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Abstract

In conclusion, we observed that titanium nanoparticles inhibited leaf decomposition more strongly than
zinc nanoparticles, and that the combination treatments reduced the effects of the titanium. This was
opposite to what we initially expected. The nano-titanium reduced bacterial growth, suggesting that this
may be one mechanism that could inhibit decomposition. Light may play a role in generation of reactive
oxygen species that increase toxicity of the nanoparticles, but effects are complex. Overall, this study
highlights the importance of testing the effects of mixtures that are likely to occur in the environment.
Metallic nanoparticles are an emerging hazard that will continue to grow as their use expands in the
future.

Zinc and titanium nanoparticles are used in many consumer and industrial products. Consequently, they
are increasingly being detected in the sediments of aquatic ecosystems. Despite their frequent co-
occurrence, there is little information on how they interact, although previous studies on cells suggest that
nano-titanium may inhibit nano-zinc toxicity by reducing Zn?* bioavailability. Leaf decomposition is a
major source of allochthanous energy in freshwater ecosystems. In this study we measured the effects of
zinc and titanium nanoparticles, alone or in combination, on the rate of leaf decomposition.

In Experiment 1, leaf discs, produced from senescent leaves of Ficus sycomorus were exposed to either 1,
10 or 100 mg/L of either ZnO or TiO2 nanoparticles, alone or in combination, for six weeks. Mass loss
and microbial metabolism were measured at fortnightly intervals and bacterial community composition
measured after six weeks using next generation Illumina MiSeq sequencing. In Experiment 2, F.
sycomorus leaf discs were exposed for two weeks t010 mg/L ZnO or TiO2 nanopatrticles, alone or in
combination, both in the light or dark, and in presence or absence of chloramphenicol, a broad spectrum
antibacterial, giving a total of 16 treatments. Mass loss, bacterial colony formation, and the C:N ratio of
leaf tissue were measured.

In experiment 1 there was no evidence that titanium nanoparticles reduced the concentration of Zn?*.
After six weeks, there was significantly less mass loss in all titanium nanoparticle treatments, compared
with controls, zinc nanoparticles alone, or the combination treatments. Microbial metabolism was initially
low, but increased after four weeks, but there were no clear effects of the nanoparticles on oxygen
consumption by the microbes. After six weeks, the bacterial communities of leaves treated with 10 and
100 mg/L of the combination treatment and the 100 mg/L zinc nanoparticle treatments, showed a clear
separation from other treatments int terms of community composition. The dominant species in the three
communities was Bacillus subtillus. In experiment 2, there was greater mass loss in the dark and lower
mass loss in treatments containing chloramphenicol. Both nano-titanium and chloramphenicol inhibited
bacterial growth, but there were complex three-way interactions between all three factors. The C:N ratio
was lowest in controls and highest in the leaves exposed to nano-titanium. There was also an interaction
between light and nanoparticle treatment.

Introduction

Page 2/21



Metallic nanoparticles are widely used in consumer products including sunscreens, textiles, paints and
cosmetics (Mody et al. 2010). These nanoparticles can reach the environment through runoff after
rainfall, through the waste water system, and from direct contact with water (Rajput et al. 2020). Ultimate
sinks for nanomaterials are likely to be lakes, streams and near-shore environments (Arienzo and Ferrara
2022). Metallic nanoparticles pose particular risks to ecosystems due to their ability to exert toxicity
through multiple mechanisms including release of metallic ions, production of reactive oxygen species
(ROS) and through physical damage to cells (Venkatasubbu et al. 2016; Slavin et al. 2017; Zhang et al.
2018; Medici et al. 2021). As the use of nanoparticles continues to grow, it is predicted that sediment
concentrations of nano-TiO, will reach 6.7-40,000 pg/kg while nano-Zn02 will be somewhat lower but

still substantial (Sun et al. 2016).

