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Editorial on the Research Topic

Metal Resistance in Microorganisms

The duality of metals puts them at the forefront of interest in microbial physiology. Whether
metals have an essential biological role or not, at high concentrations they are extremely toxic
as well as stable and recalcitrant. Nevertheless, modern technology is increasingly dependent on
them. Excessive anthropogenic use generates continuous and increasing exposure to metals and
metalloids. As a result, many environments are severely contaminated with metals. Although this
creates serious environmental problems worldwide, the increasing demand for metals also drives
efforts to meet this demand in a sustainable way as well as to increase the end-of-life recycling rate
of them.

The interaction between microorganisms and metals is an area of active research. Microbes have
co-evolved with the geological changes of the planet and have thus adapted to use metals in their
biochemistry, but also have evolved to protect themselves against potential adverse interactions
with metals. On the one hand, this teaches us how these interactions lead to adaptation and
development of metal resistance, and on the other hand, how these processes can be exploited to
remove or convert metals from contaminated environments, to recover them from waste streams,
or to synthesize metal-based compounds using ecofriendly biological approaches. The interactions
between microorganisms and metals have been studied at different levels. Often the first exploratory
step is studying microbial communities in metal-contaminated environments, such as soil. These
efforts broaden our knowledge of the diversity of bacterial species coping with metals, which could
be exploited for bioremediation purposes (Yu et al.), and help to unravel the interactions between
different community members in relation to metal tolerance and remediation (Lupini et al.).

Next, genomic insights, based on cultivable isolates or metagenomics approaches, mature the
gene pool that is involved in metal resistance (Chen et al.; Huang et al.) as well as their genomic
location and mobility, which will impact microbial adaptation (Huang et al.). In a subsequent
step, the functional products of these genes and how these provide the ability to cope with metals
can be scrutinized (Chen et al; Rogiers et al.). Such data not only show how this is beneficial
for bacteria in their specific niche, e.g., the survival of Salmonella enterica sv. Typhimurium in
macrophages (Méndez et al.), but also how it can be employed for bio-based strategies for metal
biomineralization, reduction and nanoparticle formation, as seen for tellurite and Paenibacillus
pabuli (Farias et al.). The latter complements studies using cells and their metabolites, as evidenced
by uranium phosphate biomineralization with Penicillium simplicissimum KSI isolated from the
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flood water of a former uranium mine (Schaefer et al.), and silver
nanoparticle formation by a Viridibacillus sp. soil isolate (Singh
and Mijakovic), respectively.

Finally, the regulatory cascade involved in the regulation
of these genes needs to be unraveled in order to fully
characterize resistance and adaptation. Not only does
this provide insights into how bacteria are primed to
respond to metal stress (Carvalho et al.), it also provides
mechanistic insights into regulation, for instance the
negative regulation of the NmtA metallothionein from
Anabaena sp. strain PCC 7120 by the o5 SmtB/ArsR
metalloregulator AzuR (Divya and Acharya). Insights that
are essential if such systems are further applied or exploited
in applications.

The diversity of studies within this Research Topic illustrates
the variety of questions and challenges that remain in the
field of metal-microbe interactions. Here, we have achieved
the goal of sampling the latest research on molecular
mechanisms deployed by bacteria and communities to adapt and
resist metals.

AUTHOR CONTRIBUTIONS

RV, JH, J-YM, and RT wrote sections of the manuscript. All
authors contributed to manuscript revision, read, and approved
the submitted version.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Van Houdt, Hobman, Matroule and Turner. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 899448


https://doi.org/10.3389/fmicb.2021.802926
https://doi.org/10.3389/fmicb.2022.820048
https://doi.org/10.3389/fmicb.2021.712564
https://doi.org/10.3389/fmicb.2021.782363
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 22 July 2021
doi: 10.3389/fmicb.2021.698834

OPEN ACCESS

Edited by:
Raymond J. Turner,
University of Calgary, Canada

Reviewed by:

Katy Juarez,

Universidad Nacional Auténoma
de México, Mexico

Nikolaos Remmas,

Democritus University of Thrace,
Greece

*Correspondence:
Jian Tian
tianjian@caas.cn
Ningfeng Wu
wuningfeng@caas.cn

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Antimicrobials, Resistance
and Chemotherapy,

a section of the journal
Frontiers in Microbiology

Received: 22 April 2021
Accepted: 02 July 2021
Published: 22 July 2021

Citation:

Yu X, Zhao J, Liu X, Sun L, Tian J
and Wu N (2021) Cadmium Pollution
Impact on the Bacterial Community
Structure of Arable Soil

and the Isolation of the Cadmium
Resistant Bacteria.

Front. Microbiol. 12:698834.

doi: 10.3389/fmicb.2021.698834

Check for
updates

Cadmium Pollution Impact on the
Bacterial Community Structure of
Arable Soil and the Isolation of the
Cadmium Resistant Bacteria

Xiaoxia Yu't, JinTong Zhao?t, Xiaoqing Liu?, LiXin Sun’, Jian Tian?* and Ningfeng Wu?*

7 School of Water Resources and Environmental Engineering, East China University of Technology, Nanchang, China,
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Microorganisms play an important role in the remediation of cadmium pollution in the soil
and their diversity can be affected by cadmium. In this study, the bacterial community
in arable soil samples collected from two near geographical sites, with different degrees
of cadmium pollution at three different seasons, were characterized using lllumina
MiSeq sequencing. The result showed that cadmium is an important factor to affect
the bacterial diversity and the microbial communities in the high cadmium polluted
area (the site H) had significant differences compared with low cadmium polluted
area (the site L). Especially, higher concentrations of Cd significantly increased the
abundance of Proteobacteria and Gemmatimonas whereas decreased the abundance
of Nitrospirae. Moreover, 42 Cd-resistant bacteria were isolated from six soil samples
and evaluated for potential application in Cd bioremediation. Based on their Cd-MIC
[minimum inhibitory concentration (MIC) of Cd?*], Cd?* removal rate and 16S rDNA
gene sequence analyses, three Burkholderia sp. strains (ha-1, hj-2, and ho-3) showed
very high tolerance to Cd (5, 5, and 6 mM) and exhibited high Cd?* removal rate (81.78,
79.37, and 63.05%), six Bacillus sp. strains (151-5,151-6,151-13, 151-20, and 151-21)
showed moderate tolerance to Cd (0.8, 0.4, 0.8, 0.4, 0.6, and 0.4 mM) but high Cd?*
removal rate (84.78, 90.14, 82.82, 82.39, 81.79, and 84.17%). Those results indicated
that Burkholderia sp. belonging to the phylum Proteobacteria and Bacillus sp. belonging
to the phylum Firmicutes have developed a resistance for cadmium and may play an
important role in Cd-contaminated soils. Our study provided baseline data for bacterial
communities in cadmium polluted soils and concluded that Cd-resistant bacteria have
potential for bioremediation of Cd-contaminated soils.

Keywords: cadmium pollution, bacterial diversity, seasonal change, Cd-resistant bacteria, bioremediation

INTRODUCTION

Heavy metal soil pollution has become a severe environmental problem due to the rapid
development of industries such as mining, smelting and agriculture. Moreover, one of the most
serious and widespread heavy metal contaminants is cadmium (Cd) (MEP, 2014; Huang et al,,
2019). Cd is toxic even at low concentrations of 0.001-0.1 mg L™! and can be accumulated in
the human body through the food chain. Once Cd levels become critical, humans can develop
emphysema and osteoporosis; and eventually the damage to the lungs, kidneys and liver becomes
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irreversible. People suffering from severe chronic Cd poisoning
develop the itai-itai disease (Satarug et al., 2017; Genchi et al.,
2020; Duki¢-Cosi¢ et al, 2020). Consequently, engineering
to remedy heavy metal contaminated soil, especially Cd
contaminated soil, is urgently needed.

Soil is an important habitat for a diverse group of
microorganisms that play an important role in the soil
environment. Microorganisms are regarded as sensors of
disturbances in the soil ecosystem since they are far more
sensitive to environmental stress than macroorganisms (Khan
et al,, 2010; Yang et al, 2016; Zhang et al., 2016). Moreover,
microorganisms in soil are mainly involved in material
decomposition, an important process in maintaining soil
biological activity as well as regulating soil nutrient circulation.
Stable microbial communities mediate soil environment by
stabilizing soil structure and maintaining soil physical and
chemical conditions (Bissett et al., 2013). Characteristics of
microbial community composition and activity were often used
as indicators of soil quality (Hamman et al, 2007; Rubin
et al., 2013). Many studies have concentered on changes in soil
properties owing to the presence of cadmium as it negatively
impacts the indigenous microorganism community, impairing
the ecological function they provide (Harichovd et al., 2012).
Therefore, it is indispensable to analyze the response of microbial
communities structure in cadmium contaminated soils.

Owing to the difficulty in comprehensively assessing the
structure of the microbial communities associated with using
traditional techniques, previous research have explored the
effects of cadmium contamination on microbial communities
using approaches such as denaturing gradient gel electrophoresis
(DGGE) (Wang et al, 2006; Zhang et al, 2009), random
amplified polymorphic DNA (RAPD) (Wang et al, 2007a),
and phospholipid fatty acids (PLFA) (Liao et al., 2010). These
approaches, however, only provide limited insights into the
bacterial profiles. Recently, the application of high-throughput
sequencing based rRNA for evaluating microbial communities is
widely used (Luo et al., 2019; Duan et al., 2020).

In addition, microorganisms have large specific surface
areas and high metabolic activity, which making them
particularly susceptible to the presence of heavy metals in
the soil and impeding their ecological function via adsorption,
fixation, complexation, dissolution, oxidation reduction, etc.
(Vodyanitskii and Plekhanova, 2014). Moreover, a number of
soil microbes have been reported effective in the remediation of
heavy metals. For example, Suksabye et al. (2016) reported that
the addition of Pseudomonas aeruginosa or Bacillus subtilis to
the soil could reduce the amount of Cd in rice grains obtained
from Cd contaminated soil as a result of their Cd remediating
characteristic. Currently, microbial remediation of heavy metal
contaminated soil is regarded a cost-effective, biotechnology
approach (Jin et al., 2018). Therefore, it is necessary to isolate
Cd-resistant and Cd-adsorbing microorganisms from Cd
contaminated soil, which can be used the remediation of
Cd polluted soil.

In this study, firstly we explored the microbial community
structure of two sites with significantly different Cd levels but
of similar geographical location. We also collected samples

from both sites during different seasons. High-throughput
sequence analysis of 16S rRNA V3-V4 region was used to
characterize the microbial taxa and operational taxonomic units
(OTUs) distribution in the different samples. This comprehensive
analysis enabled us to correlate microbial taxa and OTUs to
Cd contamination, thereby illustrating (1) the effects of Cd
exposure on microbial community structure in the soil, and
(2) the seasonality of microbial activity at the different sites.
Secondly, in order to excavate the available microbial resources,
42 Cd-resistant bacteria were isolated and evaluated for potential
application in Cd bioremediation.

MATERIALS AND METHODS

Soil Sites and Samples

Soil samples (0-20 cm) were collected from two different arable
soil fields located around a mining area in Xiangtan, Hunan
Province, China: L site (27°33'N, 113°15'E) and H site (27°46'N,
112°52'E). The distance between the two regions was about
1.3 km. Moreover, three different seasonal samples of both areas
were collected: LA and HA in April 2016; L] and HJ in July 2016;
LO and HO in October 2016. Each time three replicates were
sampled and stored at —70°C. Samples were divided in three;
one part was used for Miseq, the other to determine the Cd
concentration and the last one to isolate Cd-resistant bacteria.

Cd Concentration Analysis

To determine total Cd concentration in the soil samples, 0.5 g
air dried sample was digested with 7 mL nitric acid and
3 mL hydrofluoric acid in a polytetrafluoroethylene digestion
vessel using a microwave accelerated reaction instrument (CEM-
MARS6 Xpress, United States). After complete digestion, the
total, water-soluble and filter solution of all samples were
measured with a 7,700x Inductively Coupled Plasma Mass
Spectrometer (Agilent Technologies, Japan). A heavy metal
uncontaminated soil sample (GSS-7, shown in Table 1) was used
as a standard negative control.

DNA Extraction and 16S rRNA V3-V4
Region Amplicon Sequencing

Total microbial community DNA of all samples were extracted
following the Mobio Power Soil DNA isolation Kit protocols.
V3-V4 regions of 16S rRNA were amplified using the primers
338F  (5-ACTCCTACGGGAGGCAGCAG-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3'). Sequencing of the
amplicons was outsourced to Allwegene (Beijing, China);

TABLE 1 | Total cadmium content of samples.

Samples Total Cd (mg/kg) Samples Total Cd (mg/kg)
LA 0.46 £ 0.023 HA 2711 +£3.23
LJ 0.36 + 0.061 HJ 53.70 + 0.68
LO 0.39 £0.12 HO 8.52 + 1.01
GSS-7 0.11
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amplicons were sequenced on an Illumina Miseq platform.
All the sequences data have been submitted to NCBI
(National Center for Biotechnology Information), accession
numbers were: SAMNO07643022 (HA1l), SAMNO07644976
(HA2), SAMNO07644984 (HA3); SAMNO07644992 (HJ1),
SAMNO07644993 (HJ2), SAMN07644994 (HJ3); SAMNO07644995
(HO1), SAMNO07644997 (HO2), SAMNO07645000 (HO3);
SAMNO07645001 (LA1), SAMNO07645003 (LA2), SAMNO07645004
(LA3); SAMNO07645005 (LJ1), SAMNO07645006 (LJ2),
SAMNO07645007 (LJ3); SAMNO07645009 (LO1), SAMNO07645010
(LO2), and SAMNO07645011 (LO3).

Sequence Analysis

Sequence analysis of the 16S rRNA V3-V4 region amplicon
sequences was performed using QIIME Pipeline, Version 1.8.0
(Caporaso et al., 2010). Firstly, low quality reads (average
quality score <20) were trimmed and paired-ends sequences
were merged to be single sequence according to their overlap
sequence (>10 bp). Then, sequences from the samples were
distinguished on the basis of the barcodes and primers. Finally,
chimeras were deleted using USEARCH (Edgar et al., 2011)
and the smaller sequences were removed by MOTHER (Schloss
et al., 2009). These high quality sequences were subsequently
used for downstream analysis. OTUs were clustered using a
97% identity threshold using UCLUST v1.2.22 (Edgar, 2010) and
representative OUT sequence was obtained. Moreover, singleton
OUT was removed. A total of 338,077 final sequences were gained
for all the samples after filtering for low quality sequences. OTUs
were annotated using the Ribosomal Database Project classifier
(Wang et al., 2007b). Alpha-diversity (Chao 1, observed species,
goods coverage and Shannon) and beta-diversity [principal
component analysis (PCA) and Metastats] were analyzed based
on Miseq sequence data.

Isolation and Identification of

Cd-Resistant Bacteria

To isolate Cd-resistant bacteria, soil samples (2 g) were placed
in sterile 0.9% NaCl (18 mL) at 30°C and shaken at 200 rpm
for 0.5 h to completely separate bacteria from soil. After
settling for several minutes, an aliquot of the suspension was
serially diluted (from 10~ ! and 10~*). Each diluted solution was
spread onto an Burk agar plates (0.8 g/L KH;POy, 0.262 g/L
KyHPO4-3H,0, 1 g/L (NH4)2SOy4, 0.2 g/L MgS04-3H,0, 1 g/L
yeast extract, and 1.5% agar) containing progressively higher
concentrations of CdCl, (1, 3, and 5 mM). To isolate Cd-
resistant and bio-safe Bacillus bacteria, the bacterial enrichment
cultures were heat-shocked at 80°C for 20 min and aerobic
Bacillus sp. were isolated from the soil by plating on LB agar
plates containing different concentrations of CdCl, (0, 0.5, 1,
and 2 mM). Bacterial growth was observed after incubation
at 30°C for 24 h. Single colony was picked with sterilized
wire loop and re-streaked on CdCl, supplemented LB agar
plates and again incubated at 30°C for 24 h. The process
was repeated until the pure culture was obtained. Genomic
DNA was isolated using the TIANamp Bacteria DNA kit
(TTANGEN Biotech). The 16S rRNA gene was amplified from the
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FIGURE 1 | Principal component analysis (PCA) displaying beta-diversity of
microbial diversity between samples. PCA was calculated using weighted
Unifrac distance. A total of 41.89 and 18.62% of the variations in the bacterial
communities could be explained by the first and second principal
components, respectively.

extracted DNA using the universal primers the universal forward
primer 27f (5'-AGAGTTTGATCCTGGCTCAG-3') and reverse
primer 1492r (5'-TACGGTTACCTTGTTACGACTT-3'). The
amplification products were cloned in the pGM-T (TIANGEN
Biotech) vector using competent Escherichia coli TOP10 cells
(TTIANGEN Biotech). Sequencing was carried out using T7 and
SP6 primers and compared to the GenBank database using the
NCBI BLAST program.

