducted at MENM concentrations predicted in nature. The
minority of published evidence reported no or (desirable)
positive effects on soils. Despite their doubtlessly useful ap-
plication for the remediation of contaminated soils, not even
iron-based MENM can be considered generally harmless. Ten
studies showed strong effects at concentrations of MENM be-
low 1 mg kg™ and/or temporal variation and long delay of
partly dramatic effects on the microbial community, element
turnover and greenhouse gas emissions,®""40:44:49,50,54,61,89,153
These are environmentally relevant concentrations and there-
fore raises concern for risk regulation. The present REACH
standard of relying on only very few short-term aquatic tests
at low production volumes (as they are typical for many
MENM) bears a very high risk for soils - in particular when
keeping in mind that most MENM are persistent and rather
immobile in soil; ie. their concentration will increase over
time.

There is a strong need of studies assessing not only haz-
ards to single species but also to the entire soil community.
As shown here, there are various interactions between organ-
isms within the soil community that could potentially be
hampered by exposure to MENM and these might influence
ecosystem services and functions. Another point relevant here
is that the sensitivity of standardized microbiological tests is
much lower than state-of-the art techniques (see methodolog-
ical remarks): finding no effect in, e.g., the soil respiration
test does by no means imply that no dramatic changes oc-
curred in the microbial community — with potential conse-
quences for biogeochemical cycling. Moreover, MENM may
enrich in soil beyond direct application with biosolids,
namely via plant litter, animal faeces,>'%® carcasses or
"¢ Concern for negative effects on critical ecosystem
services has been raised repeatedly (e.g. ref. 20 and 40), and
our respective chapter has emphasized this. From a precau-
tionary point of view (based on experience with other con-
taminants marketed at comparably low concentrations, e.g.
diclofenac'”®) such a potential should be taken into account
in risk regulation of MENM. To date the potential toxic ef-
fects of MENM on bacteria and plants have received more at-
tention than soil animals and there remains a large knowl-
edge gap regarding the trophic transfer of MENM and its
effects on interactions within the soil community. If bio-
accumulation and -magnification of MENM will be of con-
cern cannot be predicted at present. This means that over

exuvia.
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time the impact of MENM on soil organisms, and in particu-
lar predators, might increase. Understanding the conse-
quences that the emission of MENM has at the ecosystem
level is therefore of major importance and further research in
this area is undoubtedly necessary.
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