Leaf decomposition is the major source of allochthanous energy in many stream ecosystems (Abelho,
2001, Tank et al. 2010, Benbow, 2020, Swan et al. 2021). Decomposition is a complex process involving
loss of soluble colloids, colonization by microbes, and finally physical fragmentation or consumption by
macroinvertebrates. The nutrients and energy released by decomposition are transported downstream to
lower river reaches, horizontally to the floodplain, or stored vertically in the benthos (Robertson et al.,
1999). Any alteration to the natural sequence of decomposition has capacity to cause disturbance to all
parts of the ecosystem. Leaf decomposition is sensitive to a range of pollutants including fungicides,
pesticides, and metals (Pradhan et al. 2011). Metallic nanoparticles may also impact the decomposition
process. Previous studies show that both nano-Ti (nT) and nano-Zn (nZ) reduced the rate of leaf
decomposition and that the effects of nano-Ti were strongest in the dark (Al Riyami et al, 2019). Similarly,
nano-Zn decreased the activity of soil bacterial communities (Rashid et al. 2017), while low
concentrations of nZ (<300 pg/L) initially promoted but later suppressed fungal biomass during leaf
decomposition (Du et al. 2020). In another study, it was found that fairly high concentrations of nZ (100
mg/L) inhibited leaf decomposition in aquatic microcosms (Du et al. 2019). While three different sizes of
nZ inhibited poplar leaf decomposition at 100 mg/L (Du et al. 2017), and nT enhanced the
decomposition of Typa leaves over the long term by promoting fungal biomass and activity (Zhang et al.
2019).

Although, nZ and nT share many similarities including band gap and band energies (Buchman et al.
2019), their main mechanisms of toxicity differ. Nano-zinc is inherently unstable and the main
environmental concern focuses on release of Zn?* ions (Sirelkhatim et al. 2015). However, nZ effects can
also be increased by light (Sivakumar et al. 2018), indicating phototoxicity. In contrast, nT is relatively
insoluble and toxicity is mainly related to induction of ROS. Several studies have investigated the joint
toxicity of the two nanoparticles with conflicting results. For instance, nano-Ti reduced toxicity of nZ to
primary epidermal keratinocytes by adsorbing and immobilizing free Zn?* ions (Kathawala et al. 2015). A
similar kinetic model was also demonstrated in Lake Michigan water (Tong et al. 2014). Both studies also
described reciprocal inhibition where nZ reduced the toxicity of nT to bacterial cell walls by reducing
contact between the cell and titanium. In contrast, a combined nZ + nT particles showed greater toxicity
on the fungus Aspergillus flavus, than either nanoparticle alone (Najibi llkhechi et al. 2021).
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Since leaf decomposition involves multiple mechanisms, including physical weakening of the leaf,
chemical leaching and colonization by microbes, both nZ and nT may affect these processes in different
ways, yet little is known of how they may interact. Based on previous research, we hypothesized that
there may be both additive and antagonistic interactions between the two nanoparticles. Specifically we
hypothesized:

1. Both nZ and nT alone would decrease the rate of leaf decomposition
2. The presence of nT would decrease the concentration of soluble Zn
3. Combined exposure would have an antagonistic interaction due to reduction in zinc ions

Methods
General

Preparation of leaf discs

Senescent leaves of Ficus sycomorus were collected from a single tree in Muscat, Oman. The leaves were
washed with tap water and allowed to air dry. Leaf discs, 17 mm in diameter, were made by punching the
leaves with a metallic circular drill piece while avoiding the stem or any damaged tissue. The discs were
dried for seven days in an oven at 80°C, then weighed to the nearest 0.1 mg to determine the average
initial weight. Sets of 70 leaves discs were placed into mesh bags (20x20 cm and 0.5 mm pore size), then
submerged to a depth of 0.5 m in a small flowing stream (Wadi Sa’'al: 23°31 60 Nand 58°12 0 E) and
left for one week to allow microbial colonization. After one week, the mesh bags were retrieved and the
leaf discs were rinsed with distilled water.