Evaluation of Cadmium Resistance and
Determination of Cadmium Removal
Rate

To evaluate growth in a liquid medium of isolated bacteria, the
MIC of Cd?>* (MIC-Cd) was determined. LB medium (800 L)
with different concentrations of Cd?>* was dispensed into 96-well
(12 x 8) microtiter plates (96 x 2-mL wells) with a multi-channel
micropipette (rows A to H: 0, 1, 2, 3, 4, 5, 6, and 7 mM). Single
colonies of the test strains were inoculated into 3 mL of LB
medium and cultured overnight. The test culture (15 pL) was
then inoculated into each well of the prepared 96-well plate. After
24 h at 30°C and 750 rpm in an incubator (Heidolph, Viertrieb,
Germany), 200 pL of the cell suspension was transferred to a
96-well plate and the turbidity at ODggo was measured.

To determine the Cd>™ adsorption of isolated bacteria, growth
of cells was grown in LB liquid medium supplementation with
0.1 mM CdCl, and shaken at 200 rpm at 30°C for 24 h. Cells
were harvested by centrifugation at 12,000 rpm for 10 min and
the supernatant then diluted to an appropriate concentration
for analysis. Cd?>* concentrations in culture supernatants were
measured via atomic absorption spectrophotometry (Z-2000,
Hitachi, Japan), with Cd?* removal rate being calculated using
the following equation:
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Removal rate (%) = (C; —C,)/C; x 100
where C; and C, are the initial and equilibrium Cd?*
concentrations (mM), respectively.

RESULTS

Cd Concentration of Different Samples

Cd concentrations in all the samples were shown in Table 1.
Cd concentrations were significantly higher in samples collected
from site H (8.52-53.70 mg kg’l) as compared to site L (0.36-
0.46 mg kg~!). Among six samples, the Cd concentrations of
HJ (53.70 mg kg~!) was highest while the Cd concentrations
of LJ was lowest (0.36 mg kg_l). Moreover, Cd concentrations
of soil samples from site L were similar across the different
seasons, whereas there was an obvious seasonal effect on the Cd
concentrations for the H site samples. Specifically, the Cd content
of HJ was about 2.0-fold and 6.3-fold higher than that of HA and
HO, respectively.

Effects of Cd Concentration and
Seasons on Soil Microbial Community

Structure

Rarefaction curve analysis showed that the quantity of OTUs
was enough to reach saturation, indicated that the sequencing
depth was sufficient to characterize the microbial community
composition (Supplementary Figure 1). The OTU densities
of soil samples from site H increased with increasing Cd
concentration (H] > HA > HO), while the OTU density of
sample L] with the lower Cd contamination level was higher
than those of sample LA and LO (Supplementary Table 1).
Comparison of the different sites in the same season showed that
HA and HJ have more defined OTUs than LA and L], respectively.
Bacterial alpha diversity, including the chaol, observed species,
PD whole tree and Shannon, varied among the six soil samples.
We observed the highest diversity at location with HJ, whereas the
lowest diversity at location with HO (Supplementary Figure 2).
However, results of the PCA supported the previous results,
showing that soil microbial communities clustered strongly based
on Cd concentration grade (Figure 1). A total of 41.89 and
18.62% of the variations in the bacterial communities could
be explained by the first and second principal components,
which also indicated that the cadmium concentration is the key
factor to affect the bacterial diversity of the soil (Figure 1).
Further, all samples from site L (LA, L], and LO) clustered tightly
whereas samples from site H were more dispersed (Figure 1).
These results indicated that the seasonal change in microbial
community structure in high Cd contaminated soil was more
distinct than in low Cd contaminated soil.

Effects of Cd Concentration and
Seasons on Soil Microbial Community

Composition and Diversity

A total of 338,077 high-quality bacterial 16S rRNA gene
sequences were obtained from 18 samples, ranging from 10,812
to 23,059 sequences per sample (Supplementary Table 1).
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FIGURE 2 | Community composition of dominant bacterial phyla for six
samples of different Cd concentrations (LA: 0.46 mg/kg; LJ: 0.36 mg/kg; LO:
0.39 mg/kg; HA: 27.11 mg/kg; HJ: 53.70 mg/kg; HO: 8.52 mg/kg). The
relative abundances of Proteobacteria (HA:38.4%, LA:27.77%; HJ:44.59%,
LJ:27.98%; HO:30.65%, and LO:29.60%) and Gemmatimonadetes
(HA:5.62%, LA: 1.41%; HJ:4.48%, LJ:1.69%; HO:4.82%, and LO:3.21%) at
the site H were higher than that of site L, whereas the abundance of
Nitrospirae (HA: 11.16%, LA: 20.17%; HJ: 5.98%, LJ: 17.49%; HO: 4.43%,
and LO: 12.28%) at the site H was lower than that of site L.

Among the total 16S rRNA gene sequences, 71 sequences were
classified as archaea, accounting for 0.02% of total sequences. The
remaining sequences belonged to bacteria (338006 of 338077),
accounting for 99.98% of the 16S rRNA gene sequences, and
presented 47 phyla. Specifically, the dominant phyla, consisting
of 1% (relative abundance) or more to total community
composition, are shown in Figure 2. Proteobacteria (27.77-
44.59%), Acidobacteria (12.95-26.29%), Chloroflexi (13.11-
24.28%), Nitrospirae (4.43-20.17%), Gemmatimonadetes (1.40-
5.62%), and Actinobacteria (0.80-12.43%) were the six largest
phyla in all samples. Among these more abundant phyla, it
was observed that the relative abundances of Proteobacteria,
Gemmatimonadetes, and Actinobacteria at the site H were higher
than that of site L, whereas the abundance of Nitrospirae at the
site H was lower than that of site L (Figure 2). Additionally,
we found that the relative abundances of five levels (phylum,
class, order, family, and genus) of Gemmatimonas at the site
H were all higher than that of site L. However, the relative
abundances of four levels (phylum, class, order, and family) of
Nitrospira at the site H were all lower than that of site L while the
abundances of Nitrospira at the site H was higher than that of site
L (Supplementary Figure 3).

Figure 3 shows a heatmap of soil bacterial community for
six samples of different Cd content at the genus level. From
the corresponding cluster analysis of the 20 abundant bacterial
genera, the Bryobacter, Geobacter, Gemmatimonas, Haliangium,
Anaeromyxobacter, Nitrospira, Candidatus of Koribacter, and
Candidatus of Solibacter had higher contents in most soil samples.
Among these more abundant bacterial genera, it was observed
that the relative abundances of Gemmatimonas, Haliangium, and
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FIGURE 3 | Heatmap of the cluster analysis for top-20 most abundant bacteria at genus-level for the six samples of different Cd concentrations (LA: 0.46 mg/kg; LJ:
0.36 mg/kg; LO: 0.39 mg/kg; HA: 27.11 mg/kg; HJ: 53.70 mg/kg; HO: 8.52 mg/kg).
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Anaeromyxobacter at the site H were all higher than that of
site L, whereas the abundance of Bryobacter, Geobacter, and
Candidatus of Koribacter at site H were all lower than that of site
L. Specifically, the abundance of Rhodanobacter, Sphingomonas,
Nitrospira, Acidiferrobacter, Rhizomicrobium, and Telmatobacter
at the site HJ were significantly higher than that of L] (Figure 3).

Further, relative abundances of dominant phyla and genera
were influenced by the season. For Proteobacteria, relative
abundance (LA: 27.77%, LJ: 27.98%, and LO: 29.60%) were
similar in the different seasons at site L, but very different at
site H (HA: 38.4%, HJ: 44.59%, and HO: 30.65%). Contrastingly,
Acidobacteria abundance at site L (LA: 17.12%, LJ: 12.95%, and
LO: 26.29%) were strongly dependent on the season in which
the soil sample was taken, whereas seasonality did not greatly
affect its abundance at site H (HA: 16.60%, HJ: 14.77%, and
HO: 16.95%). In the case of Nitrospira abundance, seasonal
changes were observed at both sites (LA: 20.17%, LJ: 17.49%,
and LO: 12.28%; HA: 11.16%, HJ: 5.98%, and HO: 4.43%)
(Table 2). Additionally, the relative abundances of the 20
abundant bacterial genera at site H and L were different in varying

seasons (Figure 3). Taken together, these data clearly suggest
that seasonal conditions impact the soil microbiome and the
abundance of susceptible populations during seasons responded
to the soil Cd content.

To further assess the relative influence of total Cd
concentration on microbial taxa, the Pearson correlations
between the relative abundant phyla and Cd were calculated
(Table 2). The results showed that the relative abundances
of Proteobacteria (r = 0.989), Gemmatimonas (r = 0.623),
Saccharibacteria (r = 0.910), Cyanobacteria (r = 0.712),
Chlamydiae (r = 0.691), and Bacteroidetes (r = 0.681) all
positively correlated with Cd concentration, while the abundance
of Nitrospirae (r = —0.596) and Spirochaetae (r = —0.659)
correlated negatively with Cd concentration (Table 2). Of the
Proteobacteria, the relative abundances of Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria were all found
to be positively correlated with Cd concentration with the
exception of Deltaproteobacteria (Table 2). In agreement, the
phylum Proteobacteria has previously been reported to be
associated with Cd.
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Isolation of Cd-Resistant Bacteria and
Their Potential for Reducing Cd

Concentration

Once having a basic understanding of the bacterial community
response to Cd pollution, the potential of microbial
bioremediation to reduce Cd levels was investigated. Firstly,
the Cd-resistant bacteria were isolated. A total of 17 strains
of different morphological bacteria (Colony morphology of
partial Cd-resistant strains were showed in Figure 4A) were
isolated from six Cd-contaminated samples using Bulk agar
plates containing 1, 2, and 3 mM Cd?*. Then the MIC-Cd
values and the Cd*>* removal efficiency of those isolates and
1 negative control strains (E. coil BL21) were determined
(Supplementary Table 2). Among them, the strains ho-3, ha-1,
and hj-2 exhibited the higher level of Cd?™ resistance than
other strains. In detail, the Cd-MIC value of ho-3, ha-1, and
hj-2 was 6, 5, and 5 mM, respectively, markedly higher than
that of the control strain E. coli BL21 (Cd-MIC: 2 mM Cd>*)
(Figure 4B). However, as shown in Figure 4C, ha-1 exhibited
the highest Cd?>* removal efficiency (81.78%), which was higher
than that observed for ho-3 (63.05%) and hj-2 (79.37%), whilst
the cadmium removal efficiency of E. coli BL21 was 9.57%.
These results indicate that Cd-resistant bacteria have potential
for bioremediation of Cd-contaminated soils. In addition, all
of the 17 bacteria were identified through 16S rDNA analysis
(Supplementary Table 2). Interestingly, ha-1, hj-2, and ho-3
were identified as Burkholderia sp., which belong to the class of

Betaproteobacteria, phylum Proteobacteria. Those results further
emphasized the importance of Proteobacteria in Cd pollution
remediation. However, the genus Burkholderia contains large
number of diverse species which include many phytopathogens,
such that a group of 17 closely related Burkholderia species,
the Burkholderiacepacia complex (BCC), are responsible
for prevalent and potentially lethal pulmonary infections in
immunocompromised individuals, such as individuals with
cystic (Elshafie and Camele, 2021). Consequently, both Cd
resistant and biosafety strains were further screened.

Isolation of Bacillus sp. Bacteria With
Cd-Resistance From Samples HJ and LJ
and Evaluation of Their Cd2* Removal
Rate

Bacillus sp. are well-known biocontrol agents against various
fungal plant pathogens (Jangir et al., 2018). To isolate Cd-
resistant and bio-safe bacteria, Bacillus sp. were isolated from
the soil samples. According to the above results, there were
significant differences in Cd content (HJ: 53.70 mg kg™ !, LJ:
0.36 mg kg~!) and microbial community structure between
soil samples HJ and LJ (OTUs no. of HJ: 2093, OTUs no.
of LJ:1843) although these two soil samples were collected at
the same season (Table 1 and Supplementary Table 1). Thus,
we focused on screening Bacillus sp. with Cd-resistance from
HJ and L] samples. Supplementary Figure 4 showed that the
observation of the screening Cd-resistant Bacillus sp. strains on

TABLE 2 | Pearson correlation and t-test analysis of the relative abundance of microbial phyla, classes, and cadmium content.

LA LJ LO HA HJ HO re pf

Cd (mg/kg) 0.460 0.360 0.390 27.110 53.700 8.520

p?__Proteobacteria (%) 27.770 27.975 29.605 38.396 44.592 30.652 0.989 0.087
cP__Alphaproteobacteria (%) 5.561 4.368 6.017 7.145 12.458 7.806 0.921 0.108
c__Betaproteobacteria (%) 5.776 4.882 6.027 7.823 9.649 4173 0.892 0.240
c__Gammaproteobacteria (%) 3.476 2.733 2.748 4.868 11.253 2.109 0.941 0.191
c__Deltaproteobacteria (%) 12.855 15.873 14.740 18.485 11.190 16.542 —0.329 0.395
p__Acidobacteria (%) 17121 12.947 26.287 16.597 14.766 16.951 —0.340 0.256
p__Chloroflexi (%) 15.130 24.264 13.691 13.902 13.114 24.276 —0.460 0.466
p__Nitrospirae (%) 20.174 17.488 12.281 11.166 5.980 4.433 —0.596 0.006
c__Nitrospira (%) 20.174 17.488 12.281 11.166 5.980 4.433 —0.596 0.006
o__Nitrospirales (%) 20.174 17.488 12.281 11.166 5.980 4.433 —0.596 0.006
f__Nitrospiraceae (%) 15.048 11.798 6.538 6.868 4.521 1.801 —0.468 0.011
p__Gemmatimonadetes (%) 1.408 1.687 3.209 5.624 4.476 4.819 0.623 0.031
c__Gemmatimonadetes (%) 1.408 1.687 3.209 5.624 4.476 4.819 0.623 0.031
0o°__Gemmatimonadales (%) 1.084 1.387 2.920 5.165 4.342 4.711 0.635 0.023
@__Gemmatimonadaceae (%) 1.084 1.387 2.920 5.165 4.342 4.711 0.635 0.023
p__Actinobacteria (%) 0.854 0.800 2.342 1.777 2.942 12.433 —0.011 0.133
p__Saccharibacteria (%) 0.022 0.006 0.016 0.131 0.675 0.247 0.910 0.093
p__Cyanobacteria (%) 0.474 0.394 0.428 0.173 1.306 0.150 0.712 0.404
p__Chlamydiae (%) 0.404 0.356 0.117 0.207 0.760 0.111 0.691 0.371
p__Bacteroidetes (%) 2.485 1.478 1.321 2.933 3.255 0.368 0.681 0.322
p__Spirochaetae 0.630 0.469 0.438 0.178 0.100 0.038 —0.659 0.002

P2 represents phylum, CP represents class, o represents order, 1 represents family, r° represents the Pearson correlation coefficient between the bacterial relative
abundance and Cd concentration in soil, o’ represent the p-value of the bacterial relative abundance difference between the H and L samples in t-test analysis.
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the LB agar containing 1mM Cd** after incubation at 30°C
for 24 h. For HJ, more than 100 colonies were grown on LB
agar, whilst about 15 large colonies were screened for LJ in same
conditions (Supplementary Figure 4). Additionally, the diversity
of microbial morphology in HJ was significantly higher than that
in L] (Supplementary Figure 4). Those results were accordance
with the microbial community diversity of samples HJ and LJ.
Finally, a total of 21 strains were isolated from HJ while
only 4 strains were obtained from LJ. All strains were identified

as Bacillus sp. (Supplementary Table 3). And the Cd-MIC
and Cd*T removal rate of those 25 strains were showed in
Supplementary Table 3 and Figure 5. The result showed that
Bacillus sp. strains 151-6 isolated from HJ exhibited the highest
Cd?* removal efficiency (90.14%), which was higher than that
observed for ha-1 (81.78%). Except for 151-6, the Cd** removal
rate of other five Bacillus sp. strains isolated from HJ were more
than 80% (151-5: 84.78%, 151-13: 82.39%, 151-21: 81.79%, and
151-23: 84.18%). However, the Cd>* removal rate of 4 Bacillus sp.
strains (named as 152-1, 152-2, 152-3, and 152-4) obtained from
L] was 15.84, 17.92, 7.74, and 37.94%, respectively. Additionally,
the Cd-MIC of Bacillus sp. strains were lower than that of
Burkholderia sp. strains while some of the Bacillus sp. strains

exhibited higher Cd** removal rate. Those results indicated that
Bacillus sp. strains may have a great potential in remediation of
cadmium contamination.