Preparation of nanoparticles

Stock nanoparticle solutions of Zn0O, (nZ) (Sigma®, 21 nm) and TiO, (nT) (Sigma®, 10-30 nm) were
prepared by adding 3, 30 or 300 mg of the required nanoparticles (NP) to 100 mL of deionized water. The
NP solutions were sonicated for 30 min at 50 W and 40 KHz then mixed with 2.9 L of freshly collected
wadi water to give final concentrations of 1, 10 or 100 mg/L. The combination treatments were prepared
by mixing 3, 30 or 300 mg of each NP in 100 mL of deionized water. The solutions were then combined
and sonicated before adding to 2.8 L of wadi water.

Verification of nanoparticles

Dynamic Light Scattering (DLS): The particle size of nanoparticles was measured by laser diffraction
using a Nano Size Particle Analyzer (Zen 1600 Malvern, USA) for range in between 0.6 nm and 6.0 ym.
with the following conditions: temperature 25°C, particle refractive index 1.590, water refractive index
1.33 and particle absorption coefficient 0.01. Three measurement cycles were recorded and the data were
averaged by a software (DTS, Ver.5.00, Malvern®). Analysis was done for all nine treatments in order to
get the actual size of the nanoparticles.
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Scanning Electron Microscope (SEM): The morphology and size of nZ and nT nanoparticles were also
verified by SEM (Joel JSM-7600F).

Experiment 1: Effect of NP on leaf decomposition and
microbial communities

The experimental treatments were prepared by adding 550 mL of NP solution or water control to circular
transparent polypropylene containers. There were a total of ten treatments: control, 1 mg/L nZ (Z1), 10
mg/L nZ (Z10), 100 mg/L nZ (Z100), T mg/L nT (T1), 10 mg/L nT (T10), 100 mg/L nT (T100),0r 1 +1,
10+10 and 100+ 100 mg/L nZ+nT (TZ1, TZ10 and TZ100) respectively. Each treatment was replicated
nine times and six pre-incubated leaf discs were added to each container. The containers were randomly
distributed on a balcony where they were exposed to indirect sunlight. At weekly intervals T, O,, pH and
conductivity were recorded and evaporative loss replaced with deionized water. At one, three and five
weeks after the start of the experiment a 45 mL composite sample was taken from each of the
treatments (15 mL from three replicates), filtered through Whatmans No 41 filter paper and the volume
made up to 50 mL with deionized water before analysis of metal ions using by ICP-MS (Make-Bruker-
Arora M90).

Two, four and six weeks after the start of the experiment, three replicates were removed and two leaves
were haphazardly selected from each replicate, dried for 72 h at 80°C, then weighed to nearest 0.1 mg.
Percentage mass loss of each leaf was calculated. Microbial metabolism was used as a surrogate
measure of microbial biomass and was measured at the same time intervals of two, four and six weeks.
A single leaf disc from each of three replicates was placed in 10 mL glass vials filled with oxygen-
saturated water. An additional three vials without leaf discs were also prepared to measure background
respiration. The vials were sealed and placed in a water bath (25 + 1°C) for 24 h. The entire system was
kept in the dark. After the incubation, water was removed from the vials with a syringe and slowly injected
into another tube where the oxygen concentration and temperature were recorded with an optical sensor
attached to a FireSting® oxygen meter (PyroScience, GmbH, Germany). The sensor was calibrated with
100% saturated water and a zero solution (sodium dithionate) before each recording session. After
measurement, the leaves were retrieved from the tubes and dried at 80°C for 72 h to determine their dry
mass.

The following equation was used to calculate the respiration rate in mg O,/h:
(O, =0g)/m = 24

Ob: Average oxygen concentration in blank vials after 24 h incubation

Of: Oxygen concentration of sample after 24 h incubation

m: Leaf disc dry mass
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The bacterial community composition was determined after six weeks. Pooled samples were prepared by
haphazardly selecting a single leaf disc from each of the three remaining replicates of each treatment.
The discs were placed in sterile Eppendorf tubes and immediately stored at -4°C in a refrigerator until DNA
extraction. Bacterial DNA was extracted from the leaf samples following the protocol Smalla et al. (1993)
with minor modifications. The concentration and purity of the DNA was tested using NanoDrop®. The
purified DNA was analyzed using paired-end lllumina MiSeq sequencing (MRDNA, Texas, USA) of the
bacterial 16S rRNA genes for bacterial sequences.