DISCUSSION

The function of soil ecosystem depends heavily on soil
microbes as they can promote material circulation, nutrient
transformation, energy flow, organic matter decomposition
and other ecosystem-related biochemical processes (Lozupone
et al., 2007; Luo et al.,, 2019). Many studies use soil microbial
communities to evaluate the ecological status of heavy metal
contaminated soils (Stefanowicz et al, 2010; Gdémez-Sagasti
et al., 2012; Burges et al., 2015). Detecting changes in microbial
populations and activities is generally more feasible than
directly evaluating the physicochemical properties of soil, as the
identification of soil microbes may contribute to the evaluation
of remediation treatment. The application of high-throughput
sequencing based rRNA is more accurate for evaluating soil
microbial communities (Luo et al., 2019).

Previous studies have reported that the presence of heavy
metals can influence the microbial diversity and also change
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FIGURE 5 | Evaluation of Cd?* removal rate for Cd-resistant Bacillus sp.
bacteria, which was measured in LB liquid medium supplementation with
0.1 mM CdCl, and shaken at 200 rpm at 37°C for 24 h.

the community structure and function (Luo et al, 2019;
Duan et al., 2020). Wang et al. (2006) found that low contend of
heavy metals can stimulate the growth of microorganisms, while
at greater concentrations, an inhibitory effect becomes more
prominent, which often leads negatively correlated outcomes.
Hence, the concentration of Cd in the soil is critical. In this
study, we found that there was an obvious seasonal effect on the
Cd concentrations for the H site samples. It may be caused by
the change of soil basic parameters in different seasons, such as
precipitations, temperature, oxygen, pH and so on (Zhang et al.,
2007; Yang et al., 2016; Zoghlami et al., 2018). Previous study
has reported that the soil Cd content around rice roots was also
greatly varied with growing seasons in Hunan Province, China,
and the most important factors were humidity and temperature
(Liu et al., 2017). Soil Cd concentration in Apr. (HA) might be
more likely to subside to deep soil due to high humidity. Whilst
soil Cd content in Jul. (HJ) was significant increase might since
soluble Cd** was moved from deep soil to surface layer because
of evaporation. On the contrary, soil Cd content in Oct. (HO)
was subsided again might be because of low temperature and
soil moisture transform. However, the Cd content of soil samples
from site L were similar across the different seasons, probably as
the Cd concentration in the soil was relatively low and could not
cause significant change.

There is considerable debate about the effects of Cd on
microbial growth. Previous study reports that Cd addition
(>1 mg kg™!) of red paddy soil can inhibit soil microbial
biomass (Guo et al., 2018). However, as to yellow cinnamon soils
under Xanthoceras sorbifolium Bunge and forest soils of Haplic
Cambisols in Northeast China, the opposite result was found
(Jiang et al., 2018; Duan et al., 2020). Hence, the effects of Cd
on microorganism are closely related to the concentrations of Cd
and soil type. In our study we found that a significant increase
in bacterial diversity with increasing Cd concentrations in site H
(Supplementary Table 1 and Supplementary Figure 2), where
the soil type is yellow. The result is consistent with the study

on yellow cinnamon soils, who found that for all Cd groups
(10-100 mg kg~ 1), 100 mg kg~ ! of Cd treatment soil bacterial
diversity of yellow cinnamon soils under X. sorbifolium Bunge
was higher than that of 10 mg kg~ !.

One previous study also reported a variation in bacterial
community response to Cd contamination of agricultural
paddy soil (Luo et al, 2019). Our results also illustrate
changes in the bacterial community composition caused by
the Cd polluted (Figures 2, 3, Supplementary Figure 3, and
Table 2). This is probably as the community readjustment in
response to the introduction of Cd, decreased the number of
metal-sensitive microorganisms and increased the number of
resistant microorganisms in the soil, which eventually led to
changes in community composition. The adaption mechanism
of these bacterial populations may be attributed to different
microorganism life activities. In our study, the relative abundance
of Proteobacteria (r = 0.989) and Gemmatimonas (r = 0.623)
were all positively correlated with Cd concentration, while
the abundance of Nitrospirae (r = —0.596) and Spirochaetae
(r = —0.659) correlated negatively with Cd concentration
(Table 2), suggesting that Proteobacteria and Gemmatimonas
are Cd-tolerant, whereas Nitrospirae and Spirochaetae are
Cd-sensitive. In agreement, the phylum Proteobacteria has
previously been reported to be associated with Cd. A large
number of isolated and identified strains that resisted Cd or
absorbed Cd belong to Proteobacteria and include Burkholderia
(Wang et al, 2020), Sphingomonas (Cheng et al, 2021),
Pseudomona (Chellaiah, 2018), and Rhizobium (Li et al., 2019).
Also many Gram-negative bacteria belonging to Proteobacteria
such as Acinetobacter, Ralstonia (also named Cupriavidus) and
Comamonas exclusively exist in a Cd-cultivation library of mine
tailing (Zhang et al., 2007). Moreover, the result of isolating
Cd-resistant bacteria showed that three Burkholderia sp. (ha-
1, hj-2, and ho-3) exhibited strong Cd-tolerance and high
Cd?* removal rate. Our study confirms that Proteobacteria
may have developed a resistance for Cd and play an important
role in Cd-contaminated soils. As for Gemmatimonas, the
relative abundances of five levels (phylum, class, order,
family, and genus) of Gemmatimonas at the site H were all
higher than that of site L, suggesting that Gemmatimonas
are Cd-resistant. The resistance mechanism is related to the
precipitation-dissolution balance, which limits the dynamic
changes of free metal ions in the soil (Abbas et al, 2018).
Gemmatimonas aurantiaca, which makes up about 2% of
soil bacterial communities, has been reported to accumulate
polyphosphate (Zhang et al., 2003). Moreover, the accumulation
of polyphosphate has been linked with heavy metal tolerance in
bacteria, yeasts and fungi (Trilisenko et al., 2017; Kulakovskaya,
2018; Sathendra et al., 2018; Kolhe et al., 2020). Therefore, it
is possible that Gemmatimonas can accumulate polyphosphate
and precipitate of Cd?>* in the soil and therefore explains
the higher abundance of this phylum at site H. For microbial
communities, heavy metal-resistance species can compensate
for the loss of metal-sensitive species, ensuring a stable
microecological environment (Awasthi et al., 2014). Nitrospirae,
a major bacteria group in our soil samples, possesses a
higher heavy metal sensitivity, as reported by previous study
(Luo et al., 2019). We found that the relative abundances
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of four levels (phylum, class, order, and family) of Nitrospira
at the site H were all lower than that of site L while the
abundances of Nitrospira at the site H was higher than that
of site L (Supplementary Figure 3). Nitrospira are nitrite-
oxidizing bacteria (Han et al., 2017) and generally Cd can inhibit
nitrification efficiency (Li et al., 2015; Wang et al., 2016), the
highly Cd contaminated soils at site H were believed to inhibit
growth of Nitrospira. Whereas the result of the abundances of
Nitrospira with response of Cd was opposite. We inferred that the
genus annotation may not be completely.

Identifying key heavy metal-resistant bacterial under Cd stress
is very important for remediation of Cd-contaminated soils. In
this study, we found that two Bacillus sp. strains, 151-6 (Cd*™
removal rate: 91.22%, Cd-MIC: 0.4 mM) and 151-25 (Cd?*
removal rate: 22.80%, Cd-MIC: 1.0 mM), isolated from the same
soil sample but exhibit significant differences in Cd** resistance
and Cd?*adsorption. Our previous work has elucidated the
mechanism of Cd-resistance of 151-6 and 151-25, a cadmium
efflux system accessory protein and a cadmium resistance
protein, was found to play a major role on the Cd™ resistance (Yu
et al., 2020). Future, the mechanism of Cd-adsorption of 151-6
and 151-25 will be explored. Of course, we also paid attention to
the relative abundance of Bacillus sp. in soil samples HJ and L],
which was 0.050 and 0.017%, respectively. This data is consistent
with isolation result of Bacillus sp. bacteria from samples HJ and
L]. The result indicated that Bacillus sp. strains may have a great
potential in remediation of cadmium contamination.

Finally, many studies have reported that microbial
communities can influenced by specific soil physicochemical
properties, such as pH, organic matter, available phosphorus,
hydrolytic nitrogen and so on. Unfortunately, we overlooked
the effect of these factors on microbial community and the
concentration of Cd at the beginning of our experiment. Thus,
the basic physiochemical parameters of the six samples were
not obtained. However, we recollected the soil samples of the
site H and L in June 2021, and the pH and organic matter were
measured. The soil pH of the site H and L was 5.04 and 6.56,
respectively. And the organic matter of the site H and L was 60.14
and 36.58 g/kg, respectively. The pH value is the key determinant
affecting the solubility and liquidity of metal ions, and heavy
metal mobility and bioavailability increase due to competition
for ligand between H™ ions and dissolved metals. Organic matter
can enhance the accumulation of organic carbon in the soil, thus
increasing the adsorption of Cd*>* in the soil. It is likely that the
dynamic changes of microbial community structure, cause by
heavy metals, may be closely related to the type and chemical
morphology of metals and soil physicochemical properties.

In conclusion, we characterized the diversity of the bacterial
community in two different Cd contaminated soils collected
in three different seasons by high throughput Illumina MiSeq
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Background: Worldwide citrus production is severely threatened by Asiatic citrus
canker which is caused by the proteobacterium Xanthomonas citri subsp. citri. Foliar
sprays of copper-based bactericides are frequently used to control plant bacterial
diseases. Despite the sequencing of many X. citri strains, the genome diversity and
distribution of genes responsible for metal resistance in X. citri subsp. citri strains from
orchards with different management practices in Taiwan are not well understood.

Results: The genomes of three X. citri subsp. citri strains including one copper-
resistant strain collected from farms with different management regimes in Taiwan
were sequenced by lllumina and Nanopore sequencing and assembled into complete
circular chromosomes and plasmids. CRISPR spoligotyping and phylogenomic analysis
indicated that the three strains were located in the same phylogenetic lineages
and shared ~3,000 core-genes with published X. citri subsp. citri strains. These
strains differed mainly in the CRISPR repeats and pathogenicity-related plasmid-borne
transcription activator-like effector (TALE)-encoding pthA genes. The copper-resistant
strain has a unique, large copper resistance plasmid due to an unusual ~40 kbp inverted
repeat. Each repeat contains a complete set of the gene cluster responsible for copper
and heavy metal resistance. Conversely, the copper sensitive strains carry no metal
resistance genes in the plasmid. Through comparative analysis, the origin and evolution
of the metal resistance clusters was resolved.

Conclusion: Chromosomes remained constant among three strains collected in
Taiwan, but plasmids likely played an important role in maintaining pathogenicity and
developing bacterial fitness in the field. The evolution of pathogenicity factors and
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horizontal gene transfer events were observed in the three strains. These data suggest
that agricultural management practices could be a potential trigger for the evolution of
citrus canker pathogens. The decrease in the number of CRISPR repeats and pthA
genes might be the result of adaptation to a less stressful environment. The metal
resistance genes in the copper resistant X. citri strain likely originated from the Mauritian
strain not the local copper-resistant X. euvesicatoria strain. This study highlights the
importance of plasmids as ‘vehicles’ for exchanging genetic elements between plant
pathogenic bacteria and contributing to bacterial adaptation to the environment.

Keywords: Xanthomonas citri subsp. citri, copper resistance, whole-genome sequence, TALE, plasmid, plasticity

INTRODUCTION

Xanthomonas spp. are a large group of Gram-negative bacteria
that cause disease in more than 400 different plant hosts
(Timilsina et al., 2020); however, the host range of the individual
species is often restricted to a single or a handful of plants
in the same botanical family. To aid explanation of this
phenomenon, the term “pathovar” was coined and is defined
as an intra-subspecific group of strains causing the same
disease with host and tissue specificity (Timilsina et al., 2020).
Most Xanthomonas species infect plants by first colonizing
the surface of aerial organs then entering through stomata or
wounds; the host may show symptoms. Asiatic citrus canker
caused by Xanthomonas citri subsp. citri is a serious threat to
citrus production in most citrus-growing regions in the world
(Brunings and Gabriel, 2003; Ference et al., 2018). X. citri subsp.
citri is a genetically monomorphic bacterium (Leduc et al., 2015;
Richard et al., 2017b) and has spread geographically from its
Asiatic origin to many citrus-growing regions including Taiwan
(Pruvost et al., 2014; Leduc et al., 2015; Huang and Ni, 2017).
Recent advances in high throughput sequencing have made it
possible to sequence the whole genomes of groups within the
microbial community rather than a handful of loci (multilocus
sequence typing, MLST) and the reconstruction of the repetitive
sequence regions such as the complete CRISPR unit (CRISPR
spoligotyping) (Jeong et al., 2019). These advances have allowed
the detailed study of the evolution, ecology and dissemination
of bacterial pathogens (Vinatzer et al, 2014; Timilsina et al,
2019). Genetically monomorphic bacteria have been considered
to have low adaptive potential because of low genetic variability
(Achtman, 2008). Yet, how these bacteria adapted to diverse
environmental conditions and evolved resistance to antibacterial
compounds remains unclear.

Citrus canker pathogens are commonly classified into the
three pathotypes: A, B and C. Pathotype A was first reported in
Asia in the early nineteenth century (Fawcett and Jenkins, 1933)
and later spread to all citrus producing regions worldwide. The
first genome of X. citri subsp. citri strain 306 was completely
sequenced in 2002 (da Silva et al., 2002). Two variant forms
of pathotype A, namely A* and AW, have been found in
Southeast Asia and Southern Florida in the past 30 years
(Timilsina et al., 2020). These variants of the pathotype A showed
apparent intraspecific diversity and host specialization. After the
reference genome of the pathotype A strain 306 was sequenced,

a combination of whole genome sequencing and comparative
analysis has contributed to the discovery of polymorphisms
associated with potential mechanisms of adaptation in genetically
monomorphic bacterium X. citri subsp. citri (Zhang et al., 2015;
Richard et al., 2017b; Gochez et al., 2018). To date, multiple
factors including transcription activator-like effectors (TALEs),
plasmid-mediated horizontal gene transfers and transposons
have been found to play important roles in adaptation, evolution
and spread of pathogenicity determinants of X. citri subsp. citri
(Ferreira et al., 2015; Richard et al., 2017b, 2021; Gochez et al.,
2018).

TALEs belonging to the PthA family of type III secretion
system effector proteins (T3SEs) are the main pathogenicity
factor of X. citri subsp. citri (Brunings and Gabriel, 2003; Abe and
Benedetti, 2016; Roeschlin et al., 2019). When injected into host
cells, PthA proteins activate expression of disease susceptibility or
resistance genes (Brunings and Gabriel, 2003; Abe and Benedetti,
2016; Roeschlin et al, 2019). PthA proteins consist of an
N-terminal region for secretion, a central DNA-binding domain
and a C-terminal region containing nuclear localization signals
and an acidic transcriptional activation domain (Boch and Bonas,
2010). The central DNA-binding domain of the PthA family is
composed of almost identical tandem repeats of 33 to 34 amino
acids (Boch and Bonas, 2010). Each repeat contains a repeat-
variable diresidue (RVD) at the 12th and 13th positions (Boch
and Bonas, 2010). In addition, the number of tandem repeats
are variable among PthA proteins (Brunings and Gabriel, 2003;
Abe and Benedetti, 2016; Roeschlin et al., 2019). The reference
X. citri subsp. citri strain 306 carries four TALE-encoding pthA
genes located on the plasmids pXAC33 (pthAl and pthA2) and
pXAC64 (pthA3 and pthA4) (da Silva et al,, 2002). The pthAI,
pthA2, pthA3 and pthA4 genes of strain 306 harbor 16.5, 15.5,
15.5, and 17.5 copies of repeats, respectively (da Silva et al., 2002).
Recently, comparative analysis of completely sequenced plasmids
from X. citri subsp. citri revealed clues to rearrangements of
plasmids and reshuffling of TALEs among citrus canker strains
(Gochez et al., 2018). Furthermore, an experimental evolution
study showed that in less than 30 cycles of repeated infections,
X. citri subsp. citri could accumulate sufficient mutations and
rearrangements of repeats of TALEs to cause pathogenicity in
incompatible hosts (Teper and Wang, 2021).

Copper-based bactericides have been widely used for control
of plant bacterial diseases throughout the world. However,
frequent applications of copper-based bactericides induce the
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evolution and development of bacterial strains that are either
resistant or tolerant to copper (Hseu and Hsu, 1991; Wu et al,,
1995; Canteros et al., 2008; Behlau et al., 2012b, 2013). Copper
resistant (Cu®) strains of X. citri subsp. citri have been found
across the world (Behlau et al., 2011, 2013). Large-sized plasmids
carrying copper resistance genes (cop genes) are predominantly
present in Cu® xanthomonads (Behlau et al., 2011, 2012a).
The cop genes in xanthomonads associated with citrus and
solanaceous hosts have been identified and organized in a cluster
(Behlau et al., 2011; Timilsina et al., 2019). In Cu® Xanthomonas
strains, copL, copA, and copB genes in the cop cluster play a
major role in copper resistance (Behlau et al., 2011). In addition
to the copLAB cluster, the plasmid-borne cluster of copABCD
genes has been also identified in Cu® strains of X. arboricola
pv. juglandis (Lee et al., 1994) and X. citri subsp. citri (Richard
et al., 2017b). Copper resistance plasmids of xanthomonads can
be mobilized from a donor cell to a copper sensitive (Cu®)
recipient cell through conjugation (Behlau et al.,, 2011, 2012a).
Recently, copper tolerant (Cu") X. ctri subsp. citri strains whose
chromosomal genes cohA and cohB (homologous to copA and
copB) were increasingly expressed in the presence of copper,
were found in Brazil, but they are not precursors of Cu® strains
(Marin et al., 2019).

Asiatic citrus canker is an important epidemic disease of
citrus production worldwide. Previously we used phylogenetic
analysis of copper resistance genes copLAB in combination with
polymorphism analysis of complete copB genes to track the
possible origin of CuR X. citri subsp. citri strains from Taiwan
(Lai et al.,, 2021). However, hitherto nothing has been known
about the detailed genome composition of X. citri subsp. citri
in orchards located in different regions managed under distinct
agricultural practices. Thus, the aim of this study was to explore
the genetic basis of X. citri subsp. citri by comparative analysis
of complete genomes of three strains collected from two regions
in Taiwan, including one Cu® strain. The high quality genome
assembly and annotation of the three strains were compared with
published X. citri genomes by CRISPR spoligotyping and core
genome analysis to reveal the phylogenetic positions of these
three strains. By analyzing the structure and variation of the pthA
genes, we provided evidence of plasmid fusion in the sequenced
genomes. Furthermore, comparative analysis of the copper and
arsenate gene cluster helped decipher the origin of citrus canker
pathogens with resistance to either copper or heavy metals.

MATERIALS AND METHODS

Collection of Strains

Two X. citri subsp. citri strains B2 and T4 were isolated from the
leaves of Citrus reticulata cvs. “Shiranui” and “Tainung Giant,”
respectively, from a commercial citrus orchard in Taichung,
Taiwan (Geolocation: 24.27 N, 120.78 E), where copper-based
bactericides and fungicides have been routinely applied during
the citrus growing season, on October 7, 2016. The other strain,
SN3-3, was collected from the leaf of Citrus sinensis cv. “Suenaga”
in an orchard with minimal management that has not applied
bactericides and fungicides in Chiayi, Taiwan, (Geolocation:

243.48 N, 120.46 E, Chiayi Agricultural Experiment Branch,
Taiwan Agricultural Research Institute) on April 14, 2016.

Phenotypic Characterization

The pathogenicity of the three strains was tested based on the
previously published method (Huang and Ni, 2017). Briefly,
leaves of citrus cv. Murcott were infiltrated with bacterial
suspensions (1 x 10° CFU/ml). Symptom development was
observed 14 days after the inoculation.

Copper sensitivity test was performed according to the
method in Lai et al. (2021). The three strains, cultured overnight
on NA (Nutrient agar, Difco) plates, were streaked on NA
plates supplemented with 0, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8, 1.6, and
3.2 mM CuSOy. Stains sensitive, tolerant, or resistant to copper
were differentiated by their ability to grow on NA plates with
maximum concentrations of <0.6, 0.6-0.8 and >0.8 mM CuSQOy,
respectively, as rated by Behlau et al. (2013) and Marin et al.
(2019).

lllumina Data Generation

Genomic DNA from the three strains was prepared using Bacteria
Genomic DNA kit (Geneaid, Taiwan). Nuclei were isolated
according to the manufacturer’ instructions. Purity and quantity
of DNA samples were estimated using the Qubit dsDNA HS
Assay Kit (Thermo-Fisher Scientific) and Agilent BioAnalyzer
2100 High Sensitivity DNA Kit (Agilent). Sequencing libraries
were prepared using Nextera DNA Flex Library Prep Kit
(lumina). Whole genome shotgun sequencing was performed
on an Illumina MiSeq instrument using MiSeq Reagent Kit v.3 to
generate 2 x 300 bp paired-end reads with an average of 2.8-3.1
million paired-end Illumina reads per genome. On average, the
final coverage of the assembled genomes exceeded 200 x of the
Mlumina reads (Supplementary Table 1).

Nanopore Data Generation

High molecular weight DNA was prepared using a modified
phenol/chloroform protocol as previously described (Chiang-Ni
et al., 2012). The gDNA was sheared using the Covaris g-TUBE
(Covaris) to select fragment sizes ranging from 6 to 20 kb. The
sheared gDNA was further selected using BluePippin with a
0.75% agarose gel cassette (Sage Science) to select gDNA fragment
sizes ranging from 6 to 20 kb. Nanopore sequencing libraries were
prepared using the PCR free, ligation-based sequencing kit (SQK-
LSK109) with the native barcoding expansion (EXP-NBD104)
for sample multiplexing. Nanopore sequencing was performed
on an Oxford Nanopore MinION device (R9.4 flow cell FLO-
MIN106D). In total, we obtained 161K-183K Nanopore reads for
each strain and the average Nanopore read length was 8,875 bp
and the L50 was 48,138 bp long.

Genome Assembly and Annotation

The quality of the reads was evaluated using FastQC (v.0.11.9)
(Andrews, 2010) and the low quality reads were subsequently
removed by Trimmomatic (v.0.36) (Bolger et al., 2014) for the
Ilumina reads, and Nanofilt (v.2.6.0) (De Coster et al., 2018) for
the Nanopore reads. The base quality of the Nanopore reads of
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greater than 1k bp was further improved by the corresponding
high quality Illumina reads using FMLRC (v.1.0.0) (Wang et al.,
2018). Taking advantage of the strengths of different algorithms
in dealing with the repetitive regions, each strain was assembled
by Canu (v.1.8) (Nurk et al., 2020), Flye (v.2.5) (Kolmogorov
et al,, 2019) and wtdbg2 (v.2.5) (Ruan and Li, 2020) individually
to produce multiple versions of the draft genomes. These draft
assemblies of each strain were then compared and merged by
BLASTN (v.2.10.1) (Altschul et al., 1990) with manual inspection
to produce a consensus assembly. The per-base accuracy was
improved by Pilon (Walker et al., 2014) using the trimmed
Ilumina reads. On average, the final coverage of the assembled
genomes exceeded 200 x. The exact sequences of the duplicated
TALE repeats and the large inverted repeats of plasmids were
based on a second round of local de novo assembly using soft-
clipped Illumina and Nanopore reads surrounding the draft pthA
genes or the copper resistance gene cluster. The duplicated blocks
were identified based on the proviso that the Illumina read
coverage was more than two times higher than the background
coverage of the corresponding plasmid sequence. The exact
duplicated junction sites were then determined by high quality
Nanopore long reads. Ambiguous regions where the sequencing
depth was lower or higher than two times the standard deviation
of the mean coverage were identified (Wang et al., 2021) and were
locally reassembled and/or experimentally verified.

The genome sequences of the three strains were individually
resolved into a single circular chromosome. All plasmid
sequences were completely circularized as well (Supplementary
Table 1). The genome annotation was performed by a local NCBI
prokaryotic genome annotation pipeline (PGAP) (Lomsadze
et al., 2018) with manual curation. In brief, the PGAP pipeline of
the Docker image (v.2019-08-22.build3958) was used to perform
the initial genome annotation. The assigned annotations were
manually checked [Artemis (Carver et al.,, 2012)], e.g., correct
start and stop codon), by comparative analysis with the published
X. citri genomes (BLASTP (Altschul et al., 1990)).

Whole Genome Comparison

Two complementary approaches based on the diversity of
nucleotide sequences and protein coding genes were used for
the genome-wide analysis to understand the overall genome
variations. Assembled chromosome and plasmid sequences were
compared with published X. citri genomes (Supplementary
Table 2) to identify conserved and novel sequence elements.
Whole genome sequence comparison was conducted by a series
of bioinformatics tools including BLAST (v.2.10.1) (Altschul
etal., 1990), fastANI (v.1.20) (Jain et al., 2018), Harvest (Treangen
et al., 2014) and MUMmer (v.4.0.0rcl) (Kurtz et al., 2004).
The whole genome similarity metrics of the three strains
were estimated using the alignment-free approximate sequence
mapping algorithm of fast Average Nucleotide Identity (fastANT)
(Jain et al., 2018) with default settings. To further understand
the origin of these three strains, whole genome sequences of 33
completely assembled X. citri strains (Supplementary Table 2)
were included in the phylogeny analysis. The Parsnp algorithm
in the Harvest suite (Treangen et al., 2014) used the maximum
unique matches (MUMs) from the suffix graph data structure

of the whole genome sequences to identify regions of the
core-genome. The algorithm then performed multiple sequence
alignments of multiple MUMs for subsequent variant calling and
produced a SNP tree.

Synteny Analysis, Pan-Genome, and

Core Genes

The orthologous relationships between B2, T4 and SN3-3 was
investigated. The protein coding genes of these three strains were
searched using all-against-all BLASTP (Altschul et al., 1990). The
BLASTP result was analyzed by a scalable unsupervised cluster
algorithm TribeMCL (Enright et al., 2002) and the orthologous
and paralogous relationships were presented as networks based
on the e-values. The genome collinearity analysis was based on
the genome synteny information calculated by i-ADHoRe 3.0
(Proost et al., 2012).

To further expand the analysis of gene repositories of
X. citri, we compared protein coding genes of 79 Xanthomonas
genomes (two X. albilineans, two X. oryza and 75 X. citri)
(Supplementary Table 2) by BLASTP (Altschul et al., 1990)
and TribeMCL (Enright et al., 2002) clustering. The homolog
of the gene matrix in each genome was used as an input to
calculate the average number of genes added with each additional
genome using a method modified from Meric et al. (2014).
Genes that were presented in more than one genome were
considered as pan-genome and genes that were shared in at
least two genomes were considered as core-genome. To obtain
sufficient resolution of the phylogenetic positions, a total of
1,512 orthologous genes with a strict one-to-one relationship
in 75 X. citri strains were used to construct the phylogenetic
tree. In brief, protein sequences of single copy core genes were
individually aligned by MUSCLE (Edgar, 2004) and gaps in the
multiple sequence alignments were removed by Trimal (Capella-
Gutierrez et al, 2009). Individual sequence alignments were
concatenated to create a 478,302 amino acid-long sequence
of each strain. Maximum likelihood phylogenetic trees were
inferred by RAXML-NG (Kozlov et al., 2019) with 1000 bootstrap
replicates (v.1.0.1, -model LG+G8+F —seed 2 —bs-trees 1000) and
visualized by Figtree'.

TALE Identification and CRISPR Analysis

The location and classification of TALEs were manually searched
by BLASTN (Altschul et al, 1990) based on collected TALE
sequences including short inverted repeats (IR), mobile insertion
cassettes (MICs) and the Tn3 transposon TnXaxI (Ferreira
et al., 2015). Two short palindromic sequences and passenger
genes were manually inspected as well. The structure of CRISPR
and the Cas proteins were detected by CRISPRCasFinder
(Couvin et al, 2018). CRISPRCasFinder integrated multiple
tools to determine the hidden Markov model (HMM) profile
of Cas proteins, the maximal repeat structure, the entropy of
repeats, the sequence similarity and the size of spacers, and
the sequence similarity with known CRISPR, and eventually
assigned different levels of evidence code. The spacer sequences
were further identified by BLASTN following the spoligotypes

'https://github.com/rambaut/figtree/releases
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classification in Jeong et al. (2019). Phages and their integration
sites were identified using PHASTER (Arndt et al, 2016)
where published redundant phage/prophage sequences had been
curated and the completeness scores were assigned to the
identified phage regions.

Copper and Arsenate Gene Cluster
Analysis

The copper resistance gene clusters in the assembled plasmids
were identified by comparison with known copper resistance
genes in the plasmid pCuR (Gochez et al.,, 2018) and pLH201.1
(Richard et al., 2017a). Initial BLASTN hits were manually
inspected and only regions with >60% sequence identity and
>70% coverage of the query sequence were considered as the
candidate area. Protein coding genes were then predicted using
the PGAP pipeline (Lomsadze et al., 2018) and manually curated
using Artemis (Carver et al., 2012). Comparative analysis results
of gene clusters in pT4p2, pCuR and pLH201.1 were visualized by
Artemis and Circos (Krzywinski et al., 2009).

Horizontal Transfer of Copper
Resistance Genes

Horizontal transfer of cop genes between different X. citri
subsp. citri strains was tested according to the method in
Behlau et al. (2012a). The strain T4 with copper resistance
and rifampicin sensitivity was used as a donor. Spontaneous
rifampicin resistant mutants of Cu’ strains B2Rif and SN3-
3Rif were used as recipients. Bacterial strains were mated on
NA plates at 28°C for 24 h. After mating, bacterial cells were
scraped, suspended, and plated at dilutions on NA amended with
rifampicin (50 mg/L) to estimate the population of the recipient.
To select transconjugants, bacterial suspensions were plated at
dilutions on NA supplemented with rifampicin (50 mg/L) and
0.8 mM CuSOy. The conjugation frequency was calculated as the
ratio between the number of transconjugants and the population
of the recipient (Behlau et al., 2012a).

RESULTS

Complete Genome Sequence of Three

X. citri Strains
The three strains of X. citri subsp. citri were able to cause similar
levels of canker symptoms on Murcott leaves. No difference
among the three strains was observed with regard to induction of
symptoms. Furthermore, the strain T4 was characterized as a Cul
strain which was able to grow on NA plates supplemented with
0.8 mM CuSOy (Lai et al., 2021). The other two strains B2 and
SN3-3, which could not grow on NA plates supplemented with
more than 0.4 mM CuSOy, both showed sensitivity to copper.
To advance understanding of the genome structure and
the molecular makeup of the Taiwan X. citri subsp. citri, we
applied hybrid assembly by combining short read (Illumina)
and long read (Nanopore MinION) sequencing technologies in
an integrated bioinformatics workflow. Three type A strains,
including two strains from one conventional commercial orchard

(B2, copper sensitive and T4, copper resistant), and one strain
from an orchard with minimal management (SN3-3, copper
sensitive) were assembled into gap-free chromosome sequences
(Supplementary Table 1).