Experiment 2: direct and indirect effects of NP

The aim of this experiment was to identify direct physical effects of the nanoparticles from indirect
effects due to production of ROS and toxicity to the microbial community. Stock solutions of
nanoparticles and freshly collected Wadi Sa'al water were prepared using methods described in
Experiment 1. Two hundred milliliters of solution was added to each of 48—250 mL Erlenmeyer flasks.
The flasks were divided into four nanoparticle treatments, each replicated 12 times: control, 10 mg/L nZ
(Z10), 10 mg/L nT (T10) or 10 mg/L nZ + 10 mg/L nT (TZ10). One 10 ug disc of the antibiotic
chloramphenicol (Thermo Scientific® OXIOD, CT0012B, Hampshire, England) was added to half the
flasks. Chloramphenicol is a broad spectrum bacterial inhibitor that also shows effects towards fungi.
Four freshly prepared F. sycomorus discs (see Exp. 1) were added to each flask and the flasks placed on a
north facing balcony to receive indirect sunlight. Half the flasks were covered with sheets of black
cardboard to prevent exposure to light, giving a total of 16 treatments, each replicated three times

(Table 1). The flasks were stirred daily by swirling. After seven days, a 10 mL water sample was taken
from each flask for measurement of metal ions. At the same time pH, temperature and conductivity were
also measured. After 14 days, the leaf discs were recovered by carefully pouring the contents into a Petri
dish. One leaf disc was haphazardly selected for mass loss, while another selected for carbon, nitrogen
and hydrogen analysis Perkin ElImer® CHNSO analyzer), and another for bacterial colony forming unit
(CFU) counts. Bacterial counts were determined by adding 0.3 g of leaf to sterile distilled water and
vortexing for one minute. The sample was serially diluted until a dilution of 10~ was reached. The
diluted samples were spread on nutrient agar (two petri dishes). All petri dishes were incubated for 3 days
and the number of colonies was counted.

Table 1. Design for Experiment 2

Light Dark

- Chloramphenicol + Chloramphenicol - Chloramphenicol + Chloramphenicol

Cl! |nZ? |nT3 |[nTZ* |C |[nZ |nT |nTZ |C |nZ |[nT |nTZ |C |nZ |nT |nTZ

1Control, 210 mg/L nZ. 310 mg/L nT, 410 mg/L nZ+10 mg/L nT
Data Analysis:
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In experiment 1, the effects of nanoparticle treatment on leaf mass loss and microbial metabolism were
analyzed by one-way generalized linear models. The effects of nanoparticle treatment on bacterial
community diversity were analyzed by cluster analysis of OTUs using Bray-Curtis dissimilarity. In
experiment 2, the effects of nanopatrticle treatment, light and antibiotic exposure on leaf mass loss,
bacterial colony formation and C:N ratio were analyzed by three-way generalized linear models. Data was
assessed for normality and heteroscendacity before analysis and if necessary log-transformed and
reassessed. Significant factors and interactions were assessed using pairwise comparisons with a
sequential Bonferroni correction. Analyses were perform in SPSS (v21) except cluster analysis which was
performed in Past (v4.05 Hammer at al., 2001). All results are reported as mean+ 1 SE. P<0.05 is
considered significant.

Results

Exp.1.

Physico-chemical parameters ranged between 5.0-10.1 mg/L (0,), 920-2116 pS (conductivity) and

7.99-8.95 (pH), but there were no differences between treatments. Dissolved ionic Zn* concentrations
were correlated with nanoparticle densities and peaked in Week 1 before declining sharply (Fig. 1). After
one week, there was no evidence that the presence of nT decreased the concentration of ionic Zn at 100
mg/L. However, after flve weeks, the concentration was higher in the nZ treatments compared with the
nZT. On the other hand, the concentration of Zn2 +ions in the nZ treatment was higher than in the nZT
ones after one week, but the difference was not significant by the end of the experiment.