The chromosome sequences of the three strains were resolved
into a single circular chromosome with length 5,120,747 bp (B2,
accession number CP059999), 5,194,482 bp (T4, CP059992) and
5,192,310 bp (SN3-3, CP060002), respectively. To facilitate the
comparative analysis, DnaA was organized in the beginning of
the completely assembled genomes. The three conserved DnaA
boxes of the oriC region could be identified between DnaA
and DnaN (da Silva et al., 2002; Yen et al., 2002; Qian et al.,
2005). The terminator of replication of each strain was located
at around 2.5 Mb of the chromosome sequence. The replichore
of the three strains could be identified based on the GC skew plot
(Grigoriev, 1998). The assembled chromosome sequence length
and GC content (64.76~64.84%) (Figure 1) were in the same
range as the published X. citri subsp. citri genomes (Timilsina
et al., 2020). Through the genome assemblies, we also identified
two plasmids in B2 (pB2_V1, 137,420 bp, CP060000; pB2_V3,
94,653 bp, CP060001), two plasmids in T4 (pT4pl, 99,130 bp,
CP059993; pT4p2, 312,426 bp, CP059994) and one plasmid in
SN3-3 (pSN3-3, 63,921 bp, CP060003). All plasmid sequences
were completely circularized as well (Supplementary Table 1).

Using the NCBI prokaryotic genome annotation pipeline
(PGAP) (Lomsadze et al, 2018) with manual curation, we
identified 4,489 (B2), 4,557 (T4) and 4,539 (SN3-3) protein
coding genes in the chromosomes with average coding capacity
of 87.2, 87.1, and 87.1%, respectively. The leading strand and
the lagging strand harbored a similar number of coding genes.
Despite the X. citri reference genome 306 being published in 2002
and many genome sequences having been completed afterwards,
gene function of a large part of the genome remains unknown. By
comparison with the UniProt protein database and the manually
collected Xanthomonas protein sequences from NCBI, ~20% of
the protein coding genes were predicted to be hypothetical genes.
In addition to protein coding genes, all three strains contain 106
non-coding genes including 6 rRNA genes, 54 tRNA genes and
46 ncRNA genes (Supplementary Table 1).

Low Nucleotide Sequence Diversity of

Chromosomes

To further understand the similarity and possible origin of these
three strains, we applied multiple complementary approaches
to analyze the genome sequences. We first compared the
chromosome sequence of the three strains to investigate the
possible large scale chromosomal changes. The three strains
shared high sequence identity and collinearity (Supplementary
Figure 1). We then examined the nucleotide sequence divergence
at the whole genome level. Instead of using the conventional
approach for calculating average nucleotide identity (ANI) of
orthologous genes, we applied an alignment-free, whole-genome
average nucleotide identity (FastANI) analysis (Jain et al., 2018) to
determine the pairwise ANI values. The three strains sequenced
in this study were found to share very high levels of sequence
identity (>99.96%) and there were no significant differences
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FIGURE 1 | Chromosome organization and genome annotation. (A-C) Overview of three assembled chromosomes and the distribution of genetic elements. Circles
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among them (Supplementary Table 3). By focusing on the
orthologous chromosome sequences conserved in these three
strains and 33 assembled X. citri strains in the same pathovars
(Supplementary Table 2), we used Parsnp in the Harvest
package to perform the core-genome alignment (Treangen et al.,
2014). X. citri strains of the same pathotype were grouped in
the same phylogenetic clade (Supplementary Figure 2). Three
strains sequenced in this study, B2, T4 and SN3-3, were all
classified into the pathotype A. However, these strains were
respectively grouped with strains from different geographic
origins (Supplementary Figure 2). In particular, T4 shared
higher sequence similarity with the reference strain A306 from
Brazil and the other strains from Argentina whereas B2 was closer
to the strains from Jiangxi, China. SN3-3 was closer to strains
from Jiangxi and Guangdong, China.

Spoligotype Classification by CRISPR
Spacer Array

We analyzed the compositions and orders of CRISPR and spacer
array of our strains by CRISPRCasFinder (Couvin et al., 2018).

Following the presence and absence of spacer patterns
(spoligotypes, spacer oligonucleotide) (Jeong et al, 2019),
B2 contained 19 spacer/repeat units, T4 contained 18 units and
SN3-3 contained 17 units, corresponding to spacer Xcc_01 to
Xce_23; spacer Xcc_8, Xcc_10, Xec_11 and Xcc_14 were absent
in these strains (Jeong et al., 2019). In particular, B2 and SN3-3
shared a common Xcc_3 whereas Xcc_9 and Xcc_12 were only
seen in B2 and T4 (Figure 2). According to the spoligotype
classification by Jeong et al. (2019), B2 belongs to spoligotype 8
(China, Florida, Reunion islands), T4 belongs to spoligotype 14
(Brazil, Mali) and SN3-3 belongs to the spoligotype 21 (Japan).
The CRISPR spacer arrays demonstrated that our strains of
the same pathotype A belonged to the different spoligotypes
originally from East Asia, the Indian Ocean, and South America.

Core Genome Phylogeny

Orthologous genes were first identified by an all-against-all
BLASTP search and the BLASTP result was subsequently
analyzed by the Markov chain based TribeMCL (Enright
et al., 2002) to divide them into orthologous groups. The
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FIGURE 2 | CRISPR spoligotyping. Overview of the CRISPR/Cas locus. The reference (RF) array annotation is based on X. citri 306 (CP0O09016). The colors of the
boxes indicate spacer sequences that correspond to the reference. Purple: absent in the sequenced genomes of this study.

orthologous information was then used by the synteny based
gene family analysis (Proost et al., 2012) to determine genes in
the collinearity region. In total, 4,090 orthologous genes were
shared between the three strains and did not show chromosome
rearrangements (Supplementary Figure 1). Around 144-237
genes are strain specific and were found in only one of the
genomes (Supplementary Figure 3). Detailed functional analysis
by GO enrichment of these strain specific genes indicated
that most of them were enriched with transposon activity-
related genes (Supplementary Table 4). This result indicated that
the chromosome variations between the three strains, though
minimal, were likely associated with the transposon activities.

To better understand the chromosome dynamics of X. citri
strains, we conducted pan-genome analysis with protein coding
genes of our three sequenced strains in this study and 76
published Xanthomonas genomes. Orthologous genes of 79
strains (including two X. albilineans, two X. oryza and 75
X. citri) (Supplementary Table 2) were determined by the
combination of an all-against-all BLASTP search and TribeMCL
clustering. We identified 6,342 ortholog clusters that were shared
between more than two strains. That is, 99.7% of the genes
in one strain were shared in at least one of the 78 sequenced
strains. Within the 79 Xanthomonas genomes used for the
comparison, the pan-genome size was around 5,000 genes and
the core-genome size was less than 2,000 genes (Timilsina
et al., 2019; Supplementary Figure 4). Nevertheless, when four
outgroup species (2 X. albilineans, 2 X. oryza) were removed
from the analysis, the pan-genome size remained around 5,000
genes but the core-genome size increased to ~3,000 genes
(Figure 3A). The number of core genes identified in our study
is comparable with those obtained from 58 X. perforans strains
(Timilsina et al., 2019).

We used the phylogenomics approach to further understand
the phylogenetic positions of three strains in this study and
other published genomes. Based on the core genome analysis,
we selected 1,512 orthologous genes that had a strict one-
to-one single copy relationship to construct the phylogenetic
tree. A tree inference tool based on the maximum likelihood
(ML) method (Kozlov et al., 2019) was used to construct the
phylogenetic tree. As expected, the strains of different pathotypes
were clustered on different clades of the phylogenetic tree with
high bootstrap value support for each lineage (Figure 3B) and
correspondence to the origin of the collection. The pathotype A
strains including the reference strain 306 and our three strains
were placed together in the same clade together with strains
from China, Florida, Argentina and Brazil. On the other hand,
four strains from Reunion were placed in an independent clade
(Richard et al., 2021).

Type Il and Type lll Secretion Systems

In Xanthomonas, the type II secretion system (T2SS) is used
to translocate folded proteins from the periplasm into the
extracellular milieu (Korotkov et al, 2012) and the type III
secretion system (T3SS) is essential to pathogenicity through
modulating host plant physiology and enabling evasion of host
immune responses (Timilsina et al, 2020). In the T2SS, we
identified two operons, each containing eleven genes of the
general secretory pathway (Gsp) (Korotkov et al., 2012) as was
previously reported in the reference strain 306 genome (da
Silva et al., 2002; Supplementary Figure 5A and Supplementary
Table 5). GspO could be identified in the chromosome but is not
located in the two Gsp operons. Gene clusters encoding for hrp
(hypersensitive response and pathogenicity), hrc (hrp conserved)
and hpa (hrp associated) of the T3SS (Alegria et al., 2004) were
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identified in the chromosome (Supplementary Figure 5B and
Supplementary Table 5). Overall, the T2SS and T3SS were highly
conserved in the three sequenced strains.

TALE Variation and Plasmid Fusion

Compared with the chromosome sequences, the plasmid
sequences showed higher diversity in plasmid length and number
of genes (Supplementary Figure 6; Timilsina et al., 2020). In
total, we identified five plasmids in three strains. The plasmid size
ranged from 64 to 312 kb and the GC content was around 60%,
which was lower than the average of 64% of the chromosomes
(Supplementary Table 1). We tried to determine the plasmid
copy number in each genome based on the relative whole genome
sequencing coverage with the chromosome (Pena-Gonzalez et al.,
2018). On average, we estimated the genomes contained 2.6, 3.6,
4.4, 3.5, and 1.6 copies of pB2_V1, pB2_V3, pSN3-3, pT4pl, and
pT4p2, respectively (Supplementary Figure 7).

A sequence similarity search of plasmid sequences by BLASTN
indicated pT4p2 contained the copper resistance gene cluster
as indicated in Gochez et al. (2018). The other four plasmids
(pB2_V1, pB2_V3, pSN3-3, and pT4pl) sharing high similarity
with known plasmid sequences showed a high level of sequence
rearrangement (Figure 4 and Supplementary Figures 6, 8). For
instance, mobile genetic elements including Tn3-like transposon
and the subclass of insertion sequence (IS) elements were
highly variable between the four pathogenicity-related plasmids.
Analysis of repeat-variable diresidues (RVDs; Ferreira et al., 2015)
indicated that TALE repeats were seen in these four plasmids
which contained different copy numbers of pthA encoding genes
with various sizes of TALEs (Supplementary Table 6). Three
copies of pthA gene were found in strains SN3-3, four copies in
T4 and eight copies in strain B2.

Based on the TALE classification, Class I contained pthA2 and
pthA3 genes, Class II contained pthA4 and Class III contained
pthAl (Gochez et al, 2018). These three Classes were seen
together in plasmids pSN3-3, pB2_V1, and pT4p1 (Figure 4) and
represented the signature of plasmid fusion events (Figures 5,
Supplementary Figures 6, 8, and Supplementary Table 6). The
size of pSN3-3 is similar to that of pXAC64 of the reference
strain 306 but the pthA genes of strain SN3-3 carry different
copies of repeats (Supplementary Table 6), which are shorter
and not comparable with those of the reference strain 306 (da
Silva et al., 2002). On the other hand, pthA2 and pthA4 on
PSN3-3 partially overlapped with each other (Figure 5 and
Supplementary Table 6).

Plasmid pT4pl was highly similar to plasmid pP2 of the
CuR strain Xc-03-1638-1-1 (Supplementary Figure 6 and
Supplementary Table 6; Gochez et al., 2018). The two plasmids
were almost identical with only 23 bp difference and contained
the exact copy number of all four classes of pthA1 genes. Plasmid
pT4pl had 4 pthA genes of 3 classes including two genes
with 15.5 (Class I: pthA2 and pthA3), one with 17.5 (Class II:
pthA4) and one with 21.5 (Class III: pthAI) repeats comparable
with the second largest plasmids of CuR strains pLH276.2 and
pLL074-4.2 (Gochez et al., 2018; Supplementary Table 6). The
plasmids of strain B2 had 8 pthA genes of 3 classes including
two genes with 13.5 (unclassified class: pthA2/I), three with

15.5 (Class III) and two with 17.5 (Class II) repeats partially
comparable to the pathogenicity plasmids of Cu® strains (Gochez
et al., 2018; Supplementary Table 6). The effector genes xopE2
(Ferreira et al., 2015) and pthA4 (Roeschlin et al., 2019) that
are involved in the suppression of the hypersensitive response
of the host were also identified in these four pathogenicity-
associated plasmids.

Structures and Origins of the Copper and

Arsenate Resistance Gene Clusters

The CuR strain T4 had the largest plasmid pT4p2 among the
three sequenced strains (Supplementary Table 1) for which the
sequence is similar to the copper resistance plasmids pLH201.1
and pCuR (Figure 6). Interestingly, the sequence of pT4p2 is
larger than those two plasmids due to an unusual ~40 Kbp
inverted repeat. We further confirmed the junction size of the
inverted repeat by PCR (Supplementary Figure 9). On the other
hand, pT4p2 shared the same inverted repeat pattern as observed
in pLH3.1 of X. perforans LH3 (CP018472) (Supplementary
Figure 10), where the strain LH3 was collected from a tomato
orchard in Mauritius in 2010 (Richard et al., 2017b). Each
inverted repeat contains a complete set of the copper resistance
gene cluster, except copCDG are missing (Figures 6, 7). Analysis
of cop gene clusters revealed that three groups of copper
resistance gene clusters could be identified across a diverse set
of bacterial species. pLH201.1 and pCuR belonged to Group I.
The pT4p2 and copper resistance plasmids from X. perforans,
Stenotrophomonas, and Pseudoxanthomonas sharing the same
arrangement of the cop gene cluster belonged to Group II
(Figure 7 and Supplementary Table 7). In particular, in the
NCBI nucleotide database, a unique region between the copper-
arsenate clusters was only identified in pT4p2, pLH3.1 and the
plasmids of six other Xanthomonas strains that were tomato
pathogens, with the exception of pXAC219 that was isolated
from the citrus leaf. Plasmids of these strains shared 99%
sequence coverage and >96% sequence identity (Supplementary
Table 8). The third group, Group III, contained a more
diverse set of cop gene clusters where the plasmid backbone
was extremely similar to pCuR (Richard et al, 2017b) but
only copF and copA shared 70% nucleotide sequence identity
with those in pCuR.

To further support our idea about the origin of the copper
resistance cluster, we then compared the structure of the arsenate
gene cluster. The arsenate cluster was mostly composed of either
three (arsRBC) or five (arsRDABC) genes and expressed in a
single transcriptional unit in soil bacteria (Achour et al., 2007).
Interestingly, the X. citri arsenate gene cluster which was grouped
together with that of Stenotrophomonas was composed of four
(arsRCHB) genes (Figure 8). Furthermore, the transposases
between the arsenate and copper clusters showed higher sequence
similarity to those of X. perforans whereas two endonucleases
corresponding to pCuR and pLH3.1 were adjacent to each other
(Supplementary Figure 10).

Moreover, the ars and cop gene clusters responsible for
resistance to heavy metals including copper and arsenate are
adjacent to each other with higher GC content (62.3%) compared
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with other genomic regions (58.6%) and flanked by two Tn3-
like transposons (Figure 6 and Supplementary Figure 11). In
addition to the abnormal GC content and transposon insertions,
merR and cusAB associated with heavy metal resistance in
bacteria were found in the pT4p2. The MerR transcriptional
regulator family controlled the expression of copA in Escherichia
coli and responded to environmental stimuli, such as heavy
metals or antibiotics (Brown et al., 2003). In pT4p2, MerR is 7
Kbp away from the ars cluster but the heavy metal efflux pump
cusAB is next to the ars cluster (300 bp). The close proximity of
MerR and cusAB to the heavy metal cluster was also observed
in pLH201.1 (Richard et al, 2017b). In addition, the heavy
metal resistance gene clusters in pT4p2 were surrounded by two
Tra gene clusters. The T4 strain showed the conjugation ability
and the pT4p2 encoded 16 Tra proteins that are essential for
conjugation. Similar to the pCuR and pLH201.1 arrangement,
Tra genes of pT4p2 located in two different regions of the
plasmid with TraID in one side and other 14 Tra genes
grouped into another cluster. Overall, the complete set of Tra
genes in the pT4p2 and the high sequence similarity of heavy
metal resistance gene clusters with other published plasmids

indicated that the heavy metal resistance gene was likely acquired
from other microbes.

Conjugative Transfer of Copper

Resistance Genes

The copper resistance genes can be transferred from the CuR
strain T4 to the Cu® strains B2Rif and SN3-3Rif through bacterial
conjugation (Supplementary Table 9). The transconjugants
showed the same level of copper resistance as the donor strain
T4. The frequency of conjugative gene transfer ranged from 108
to 107> transconjugants per recipient (Supplementary Table 9).
B2Rif received the CuR genes from T4 more frequently than
SN3-3Rif (Supplementary Table 9).

DISCUSSION

In this study, the genome and plasmid sequences of three X. citri
subsp. citri strains from Taiwan were completely sequenced
and assembled using the combination of Illumina short-reads
and Oxford Nanopore long-reads. Whole genome sequencing
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FIGURE 5 | RVD profile of pthA genes. The asterisks (*) indicate plasmids sequenced in this study. NI (Asn-lle) recognizes A; HD (His-Asp) recognizes C (but not
5'-methyl-C); NG (Asn-Gly) recognizes T and 5'-methyl-C; NN (Asn-Asn) recognizes G or A; NS (Asn-Ser) recognizes A,T,C or G; N* (Asn-*) recognizes C or T [47].
Blue: identical to the reference. Purple: absent, the same as the reference. Green: absent, different from the reference. Yellow: > 50% sequence similarity with the
reference. Red: unique. White: no such pthA genes. (A) Plus sign (+): merged pthA genes. (A,B) Dashed box: nine pthA1 repeats were merged with pthA2 repeats.
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has been widely used to understand the pathogenic, taxonomic
and phylogenetic status of the xanthomonads (Zhang et al.,
2015; Bansal et al., 2017; Patane et al., 2019). Previous studies

lacked the resolution of repetitive or duplicate regions as they
could not be precisely resolved by the short-read sequencing
method and the bioinformatic algorithm (Triplett et al., 2011;
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Fonseca et al., 2019). Recently, with the availability of the long-
read sequencing method and the advances in genome assembly
(Kolmogorov et al,, 2019), complex genome structures can
be fully resolved. Correspondingly, the genome and plasmid
sequence dynamics of X. citri. from different geographic locations
have gradually emerged (Gochez et al., 2018; Roach et al., 2020;
Richard et al., 2021).

The assembled chromosome sequence length, GC content
(64.76~64.84%) and number of genes (Figures 1A-C) are
in the same range as the published complete X. citri subsp.
citri (Timilsina et al., 2020). The 75 X. citri genomes showed
a high level of genome conservation where 2,529 ortholog
genes had a strict one-to-one single copy relationship within
X. citri strains. The large core-genome size (Figure 3A) and
the pangenome analysis (Loiseau et al., 2018) indicated that
the X. citri strains showed a ‘close’ genome signature where
strains shared a large common gene repertoire. In contrast, the
Xanthomonas genus was an ‘open’ genome where gene gain and
loss events frequently occurred within different Xanthomonas
lineages (Timilsina et al., 2020).

Comparing chromosome sequences and gene contents did not
reveal many differences between X. citri subsp. citri strains. In
fact, the pangenome analysis confirmed that strains in the X. citri
subsp. citri were rather conserved and the core genome was
composed of 2,529 one-to-one ortholog genes and ~3,000 genes
(i.e., detected in all 75 strains) (Figure 3A). Nevertheless, the core
genome size of this study is smaller than the 4,347 genes of 221
strains in the previous study (Richard et al., 2021). The differences

in the three pan-genome analysis strategies likely explain the
inconsistency between the studies. First, only protein coding
genes in the chromosomes were considered for the orthologous
relationships in this study (Timilsina et al., 2019); however, the
study by Richard et al. included the plasmid genes in the analysis
(Richard et al., 2021). A high gene turnover rate (gain or loss
of genes) was observed due to uneven frequencies of acquiring
or losing a single large plasmid in different lineages (Richard
et al., 2021). The ease of horizontal gene transfer of the entire
plasmid between strains has made plasmids the main driver of
host adaptation (Ruh et al., 2017). To focus on changes in the
chromosome sequences, we decided to focus only on genes of
the chromosomes.

Secondly, we used orthology-based analysis where predicted
protein coding genes of each of the de novo assembled genomes
were used to identify orthologous genes among sequenced
strains. The advantage of this strategy is that it did not restrict the
analysis in one particular reference strain. That is, unique genome
fragments and gene contents that existed in one particular strain
could be identified. The main drawback was that each sequencing
project applied different gene prediction methods and this might
introduce biases in gene models due to technical artifacts. An
alternative approach would be based on the read coverage of
the whole genome resequencing data (Richard et al, 2021).
Using this approach, one strain was selected as the reference
genome where resequencing reads were mapped to the reference
genome sequence. The presence and absence of the gene was
then evaluated based on the pre-defined cut-off of read depth
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FIGURE 7 | Comparison of gene gain and loss in the copper resistance gene cluster.

and coverage of the gene length. This method could avoid the
fragmented genomes and truncated gene models due to the
short read assemblies. Nevertheless, variations due to paralogs,
gene copy number or pseudogenization could not be identified.
Despite the differences in the exact number of genes of the core
genome, our result agrees with previous analysis (Timilsina et al.,
2019) in concluding that X. citri subsp. citri is a monomorphic
bacterium and the gene numbers are conservative in the lineage
(Timilsina et al., 2019).

The pathotype classification is in agreement with the core-
genome phylogenetic analysis in showing that these three strains
clustered with the pathotype A strains from different geographic
origins (Jeong et al., 2019). However, the exact phylogenetic
relationship between the three strains sequenced in this study
could not be clearly resolved and we did not date the time
scale of the evolutionary history (Figure 3B). The three strains
were placed in an independent clade with 100% bootstrap
value support. The long branch length with strains from other
geographic origins suggest that three strains diverged from a
common ancestor.

The gap-free complete genome sequences offered a unique
opportunity to study the structure of the repetitive sequences
such as CRISPR repeats and spacers in detail since their order

and the exact copy number have often been mis-assembled in
the draft genome assemblies (Wang et al., 2021). In particular,
spoligotyping provided an alternative method to infer the
evolutionary history and the common ancestor of the microbial
strains. Among sequenced X. citri subsp. citri strains, the CRISPR
array contains a conserved array of 23 spacers and could be
used to infer the evolutionary trajectory among the observed
spoligotypes (Jeong et al, 2019). This method was based on
the principle associated with the order of the CRISPR array,
where the cas genes tend to be associated with more recently
acquired CRISPR repeats. For instance, spacer Xcc_23 is likely
to be a newly acquired spacer/repeat unit where spacer Xcc_1
might be the oldest spacer (Jeong et al., 2019). The results of
the CRISPR array are consistent with the notion that X. citri
originated from a common ancestor and formed a monophyletic
clade (Bansal et al., 2018). Furthermore, strains B2 and T4 from
the commercial orchard under conventional management have
more CRISPR repeats than the strain SN3-3 which was from
the orchard with minimal management. This result implied that
the number of CRISPR repeats could be affected by types of
agricultural management. Furthermore, B2 and T4 originated
from the same orchard but differed in composition of CRISPR
repeats. Xcc_3 was found in B2 but not in T4 (Figure 2). Thus,
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FIGURE 8 | Comparison of gene gain and loss in the arsenate resistance gene cluster.

X. citri subsp. citri in an orchard could evolve into various strains
with diverse compositions of CRISPR repeats. The spoligotyping
data indicated the rapid evolution and diversity of X. citri subsp.
citri pathotype A in Asia.

The function of CRISPR/Cas systems has been proven to be
an adaptive bacterial defense system against phage infections.
New CRISPR spacers are introduced in the bacterial chromosome
near the leader sequence (Datsenko et al., 2012). Yet, frame-shift
mutation of csdl/cas8c genes caused by a short tandem repeat of
two base pairs (AG) was found in the majority of X. citri strains,
suggesting that the CRISPR defense system was mutationally

inactivated to further acquire new spacers (Jeong et al., 2019).
The results also suggest that most of the 25 spoligotype patterns
found in X. citri could evolve by either random deletion of a
single spacer/repeat unit or simultaneous deletion of adjacent
spacer/repeat units (Jeong et al., 2019). Accordingly, deletion
events could occur more often in SN3-3 than in the other 2
strains since SN3-3 had fewer CRISPR repeats than B2 and
T4. An extra AG is also present in the csdl/cas8c genes of
our X. citri subsp. citri strains (Supplementary Figure 12)
reflecting inactivation of the CRISPR system due to frame-shift
mutation. Moreover, the CRISPR repeat profile data implied that
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B2 and T4 could acquire more resistance to phage infections
than SN3-3. It will be intriguing to explore whether minimal
agricultural management could induce more deletion of CRISPR
repeats in citrus canker pathogens or reduce diversity of
phages in an orchard.

Plasmids are highly dynamic and present another source of
the X. citri genome diversity. The number and size of plasmids
vary between X. citri strains and are important contributors to
pathogenicity due to their ease of acquisition of foreign genomic
elements through recombination and horizontal gene transfer
(Timilsina et al.,, 2020; Rodriguez-Beltran et al., 2021). Mobile
genetic elements are known to facilitate the exchange or transfer
of genomic fragments between chromosomes and plasmids (Blair
et al, 2015). Metagenomic analysis of wastewater identified
that antibiotic selection pressure significantly increased the
abundance of antibiotic resistance genes, reduced the diversity
of the microbial community and in particular, increased the
occurrence and abundance of mobile genetic elements (Zhao
et al., 2021). Despite the high sequence variability, genes in
several important functional categories such as conjugative
transfer (traY, traD and mobD/A/L), the type IV secretion
system (vir2/3/4/6/8/9/11), toxin/antitoxin system (family vapC
or pemK/mazF) and core genes (repA, parA, XRE family
transcriptional regulator) were found in all of our plasmids
(Gruber et al., 2016).

Multiple types of insertion sequences and transposons
including IS3, IS4, ISxac3, ISxac2, TnpA and Tn3 were identified
in the plasmids (Figure 4). The xanthomonad Tn3 family
transposons were located near different TALEs. The TnXax1
transposable element of Tn3 family in xanthomonadaceae were
flanked by short inverted repeat (IR) sequences forming a
generic structure of mobile insertion cassettes (MICs; Gochez
et al, 2018). In particular, the genetic content of TnXaxl
was organized in the following order from left IR (IRL)
to right IR (IRR): milt + TnpA (transposase) + TnpR
(resolvase)/ TnpS/TnpT (recombinase) -+ passenger gene as
observed in other Xanthomonas strains (Lima-Mendez et al,,
2020). The structure of the MICs in the plasmids of this study
was similar to TnXaxl containing the same passenger genes,
Tn3 transposons and inverted repeats (IRs; Ferreira et al., 2015).
The pthA genes in the four pathogenicity-related plasmids were
surrounded by the same IRR and IRL as in the pXAC64 plasmid
of X. citri 306.

TALEs are located on plasmids in X. citri strains with high
variability in order to adapt to different hosts (Ferreira et al., 2015;
Timilsina et al., 2020; Figures 4, 5 and Supplementary Table 6).
The variability of the TALE repeats has been considered to be a
strategy to diversify selection pressure to escape the detection of
the host R genes (Doucoure et al., 2018). The changes in repeat
arrays in X. oryzea TALEs were mainly associated with repeat
deletion, and recombination with other TALEs (Teper and Wang,
2021). Furthermore, Teper and Wang (2021) demonstrated that
two to five mismatched TALE repeats of X. citri subsp. citri was
sufficient to escape the host NB-LRR recognition and promote
disease symptoms in sweet orange. Our data revealed that most
pthA4 genes from different X. citri subsp. citri strains have
the same number and RVD of tandem repeats (Figure 5 and

Supplementary Table 6). Surprisingly, the pthA4 of strain SN3-3
was not only short (13.5 repeats) but also merged with pthA2.

It has been estimated that the optimal functional length of
TALEs contained 15.5-19.5 RVD repeats whereas TALEs with
fewer than 6.5 repeats did not perform gene activation and
could be by-products of recombination events (Boch and Bonas,
2010; Gochez et al.,, 2018). Nevertheless, some ‘non-classical’
TALEs with unusually short lengths of RVD repeats but that
maintain their biological function, have been reported recently
(Roeschlin et al.,, 2019). We also identified a fusion of pthAl
and pthA4 in pSN3-3 and pthAI that was surrounded by a solo
IR sequence containing only 2.5 RVD repeats (Figure 5 and
Supplementary Table 6). The pthA4 was indispensable for canker
elicitation but pthAl and pthA3 could contribute to additive
roles in developing disease symptoms (Abe and Benedetti, 2016).
Since PthA4 is the TALE required for pathogenicity and SN3-3
was collected from a citrus farm with minimal management, we
speculated that the PthA4 with 13.5 RVD repeats was sufficient
to develop pathogenicity and maintain bacterial fitness under
the agroecosystem with low selection pressure. Our data is in
full agreement with the notion that the presence of the Tn3-like
transposons around TALEs likely contributed to the generation
of diverse TALEs of X. citri (Ferreira et al., 2015).

The genomic signatures of the three strains supported the
occurrence of independent events of plasmid fusion. Compared
with the reference genome of strain 306 (da Silva et al., 2002),
we were able to identify the recombination event that caused the
plasmid co-integration and the fusion of pthA genes (Figure 5).
Unlike different pthA classes that were separated in two plasmids
in pXAC33 and pXAC64 (da Silva et al, 2002), pB2_V1
and pT4pl each contained three pthA classes in one plasmid
(Supplementary Table 6). Furthermore, pB2_V1 contained two
copies of pthAI class with high sequence identity and pB2_V1
and pB2_V3 both contained a unique class of pthA2/pthAl
fusion with 13.5 RVD repeats (Figures 5A,B and Supplementary
Table 6). The plasmid size of pSN3-3 was similar to pXAC64 of
strain 306 (da Silva et al., 2002) but also had three classes of pthA
and the fusion of pthA1/pthA4 in one plasmid (Figures 5B,D).

The whole genome sequence of T4 clarified that the cop gene
cluster is borne on the big plasmid pT4p2. Though the copper
resistance in different Xanthomonas strains might be acquired
through independent events, cop genes in the plasmids were
genetically related (Richard et al., 2017b) and the backbones of
the plasmids are highly similar. Based on the nucleotide sequence
identity and presence and absence of cop genes, we could
divide plasmids, based on the copper cluster, into three groups
(Figure 7). Group I, including the reference plasmid pCuR
and pLMO091 from Stenotrophomonas (Richard et al., 2017b),
contained the complete set of copLABCDMGF genes without
gaps and shared high sequence identity (>90%) with plasmids in
this group. On the other hand, the most dissimilar group (Group
III), including pLM199 from Argentina, had sequence identity
with pCuR that was ~70% and failed to produce PCR amplicons
using primers of the copLAB system (Richard et al,, 2017b).
A distinct copper transposon region (TnpLM199) containing an
alternative copper resistance system copABCD was identified in
the Argentinian strain LM199 genome (Richard et al., 2017b).
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The pT4p2 was classified in Group II together with pLH3.1 of
X. perforans and chromosome sequences from other microbials.
In particular, a unique nucleotide region between the copper
and arsenate cluster was only identified in pT4p2 and pLH3.1.
A detailed analysis of the 1,857 bp spacer nucleotide sequence
between the copper and arsenate cluster in the NCBI Nucleotide
database revealed that only seven Xanthomonas strains contained
this fragment. Among these seven strains, the spacer sequence
was not located on the same plasmid as that containing copper
resistance genes in the X. euvesicatoria strain LMG930. This
result is in agreement with a previous analysis that revealed that
the copB genes carried by pT4p2 and LMG930 were grouped
in the ‘Variant IV’ group and shared a combination of 3, 300
and 36 bp gaps in the complete copB sequences (Lai et al.,
2021). On the other hand, the other six Xanthomonas strains
showed high levels of sequence coverage (99%) and nucleotide
identity (>96%) (Supplementary Table 8). In particular, pLH3.1
of X. euvesicatoria did not only show high identity of the spacer
sequence but also the cop genes (Supplementary Figure 10).
Accordingly, the comparative genome analysis data provided
evidence that pT4p2 could originate from pLH3.1 carried by
Mauritian X. perforans LMG930. Although CuR X. euvesicatoria
pv. perforans populations have prevalently occurred in domestic
tomato orchards in Taiwan since 1989 (Burlakoti et al., 2018),
only the variant V group of the copB gene was carried by
X. euvesicatoria pv. perforans strains in our recent survey
(Lai et al, 2021). Thus, pT4p2 might not originate from
local Cu® strains of X. euvesicatoria pv. perforans. However,
we cannot exclude the possibility that other xanthomonads
in other production areas in Taiwan, on other citrus or
solanaceous cultivars which carry pLH3.1/pT4p2-like plasmids,
could be found by increasing the number of Cu® xanthomonad
populations studied. A further survey of CuR xanthomonad
populations on various hosts in combination with comparative
genomic analysis will help to decipher the distribution and spread
of CuR plasmids in xanthomonads.