The size distributions for nZ by DLS were 176.7-370.0 nm (Z1), 596.0-1135.1 nm (Z10) and 366.0-771.2
nm (Z100) (Appendix 1) For nT size distributions were 29.7-115.2 nm (T1), 45-100 nm (T10) and 1236.1-
2853.2 nm ( T100) (Appendix 1). Sizes based on SEM were 40 nm for nZ and 30 nm for nT (Appendix 1).

After 14 days incubation, the highest average leaf mass loss was 70.9 + 4.7% in controls and the lowest
was 40.3+14.39% in the TZ100 (GLM P =0.020, Fig. 2A). Pairwise contrasts showed that the only a
significant difference was between the controls and TZ100 treatment. Overall, microbial metabolism was
low, indicating small amounts of bacterial activity. However, microbial metabolism was highest in the TZ
treatments (P <0.0001, Fig. 3A), with all TZ combination and the T100 treatments having significantly
higher metabolic rates than controls. There was no correlation between percentage leaf mass loss and
metabolic rate (Pearson Correlation: -0.109, P = 0.566, N = 30).

After 28 days, the highest leaf mass loss was in the T1 and Z100 treatments and lowest in the T10
treatment (P = 0.002, Fig. 2B). However, pairwise comparisons could not distinguish any significant
differences. Microbial metabolism peaked at 28 days and was 10-100x greater than on day 14. There
was an overall significant difference in metabolic rate between treatments (P < 0.0001, Fig. 3B). As on day
14, highest rates were in the TZ treatments and the lowest were in the T10 treatment, but pair-wise
comparisons did not show specific differences. Again there was no correlation between percentage leaf
mass loss and microbial metabolic rate (Pearson Correlation: 0.0289, P = 0.865, N = 30).
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On day 42, highest mass loss was in the Z1 treatment, and lowest in the all the TZ treatments (P < 0.001,
Fig. 2C). The metabolic rate was lower than on day 28, but still higher than on day 14. The highest values
were now in the Z1 and Z10 treatments (P = 0.009, Fig. 3C), but were not significantly different from the
controls. After 42 days, there was a strong correlation between percentage mass loss and metabolic rate
(Pearson Correlation: 0.536, P = 0.002, N = 30). There was also an overall correlation between percentage
mass loss and metabolic rate pooling over all weeks (Pearson Correlation: 0.405, P<0.001, N =90).

Bacterial community analysis:

Cluster analysis of OTUs using Bray-Curtis dissimilarity revealed the formation of two distinct clusters,
one includes the samples exposed to TZ10, TZ100 and Z100, while the other includes the remaining
samples (Fig. 4). The control treatment was mainly dominated by sequences belonging to the phyla
Proteobacteria and Actinobacteria. The proteobacterial sequences were more or less equally distributed
among the classes, Alpha-, Gamma- and Betaproteobacteria. The dominant OTUs in the control sample
belonged to the genera Delftia, Pseudomonas and Propionibacterium. After exposure to Z1 and Z10, the
proportion of Alphaproteobacteria decreased from 30% to < 2% of total sequences, whereas the
proportion of Bacilli and Gammaproteobacteria increased to reach ca. 13% and 39% of total sequences in
each treatment, respectively. The detected OTUs (OTUs 2, 3, 4, and 7) were similar to the control, but at
higher proportions. In the Z10, the relative abundance of Acidobacteria reached ca. 35% of total
sequences. Upon exposure to Z100, the relative abundance of Betaproteobacteria, Cytophagia and
Flavobacteria increased when compared to the control while the propotion of Alphaproteobacteria,
Gammaproteobacteria and Actinobacteria were lower.

Exposure to different concentrations of nT also showed differences in bacterial communities. Exposure
to T1 and T10 resulted in a decrease in the relative abundance of Alphaproteobacteria, but an increase in
Bacilli, while the remaining dominant groups like Gammaproteobacteria, Betaproteobacteria, and
Actinobacteria remained more or less at comparable proportions. The most commonly detected OTUs in
these treatment were related to the genera Delftia, Pseudomonas, and Propionibacterium. A major change
in the bacterial community was observed after exposure to T100, with ca. 96% of the sequences
belonging to Bacilli. This dominance of Bacilli was also observed when the leaves were exposed to TZ1
and TZ100. More than 86% of all OTUs in these treatments belonged to Bacillus subtilis. Exposure to
TZ10 resulted in a bacterial community dominated mainly by Actinobacteria (30% of total sequences),
Flavobacteria (18%), and Clostridia (10%). Clostridia were only detectable in this treatment as well as the
highest proportion of the 0TU14 belonging to Cloacidobacterium normanense. Alpa-, Gamma- and
Proteobacteria decreased in relative abundance in this treatment.

Exp.2.

The concentration of ZnZ* ions ranged between 20 and 990 pg/L. The lowest value was in the nZT
treatment in light, without antibiotic. The main water parameters were as follows: pH 7.92-8.77,
temperature week 1: 23.5-24.9°C; week 2: 21.4-22.7°C. Temperatures were slightly warmer in the light
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exposed tubes. Conductivity: 1900—-2100 uS/cm. Light intensity week 1: 2516 Lux and week 2: 1960. DLS
showed a diameter for the ZnO-NPs 221 nm + 132-324 while for TiO,-NPs it was10 nm = 8—12 (Appendix
2). TEM images of TiO,-NPs showed average size for Ti-NPs 51.14 nm + 5.98 nm and ZnO-NPs 66.19nm
+11.66 (Appendix 1).

There was an overall effect of NP treatment on leaf mass loss (P =0.0.013, Fig. 5A), with highest loss for
nZ and lowest for nZT, but no treatment was significantly different from the controls. There was a strong
effect of light with greater mass loss in the dark (P <0.0001) and of antibiotic treatment (P = 0.002), with
the chloramphenicol decreasing the mass loss. There was also an interaction between antibiotic
exposure and NP treatment (P =0.001). Controls exposed to chloramphenicol had significantly lower
mass loss than antibiotic-free controls. However, there was also a significant three-way interaction (P =
0.01, Fig. 5B-D). Mass loss was significantly higher for the controls without antibiotics in the light
compared with the controls with antibiotics in the light (Fig. 5B). Also in the presence of antibiotic, control
mass loss was lower in the light compared to the dark, which was opposite to all the nanoparticle groups.
In contrast, for the nZ and nT treatments, mass loss was lower in the dark with antibiotic than in the light
(Figs. 5C, D). Finally, for nT without antibiotic, mass loss was lower in the light compared with the dark
(Fig. 5E).

Bacterial counts were obtained from all samples except two: one nT light treatment and one from nZ
antibiotic-dark treatment where there was some contamination. There was a direct effect of the nano-
treatment on CFU counts with lowest numbers in the nT treatment (P < 0.001, Fig. 6B). There was also an
inhibitory effect of antibiotic treatment (P = 0.006), but also a three-way interaction between light,
antibiotic and nanoparticle treatments (P = 0.009). Contrasts showed that the CFU count was significantly
higher in the dark-nZ treatments without antibiotics compared to with them. The opposite pattern was
observed for nZ in the light. There was also significant differences in CFU between light and dark for nZ
and nT with antibiotics (Figs. 5D-F).

There was an effect of NP treatment on the C/N ratio of the leaves with the highest ratio in nT treatment
and the lowest in the controls (P = 0.001, Fig. 6A). There was a direct effect on chloramphenicol with a
higher C/N ratio in the untreated leaves (P = 0.007). Finally there was an interaction between treatment
and light (P =0.019). Pairwise comparisons showed that it was due to a significantly low C/N ratio in the
control leaves compared to the control + chloramphenicol ones.