Our whole genome sequencing data clarified that the
copLAB cluster is located in the plasmid pT4p2 associated with
heavy metal resistance. Horizontal transfer of copper resistance
between bacteria occurs more frequently when the cop genes are
located in the mobile plasmids (Behlau et al., 2012a). The Tra
cluster responsible for the mobility of the plasmid was found in
the CuR® plasmid pT4p2. The data of conjugative transfer proved
that pT4p2 is a mobile plasmid and able to horizontally transfer
between different strains of X. citri subsp. citri (Supplementary
Table 9). The Cu’ recipient cells became as resistant to copper
as the donor cells while receiving cop genes via conjugation.
Accordingly, the horizontal transfer of plasmid borne cop genes
between citrus canker xanthomonads may potentially increase
CuR xanthomonad populations to reduce the disease control
efficacy of copper bactericides.

It is worth noting that the copper resistance gene clusters were
located on the plasmid of Xanthomonas strains but were present
in the chromosomes of Stenotrophomonas, Pseudoxanthomonas,
Lysobacter, Luteimonas and Thermomonas (Figure 7). These
Xanthomonadaceae microbes were either human pathogens
(Crossman et al, 2008) or presented in the agricultural

environment (Turrini et al., 2021) and some are known for
carrying heavy metal resistance genes and mobile genetic
elements. These environmental microbes could serve as a
reservoir for the transfer of heavy metal resistance genes to
microbes living in the surrounding environment.

We speculated that one copper resistance cluster in pT4p2
was inserted next to the arsenate cluster due to the Tn3-like
transposon activity. Moreover, the additional copy of the arsenate
and copper cluster might be the byproduct of conjugation
where plasmids were transferred as a single-strand DNA during
the conjugation and subsequently activated the bacterial SOS
stress response. The recombination or mutagenesis frequencies
of genomic fragments were then induced and increased the
bacterial evolution rate (Rodriguez-Beltran et al, 2021). The
high density of transposable elements around the heavy metal
resistance clusters (Supplementary Figure 10) increased the
probability that the duplicated fragment was inserted around
the same location.

The whole genome sequences of the three strains in this
study reflected the potential effect of agricultural practices
or agroecosystems on diversification of citrus bacterial canker
pathogens. A large sampling of microbes from the same
environment over a long period of time would likely improve
our understanding of how agricultural practices impact the
microbial community.

CONCLUSION

Complete genome sequencing of three X. citri subsp. citri
pathotype A strains from two distant orchards and a comparison
with the published genomes in this study clearly illustrated
plasticity in chromosomes and plasmids. Our results revealed the
evolution of pathogenicity factors and horizontal gene transfer
events in the three strains. Type of agricultural management
could be a potential trigger for evolution of pathotype A of
X. citri subsp. citri. Surprisingly, conventional management
might induce less deletion of CRISPR repeats in X. citri subsp.
citri or increase the diversity of phages in the orchard. Thus, the
X. citri subsp. citri strains under conventional management might
have more CRIPSR repeats for immunity to phage infections
compared with the strain from the orchard with minimal
management. Moreover, the cop gene cluster together with the
arsenate resistance gene cluster were only carried by the huge
plasmid in the Cu® strain of X. citri subsp. citri. Collectively,
plasmids represented a hotspot for exchanging foreign genomic
elements and accelerated the adaptation of X. citri subsp. citri to
the agroecosystem.
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Tellurium (Te) is a metalloid with scarce and scattered abundance but with an increased
interest in human activity for its uses in emerging technologies. As is seen for other
metals and metalloids, the result of mining activity and improper disposal of high-tech
devices will lead to niches with increased abundance of Te. This metalloid will be more
available to bacteria and represent an increasing selective pressure. This environmental
problem may constitute an opportunity to search for microorganisms with genetic and
molecular mechanisms of microbial resistance to Te toxic anions. Organisms from
Te-contaminated niches could provide tools for Te remediation and fabrication of Te-
containing structures with added value. The objective of this study was to determine the
ability of a high metal-resistant Paenibacillus pabuli strain ALJ109b, isolated from high
metal content mining residues, to reduce tellurite ion, and to evaluate the formation of
metallic tellurium by cellular reduction, isolate the protein responsible, and determine
the metabolic response to tellurite during growth. P pabuli ALJ109b demonstrated
to be resistant to Te (IV) at concentrations higher than reported for its genus. It can
efficiently remove soluble Te (IV) from solution, over 20% in 8 h of growth, and reduce
it to elemental Te, forming monodisperse nanostructures, verified by scattering electron
microscopy. Cultivation of P pabuli ALJ109b in the presence of Te (IV) affected the
general protein expression pattern, and hence the metabolism, as demonstrated by
high-throughput proteomic analysis. The Te (IV)-induced metabolic shift is characterized
by an activation of ROS response. Flagellin from P pabuli ALJ109b demonstrates high
Te (0) forming activity in neutral to basic conditions in a range of temperatures from
20°C to 37°C. In conclusion, the first metabolic characterization of a strain of P pabuli
response to Te (IV) reveals a highly resistant strain with a unique Te (IV) proteomic
response. This strain, and its flagellin, display, all the features of potential tools for Te
nanoparticle production.
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INTRODUCTION

The study of the Te-bacteria interaction has been mainly focused
on resistance to soluble Te ions, particularly the reduction of
Te (IV) and Te (VI) to Te (0). This characteristic resulted
in a growing interest in isolation and characterization of new
organisms with potential in Te ion reduction from a large number
of different environments, such as sea sediments (Csotonyi et al.,
2006; Ollivier et al., 2008), mine tailings (Maltman et al., 2015),
and fouled waters (Chien and Han, 2009). These environments
can provide organisms with novel genes and processes to deal
with toxic Te (IV), different from those identified in the majority
of bacterial strains studied so far, mainly from clinical settings.
Tellurite resistance by reduction (TeR) targets the Te oxyanions,
and to this date, few mechanisms have been identified as TeR.
Among the most well-described genetic clusters involved in
tellurium ion resistance are the mechanisms encoded by the gene
cluster terZABCDEF (Kormutakova et al., 2000), the tehAB gene
cluster (Lohmeier-Vogel et al., 2004), or the kilA operon (Turner
et al., 1994, 1995). The relation of these specific Te resistance
mechanisms with Te (IV) reduction is in most cases still to be
proven. Several works describe mechanisms of Te resistance by
unspecific intracellular reduction of Te ions, implicating reducing
agents such as nitrate reductases or elements of the respiratory
chain (Sabaty et al., 2001; Chasteen et al., 2009; Theisen et al.,
2013; Alavi et al., 2014). In most of these cases, TeR is viewed
as the main mechanism for Te resistance. Bioreduction of Te
occurs when cells interact with soluble and toxic forms of
Te (IV) and Te (VI) and convert the oxyanions to an inert
and insoluble form. Bioreduction is a relevant biotechnological
characteristic to determine, as varies among different organisms;
therefore, for new bacterial strains, the reduction efliciency
should be determined. The bioreduction to Te can lead to
the formation of nanostructures (Baesman et al., 2007; Zare
et al, 2012; Presentato et al, 2016; Wang et al., 2018). As
verified for other metals, the formation of Te-containing intra-
/extra-cellular nanostructures can be monitored by following the
bioreduction process. A diversity of microorganisms has shown
the capacity to form these nanostructures, such as Enterobacter
cloacae (Contreras et al., 2018), Shewanella sp. (Vaigankar et al.,
2018), and Ochrobactrum sp. (Zonaro et al., 2017), and extensive
work performed on Rhodobacter capsulatus (Borghese et al., 2014;
Borghese et al., 2017). An increasing interest in understanding
the formation of these structures is the result of the growing
potential range of applications for bio-produced nanoparticles
covering fields such as optical imaging (Plaza et al., 2016) or novel
battery technology (Kim et al., 2015). Growing attention has been
given to Paenibacillus spp. for its potential in biotechnological
applications (Jimoh and Lin, 2019; Du et al,, 2021). To this date,
some studies on the interactions of Paenibacillus strains with
metals have been produced (Knuutinen et al., 2019; Ogunyemi
et al., 2020) but only a few concerning Te (Chien and Han,
2009). Strains of Paenibacillus have been characterized for their
biochemistry and proteomics and considered of interest in
rhizostabilization of cadmium (Kumari and Thakur, 2018) for
their high metal resistance, siderophore production, biocontrol
activities, and xenobiotic degradation. Additionally, Paenibacillus

is also known to produce extracellular polysaccharides with
high metal ion uptake ability (Prado Acosta et al, 2005).
Nowadays, technologies such as differential proteomics give new
perspectives in molecular mechanisms of stress response and
metal resistance (Moreno and Rojo, 2013; Djoko et al., 2017).
Therefore, it can be applied for determining the impact of Te (IV)
on microorganism metabolism.

Residues from the Panasqueira mine in the center of Portugal
showed to have Paenibacillus in their microbial community,
which were isolated in the presence of Te. Considering
their metabolic versatility, we hypothesized that the genomic
and metabolic characterization of the strain would bring to
knowledge new biological strategies to cope with Te, able to be
explored biotechnologically.

In this work, we aimed to study the metabolism of a
Paenibacillus pabuli strain ALJ109b able to resist and to
reduce Te (IV) to elemental Te. The resulting Te structures
were characterized and revealed an organized structure at the
nanoscale size. The genome and proteome analysis performed to
describe the P. pabuli ALJ109b response to Te (IV) revealed the
diversity of strategies of this strain to cope with the metalloid.
P. pabuli ALJ109b showed to shift its metabolism to deal with the
Te (IV)-induced oxidative stress and is able to resist high Te (IV)
concentrations by reducing the metalloid. Moreover, the P. pabuli
ALJ109b flagellin was identified as part of the TeR process. The
protein was cloned in a recombinant system and its ability to
reduce Te (IV) demonstrated.

The current study offers new insights on the metabolism
activated by Paenibacillus strain in the presence of Te (IV) and
identifies the mechanisms by which this strain, using flagellin,
effectively produces Te nanoparticles. Flagellin demonstrates
potential application in Te (IV) decontamination and in the
fabrication of Te nanoparticles.

RESULTS

Tellurite Resistance and Reduction by

Paenibacillus pabuli ALJ109b
The growth of P. pabuli ALJ109b in the presence and in the
absence of Te (IV) was followed. The strain was able to grow
in up to 5 x 10~* M Te (IV). Specific growth rates considered
early and late (8 h) exponential growth time points, based on
the growth curve for this strain for strain P. pabuli ALJ109b.
The specific growth rates were similar to the control condition in
concentrations up to 2.5 x 10~* M Te (IV) but decreased at the
concentration of 5 x 10=* M Te (IV) (Figure 1A). Escherichia
coli BL21 was not able to grow in the presence of Te (IV).
Considering that 5 x 107% M Te (IV) was the lowest
concentration that affected P. pabuli ALJ109b growth, Te (IV)
reduction was evaluated at this concentration. At a concentration
of 5 x 107* M Te (IV), P. pabuli ALJ109b showed Te (IV)
depletion efficiencies in the order of 1.25 Amg.DO~! and a
reduction rate at 8 h of 0.06 Amg.DO’l.h’l (Table 1). This
reduction rate allowed for a removal of 20.66% of initial Te (IV)
within 8 h, reaching 33.17% in the later stationary phase (20 h).
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FIGURE 1 | Impact of tellurite in bacterial growth and tellurite reduction. (A) Specific growth rates of Paenibacillus pabuli ALJ109b at increasing concentrations of Te
(IV): control without metal, 1 x 10~* M Te (IV), 2.5 x 10~* M, and 5 x 10~* M. Experiments were conducted in triplicate, and statistical significance indicated

*p < 0.05. (B) SEM micrographs of Te nanostructures produced with P. pabuli ALJ109b cells grown in the presence of 5 x 10~4 M Te (IV). A magnification is
present for clarification of the nanostructure shape. High-density metal deposits are represented in white. The EDS spectrum was obtained from reads in an

electrodense area. The red arrow highlights Te detection in the spectrum.

TABLE 1 | Reduction efficiencies, reduction rates, and percentage of Te (IV)
depletion all through the growth of Paenibacillus pabuli ALJ109b in the presence
of 5 x 1074 M of Te (IV).

Time (h) 2 4 6 8 20

Re (Amg.DO~ ") 28.89 21.71 16.53 414 3.19
SD(+) 0.17 0.28 0.18 0.12 0.07
Rr (Amg.DO~".h=1) 14.45 5.43 2.75 0.52 0.16
SD(+) 0.08 0.07 0.03 0.02 0.00
Te (IV) depletion (%) 18.31 17.03 24.70 20.66 33.17
SD(+) 0.86 0.68 0.76 0.76 0.97

A visual demonstration of Te (IV) reduction was observed
in SEM imaging of P. pabuli ALJ109b with 5 x 107* M Te
(IV). Te-containing nanoparticles are visualized in electron-
dense aggregates of structures with clear spheroid organization
(Figure 1B). The observed spheroid structures are sized at the
nanometer scale, < 100 nm, and therefore can be classified
as nanoparticles.

Metabolic and Stress-Related Impact of

Te (IV)

Variation in metabolic activity in response to Te (IV) was tracked
by using MTT assay. MTT assay demonstrated that in the
presence of 1 x 1072 M of Te (IV), P. pabuli ALJ109b dropped
its activity by 17% when compared to the control situation
(Figure 2A). The response to oxidative stress induced by Te
(IV) was demonstrated by evaluating the production of reactive
oxygen species using a ROS assay in P. pabuli ALJ109b. ROS
formation increased 2.3-fold at the concentration of 5 x 10™4 M
of Te (IV), when compared to the control without Te (IV).
Continuous tracking of ROS formation revealed that P. pabuli
ALJ109b, when grown in the presence of Te (IV), was able to

maintain or even decrease its intracellular ROS levels compared
to the control situation after 5 h and 30 min (Figure 2B).

Genomic and Proteomic Potential for Te

(IV) Resistance

Draft genomes of P. pabuli ALJ109b were obtained from Illumina
sequencing. P. pabuli ALJ109b" had a 6.8-Mb genome, which
was assembled into 46 contigs. A total of 6,105 identified
CDS regions, 6,210 genes, 7 rRNAs, 1 tmRNA, and 97 tRNAs
were identified. Potential occurrence of plasmid analysis, using
PlasFlow software package, did not identify any plasmid-marked
contig. A genome phylogenetic identification of Paenibacillus
strain ALJ109b identified the strain as belonging to the species
Paenibacillus pabuli (P. pabuli AL]J109b) with a FastANI score of
99.04% similarity.

A detailed analysis of genetic determinants with relation to
Te (transport, resistance, reduction) was performed by PSI-
Blast search of the annotated genome. No known Te (IV)
transporters were identified in the P. pabuli ALJ109b genome.
Few genetic determinants with experimentally confirmed Te (IV)
resistance activity were detected. These included a near-complete
ars operon (Pp_CDS_2955 to Pp_CDS_2957), as well as the
isolated ter operon component, terC (Pp_CDS_900), and a kilA
gene from the kilAB/cysK gene cluster Pp_CDS_1611. Gene-
coding proteins with demonstrated Te (IV)-reducing ability were
identified and are further characterized in the last section of the
results, vide infra.

The comparative proteomic analysis of P. pabuli proteins
obtained in both Te (IV)-treated and no-treatment conditions
was determined using five independent biological replicates.
Using the NCBI pipeline annotation from the genome sequence
of P. pabuli ALJ109b, a reference proteome was created from
the strains’ complete CoDing Sequences (CDS). The number of
CDS regions detected and identified corresponds to 44% (2828)
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FIGURE 2 | Tellurite-induced stress response of Paenibacillus pabuli ALJ109b. (A) MTT assay of strain P pabuli ALJ109b. Relative units (RU) represent the ratio
between the absorbance (MTT) of each treatment compared to control (without metal). (B) ROS assays showing two incubation periods with HoDCFDA. Relative
fluorescence units (RFU) represent the ratio between the fluorescence intensity (ROS) of each treatment compared to control (without metal). Data shown are the
mean values (+standard deviations) obtained from three independent experiments. Significant difference of values from treatment from the value of Control
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B 510 MTe(1V)

B 10 MTe(V)

proteins of its reference proteome. Of the 2,828 proteins, 59% of
these annotated sequences (1667) were assigned to, at least, one
functional pathway.