Discussion

For two decades environmental scientists have warned of the potential risks that manufactured
nanomaterials will pose once they reach a critical threshold in the environment. Increasing production of
nanomaterials and their incorporation into new products has now turned these warnings into reality, as
particles reach the environment and accumulate in sediments, where they have the ability to circulate
throughout the aquatic environment (Sharma, 2009, Asztemborska et al. 2018).
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Most previous studies have focused on single NP types and little is known about how multiple NP types
will interact with each other and with complex environmental matrices. Noticeably, there is conflicting
evidence on the joint toxicity of nano-ZnO, and nano-TiO, with both additive and antagonistic
interactions reported. We measured the effects of the two nanoparticle types on leaf decomposition,
because it is key process in stream ecosystem function. As zinc NPs are generally regarded as more toxic
than titanium ones, we expected the strongest inhibition of decomposition in the nZ treatments. If the
nano-zino and -titanium had an antagonistic interaction we expected less inhibition in the nZT
microcosms compared with nZ alone. However, at the end of experiment 1, it was clear that the lowest
decomposition had occurred in the nT treatments, although the decomposition rate also decreased with
increasing nZ concentration. Decomposition in the nZT treatment was similar to controls, supporting an
antagonistic model. However, we observed that the presence of nZ particles reduced the effects of nT,
rather than the other way around, although such a conclusion depends on the timescale observed. In
experiment 1, microbial activity was low in all treatments after 14 days incubation, although slightly
elevated in the mixed NP treatments compared to controls. This suggests that most of the initial
decomposition was due to loss of labile cell contents and physical weakening of leaf structure. Microbial
activity increased by an order of magnitude after 28 days in all treatments but subsided again after six
weeks, remaining slightly elevated in the controls and nZ1 and nZ10 treatments. Previous studies have
suggested that nT can bind ionic nZ, hence reducing its bioavailability (Tong et al. 2014), but our data
shows that there was only a significant reduction in Zn?* at 100 mg/L in the nZT treatment, but not at 1
or 10 mg/L. In fact after seven days at 1 mg/L, the Zn?* concentrations were higher in the nZ alone
compared with the ZT treatment. However, in all treatments, ionic Zn decreased rapidly and by 21 days
was < 500 pg/L. Most studies suggested that the toxicity threshold for Zn?* is above 1 mg/L (Ghosh et al.
1996; Paulsson et al. 2000).

Although some studies argue that most, if not all toxicity from Zn NP is due to ionic Zn?* (Bacchetta et al.
2016), impacts such as generation of ROS and direct membrane damage are also possible, but usually
require contact with the bacterium membrane (Neal 2008; Hou et al. 2018). In contrast, titanium NP are
regarded as effectively insoluble (Mbanga et al. 2022), so most toxicity is expected to be from direct
contact and generation of ROS.

In terms of the bacterial community composition, we observed that TZ10, 100 and Z100 treatments
created a cluster that was quite separate from the other treatments. There was a noticeably higher
abundance of Bacilli in the T100, TZ1, and TZ100 treatments, but a relatively lower density in the TZ10.
The functional roles of bacteria in leaf decomposition are still largely unknown (Zhou et al., 2017), but
bacilli can produce cellulose and play a significant role in leaf decomposition (Prince et al., 2010). On the
other hand Gammaproteobacteria, Actinobacteria, and Betaproteobacteria dominated in the control and
low nZ treatments. Bacterial communities are often quite dynamic with intense competition for resources
(Moitinho et al., 2018). If the Gammaproteobacteria, Actinobacteria, and Betaproteobacteria were more
susceptible to nanoparticles, they may have been inhibited, allowing the Bacilli to dominate. Our poor
understanding of the sensitivity and functional role individual microbial species remains a major
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roadblock on the path to understanding the effects of chemical stressors on functional ecosystem
processes. One limitation of our microbial analysis is that we didn't measure fungal diversity, although
previous studies suggest that fungal biomass tends to be low in Omani wadis (Al Riyami et al., 2009, Al
Riyami et al., 2019).

In the second experiment, we expected the addition of an antimicrobial compound to decrease
decomposition as it would inhibit microbial degradation of the leaves. This occurred for the controls in
the light. However, the effect of chloramphenicol in the nZ and nT microcosms was strongest in the dark,
with no effect in the light. In the nZT treatment there was no effect at all of the antibiotic. However, this
experiment only ran for 14 days and at the end the lowest rate of decomposition was in the nTZ
treatment, which is similar to 14 days in experiment 1. We also observed that the highest C/N ratio in the
nT treatment possibly indicating a slower rate of decomposition.

Several previous studies have demonstrated that Zn nanoparticles can affect leaf decomposition (Feckler
et al. 2015; Du et al. 2017, 2022; Rashid et al. 2017; Al Riyami et al. 2019). Generally, nano-titanium has
been viewed as less toxic, requiring higher densities to cause inhibition compared with nano-zinc (Du et
al. 2018), although it was found that 1g/L of titanium NP actually stimulated decomposition (Zhang et
al. 2019). It was also found that titanium NPs could inhibit decomposition of Ficus vastusleaves in the
dark, but not the light at 10 mg/L (Al Riyami et al. (2017). They suggested that in the light, nano-titanium
may produce ROS that can damage the leaf structure and enhance decomposition counteracting any loss
of microbial decomposers. In this study, we observed the opposite effect, with significantly lower
decomposition in the light. Light intensity was lower in the current study averaging 2087 Lux compared
with 3309 Lux in Al Riyami et al. (2017). Also water temperature was much higher in the earlier study,
around 36°C, as it was run at the peak of summer, which would greatly increase the rate of leaf
breakdown.

The decomposition of leaf litter occurs in a complex environmental matrix that includes not just microbes
but macroinvertebrates that shred and consume processed leaf litter. For instance, the photocatalytic
properties on titanium NP caused amphipods to avoid contaminated leaves in sunlight (Li et al. 2014).
Similarly, complex matrices of pollutants can have multiple effects. It is likely that leaf type, microbial
community, temperature, pH, nutrient availability and extent light intensity will all interact with nano-
pollutants to effect the decomposition process. More information is needed to make meaningful
prediction on the ecological risks on metallic nanoparticles in the future.
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Figure 1

Exp. 1. Change in concentration of Zn?* in different treatments with time. Key: Solid line=nZ without nT.

Dashed line= nZ+nT.
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Exp. 1. Effects of nanoparticle treatment of percentage leaf disc mass loss after (A) Two weeks (B) Four
weeks (C) Six weeks. (D) Mass loss coefficients. Key: * Significantly different from control (P<0.05).
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Figure 3

Exp. 1. Effects of nanoparticle treatment on microbial respiration (A) Two weeks (B) Four weeks (C) Six
weeks. Key: * Significantly different from control (P<0.05).
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(A) Cluster analysis showing dissimilarity of bacterial communities on leaves based on OTUs. (B) Heat
map of relative abundance of dominant phyla (C) Heat map of relative abundance of dominant species.
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Fig. 5. Exp. 2. (A) Effect of nanoparticle treatment on percentage leaf mass loss averaging over
all light/dark and antibiotic treatments. (B-E) Interaction plots of effect of antibiotic and light
exposure on leaf mass loss (B) Control (C) nZ 10 mg/L, (D) nT 10 mg/L, (E) nZ+nT 10 mg/L.
Key: C=control, Z=nZ 10 mg/L, T=nT 10 mg/L, ZT=nZ+nT 10 mg/L. * P<0.05 between light

and dark treatments. -——-P=20.05 between +/- chloramphenicol. = Light, =Dark.

Figure 5

See image above for figure legend
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Fig. 6. Exp 2. (A) Effect of nanoparticle treatment and light exposure on leaf mass loss. (B)
Effect of nanoparticle treatment on bacterial densities (CFU) averaged over all light/dark and
antibiotic treatments. (C-F) Interaction plots of effect of antibiotic and light exposure on leaf
mass loss (C) Control (D) nZ 10 mg/L, (E) nT 10 mg/L, (F) nZ+nT 10 mg/L. Key: C=control,
Z=n7Z 10 mg/L, T=nT 10 mg/L, ZT=nZ+nT 10 mg/L. Common letter above bar indicates no
significant difference between treatments (P>0.05). * P<0.05 between light and dark treatments.

----- P<0.05 between +/- chloramphenicol. m= Light, =Dark.

Figure 6
See image above for figure legend
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