Impact of Te (IV) in Metabolic Pathways

The analysis of the proteomes obtained by LC-MS revealed
some shifts in the metabolic pathways of cells grown in the
presence of Te (IV). The proteome resulting from the growth
of P. pabuli ALJ109b, with and without Te (IV), reveals 1,832
identifiable proteins. From these, 204 proteins were exclusively
found when the strain was grown in one of the conditions
(Figure 3A). In more detail, 164 proteins were exclusively
found in the presence of Te (IV), 68 had a positive significant
change in abundance (SCA), and 75 additional proteins had
a negative SCA (Figures 3A,B). In the absence of Te (IV),
40 proteins were exclusively found. A full list of exclusive
and SCA proteins can be found in the supplementary material
(Supplementary Tables 1, 2).

The detected and identified SCA and exclusive proteins that
were assigned to a functional pathway were used to determine
the activation or inactivation of the pathways they were a
part of. The significance of the activation/inactivation of each
pathway was calculated based on the number of proteins
detected in relation to the size of the pathway (number of
proteins in the pathway present in the reference proteome).
The growth of P. pabuli ALJ109b in the presence of Te (IV)
was associated with a significant change in the representation
of the metabolic pathway (level 3) of ABC transporters.
When comparing the ABC transporter SCA proteins in
both Te (IV) and control growth, we observed that three
proteins contribute positively to the metabolic pathway (D-
ribose pyranase [EC:5.4.99.62]; L-cystine transport system
substrate-binding protein and the potD—spermidine/putrescine
transport system substrate-binding protein) and three
proteins contributed negatively (LplA, putative aldouronate
transport system substrate-binding protein; LplB, putative
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FIGURE 3 | Differential proteomics in Paenibacillus. Schematic representations of the determination of significant change in abundance (SCA) of proteins obtained
for growth of Paenibacillus pabuli ALJ109b in Control [without Te (IV)] and 5 x 10~* M of Te (IV). Each test condition was performed in triplicate. (A) Venn diagram
representing the total proteins obtained, exclusive to each test and combined. (B) Volcano plot showing total shared proteins between tests (Welsh t test; FDR-0.05;
SO > 1), those with SCA indicated by large red circles. (C) Highest overexpressed proteins (log2 over 1.5) result from LC-MS analyses; proteins are grouped

according to KEGG functional pathways.

aldouronate transport system permease protein; and TroB,
manganese/zinc/iron transport system ATP- binding protein)
(Supplementary Figure 1). The protein Pp_CDS_1334—
potD is linked to stress response by the same mechanism
described for stress response mediated by lysin described
by Olin-Sandoval et al. (2019). Therefore, in P. pabuli
ALJ109 the polyamine-harvesting mechanism, observed by
potD overexpression, may be part of the response to the
oxidative stress observed by ROS reduction over time. It is

also shown that a detailed analysis of overexpressed proteins,
co-located in the genome, highlights other pathways that
are overexpressed in P. pabuli ALJ109b. Several clusters of
amino acids biosynthesized are overexpressed or are exclusive
in the presence of Te (IV) such as Pp_CDS_700/701—

lysine biosynthesis; Pp_CDS_724/726/730—methionine
salvage; Pp_CDS_2315/2316—methionine  synthesis; and
Pp_CDS_3451-3453—threonine and homoserine synthesis

(Supplementary Figure 2). Two other pathways are highlighted,
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the overexpressed lia operon and the Te (IV) exclusive ars
operon. Other overexpressed pathways remain with unknown
function (Supplementary Figure 2).

Proteins of Interest in Te (IV) Reduction

The presence of Te (IV) induced a significant change in the
abundance of proteins that are not assigned to specific pathways,
as is the case of thioredoxin reductase (EC 1.8.1.9) involved
in defense against oxidative stress. Evaluation of proteins
independently shows that the highest overregulation was
observed for Pp_CDS_3304—PspA, phage shock protein A;
Pp_CDS_3307—LiaH, similar to PspA; and the Pp_CDS_865—
FLOT, flotillin, with increases of log, 4.2, log, 4.1, and log,
2.8 times (Figure 3C; Supplementary Table 1), respectively.
Apart from the aforementioned, some other proteins are
also significantly overexpressed (Figure 3C). These are
mostly not included in any functional metabolic pathway,
except for Pp_CDS_3452—thrC involved in amino acid
metabolism and Pp_CDS_2368—RP-L20, a constituent of the
ribosomal machinery. Of those not included in any functional
pathway, most are implicated in stress response, such as the
abovementioned lia operon elements and FLOT; the remaining
Pp_CDS_3183—smc is involved in chromosome condensation
and partitioning, and Pp_CDS_3234—amiABC is involved
in peptidoglycan recycling. A significant number of proteins
identified remain hypothetical or with unrecognized function
(Supplementary Table 1).

A detailed analysis of the P. pabuli ALJ109b genome
allowed the identification of proteins with either demonstrated
Te (IV)-reducing activity, ie., nitrate reductase EC 1.7.99.4
(Sabaty et al., 2001), thioredoxin reductase EC 1.8.1.9, alkyl
hydroperoxide reductase EC 1.11.1.26 (Arenas-Salinas et al.,
2016), dihydrolipoamide dehydrogenase EC 1.8.1.4 (Arenas
et al, 2014), Isocitrate dehydrogenase EC 1.1.1.42 (Reinoso
et al,, 2013) or FAD-dependent oxireductase EC 1.4.3.3 (Pugin
et al, 2014) or the putative Te (IV)-reducing activity, i.e,
catalase EC 1.11.1.6 (Calderén et al., 2006), 6-phosphogluconate
dehydrogenase EC 1.1.1.44 (Sandoval et al., 2015) or Type II—
NADH dehydrogenase EC 1.6.99.3 (Diaz-Vasquez et al., 2015).
For the proteins with hypothetical Te (IV)-reducing activity,
all those with a molybdopterin-containing motif found in the
P. pabuli ALJ109b genome—oxidoreductase molybdopterin-
binding  (superfamily) (Pp_CDS_1271); uncharacterized
molybdopterin-containing oxireductase YuiH (Pp_CDS_1962),
and CTP:molybdopterin cytidylyltransferase EC 2.7.7.76
(Pp_CDS_4487)—were included. All the proteins identified
were recovered in the high-throughput proteomic analysis
except for mercury reductase (EC 1.16.1.1); flavorubredoxin
reductase (EC 1.7.2.5), and the putative pyridine nucleotide-
disulfide oxidoreductase YkgC. None of the proteins displayed
an SCA in the presence of Te (IV) (Table 2); in the case of
flavorubredoxin, this is due to the protein only being required
in anaerobioses.

In contrast, the protein profile analysis, obtained by SDS-
PAGE, revealed two proteins with clear overexpression in
the presence of 5 x 10* M Te (IV), enolase, and flagellin
(Figure 4 and Table 3). Viewing the LC-MS results, no
enolase or phosphopyruvate hydratase homologue is also

TABLE 2 | Identification of known proteins with Te (IV)-reducing ability and
proteins with putative Te (IV)-reducing ability in the Paenibacillus pabuli ALJ109b
reference proteome with abundance change (SCA) when strain ALJ109b grows in
the presence of 5 x 10~ M of Te (IV).

Protein Reference

proteome ID

log2 difference

Nitrate reductase EC 1.7.99.4 Pp_CDS_1648 No SCA
Thioredoxin reductase EC 1.8.1.9 Pp_CDS_151 No SCA
Alkyl hydroperoxide reductase EC Pp_CDS_2353 No SCA
1.11.1.26
Flavorubredoxin reductase EC Not found -
1.7.2.5
Mercuric reductase EC 1.16.1.1 Not found -
Putative pyridine Not found -
nucleotide-disulfide oxidoreductase
YkgC
Dihydrolipoamide dehydrogenase Pp_CDS_558 No SCA
EC1.8.1.4 Pp_CDS_2587

Pp_CDS_4841
FAD-dependent oxireductase EC Pp_CDS_234 No SCA
1.4.3.3
Tipe Il—NADH dehydrogenase EC Pp_CDS_1274 No SCA
1.6.99.3 Pp_CDS_1275

Pp_CDS_3377

Pp_CDS_3392

Pp_CDS_4316

Pp_CDS_5529
Catalase EC 1.11.1.6 Pp_CDS_117 No SCA

Pp_CDS_197

Pp_CDS_1308

Pp_CDS_2224

Pp_CDS_5110

Pp_CDS_5236
6-Phosphogluconate Pp_CDS_2448 No SCA
dehydrogenase EC 1.1.1.44 Pp_CDS_3328

Pp_CDS_5214
Isocitrate dehydrogenase EC Pp_CDS_1977
1.1.1.42
Molybdopterin-containing proteins
Oxidoreductase Pp_CDS_1271 No SCA
molybdopterin-binding (superfamily)
Uncharacterized Pp_CDS_1962
molybdopterin-containing
oxireductase YuiH
CTP:molybdopterin Pp_CDS_4487

cytidylyltransferase EC 2.7.7.76

found exclusively or overexpressed in the presence of
5 x 107* M Te (IV). This result is therefore not clear.
A deeper understanding of the metal-reducing ability of flagellin
was performed.

Characterization of Te (IV)-Reducing

Ability of Flagellin

The cloning of P. pabuli AL109b flagellin in E. coli BL21
produced a 37-kDa protein that was used for Te (IV) reduction
(Figure 5). As described by most literature, heterologous flagellin
often produced inclusion bodies during protein extraction
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FIGURE 4 | Differential expression of total proteins from Paenibacillus pabuli ALJ109b. (Right) Denaturing gel comparing total protein from (1) Control (without metal)
and (2) 5 x 10~* M Te (IV). Fragments indicated in lane 2 (arrows) were excised, purified, and identified by MS/MS, with resulting identification in the table. (Left)
Lane comparison of band intensities and densitogram, from control (blue) and metal treatment (orange).

Control

5x10 M Te (IV)

TABLE 3 | Identification by MS of fragments purified from denaturing 2D gel
electrophoresis (Figure 4).

ID Description Coverage Peptides AAs MW
(%) (kDa)

Enolase OS = Bacillus sp. 44 17 428 45.7
FJAT-27264 OX = 1850362
GN=enoPE=3SV =1

Il Flagellin OS = Bacillus 5 2 286 31
filamentosus
OX = 1402861
GN = B1B01_04555
PE=3SV=1

protocols. This was resolved with an incubation in guanidine
HCI that resolubilized the protein (Figure 5). Te (IV)-reducing
assays demonstrated that flagellin is effective in reducing Te
(IV) to its elemental form Te (0) (Figure 6A). Levels of Te
(0) formation were variable depending on pH, temperature,
and Te (IV) concentration. Higher pH increased Te (0)
formation with a peak activity of 24,450 U.mg~! at pH
9, in 1 x 107> M Te (IV) (Figure 6B). An increase in
temperature was mostly followed by an increase in Te (0)
formation with peak reducing activity increasing from 567
to 23,100 Umg~! from 20°C to 37°C, in 1 x 1073 M
Te (IV) (Figure 6C). Results obtained in higher pH and
temperature conditions were more reproducible. The rate of
Te (0) formation, in most test conditions, increased with
the increase in initial Te (IV) concentration from 5 x 107%
to 1 x 1073 M of Te (IV) and reached a plateau at

the highest concentration of 2 X 1073 M of Te (IV)
(Figures 6A-C).

Analysis of the P. pabuli ALJ109b FlaA sequence showed a
256-amino acid protein; it is included in the group of flagellins
with the shortest length and therefore one with a short, exposed
domain D2/D3 (*136-169). A comparison with closely related
FlaA sequences from P. pabulis strains reveals that N and C
terminal DO domains remain conserved with higher sequence
variations observed in N terminal Dla/b domains and D2 D3
domains. Overall, FlaA (Pp_CDS_1131) contains a more positive
net charge and contains a higher number of long R groups.

DISCUSSION

The evaluation Te (IV) resistance of P. pabuli AL109b and its
ability to maintain similar growth kinetics in the presence of Te
(IV), up to 2.5 x 10~* M, indicates a highly resistant phenotype,
over 1-fold from the best Paenibacillus sp. described in the
literature (Chien and Han, 2009). Resistance to a concentration
of 5 x 10~* M Te (IV) is significantly higher than that reported
for strains with known Te (IV) resistance mechanisms such as
Escherichia coli with terBCDE (Kormutakova et al., 2000), or
similar to the resistance demonstrated for R. capsulatus, a model
system for the study of the microbial interaction with Te (IV) for
the last decades (Borghese et al., 2014).

P. pabuli ALJ109b reduced 20.7% of Te (IV) in 8 h from
a solution at a concentration of 5 x 10~* M. Reporting Te
(IV) reduction efficiency and reduction rates this way limits
comparison but allows for determination of the efficiency of
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FIGURE 5 | Confirmation of FlaA expression and purification in Escherichia coli BL21. (Right) Graphical representation of recombinant plasmid pET-30A::flaA. (Left)
Denaturing electrophoresis with demonstration of flaA expression (black arrow). Lane 1—post lysis guanidine-HCl-treated fraction; lane 2—the post lysis-insoluble
fraction; lane 3—post lysis-soluble fraction; all samples loaded are normalized with 12 g of total protein. In lanes 4 and 5 are, respectively, 5 and 2 pg of total
protein, post guanidine-HCI treatment.

processes that rely on biomass limitations and have specific
timeframes. Nevertheless, the rate of Te (IV) reduction is, to
our understanding, high. Still, the analysis of the strain genome
showed that the reduction ability was not related to known
specific Te (IV) reduction mechanisms. The residue formed by
the Te reduced was composed of spherical structures of less than
100 pm, classifying them as nanoparticles. All the structures
observed present the same shape, indicating a monodisperse
synthesis unlike what is seen for Bacillus selenireducens that
form nanorods, shards, and rosettes (Baesman et al., 2007)
or the membrane fractions of Lysinibacillus sp. ZYM-1 that
form various shapes of Te plates (Zhang et al., 2010). Instead,
the monodisperse synthesis of Te nanostructures by P. pabuli
ALJ109b resembles that of Rhodococcus aetherivorans BCP1
(Presentato et al., 2018) or Bacillus sp. BZ (Zare et al., 2012).
A monodisperse bioproduction of spheroid-shaped nanoparticles
represents a promising new process in nanoparticle production.
The first evaluation of the impact of Te on the metabolism
of P. pabuli ALJ109b was performed using MTT to follow the
activity of the cells, and by quantifying ROS formation. The
cells reduced their activity up to 17% in the presence of Te
(IV). The presence of Te (IV) induced the formation of ROS, as
previously described in other strains (Chasteen et al., 2009). By
continuously tracking ROS formation, it was clear that P. pabuli
ALJ109b activated mechanisms to counteract Te (IV)-induced
ROS, justifying looking for the proteins involved in the control of
the excess ROS formed. The analysis of the metabolic pathways
that are selected in the presence of Te (IV) showed a significant

change in the representation of the metabolic pathway (level 3)
of ABC transporters supported in PotD overexpression, which
was previously linked to the response to the oxidative stress
(Olin-Sandoval et al., 2019). It is noteworthy that none of the
proteins overexpressed in ABC transporter metabolic function
are indicative of a Te (IV) transporter, which validates the
previous hypothesis that metal efflux is not a Te (IV) resistance
mechanism in this strain (Llyod-Jones et al., 1994).

A detailed analysis of overexpressed proteins, co-located in
the genome, highlights that clusters of amino acid biosynthesis
are overexpressed in P. pabuli ALJ109b. This effect is opposite
to what is seen in proteomic studies where, under Ni or Cd
stress, bacterial cells decrease amino acid synthesis (Cheng et al.,
2009; Izrael-Zivkovi¢ et al., 2018). In the particular case of
P. pabuli ALJ109b, the biosynthesis of specific amino acids
may not be a result of increased protein synthesis, as this
pathway is not overrepresented. Instead, the biosynthesis of
amino acids may be related to the production of intermediaries in
specific pathways. A particular example is lysine harvesting and
biosynthesis which has been demonstrated to stimulate NADPH
production to prevent imbalances in the redox state under
oxidative conditions (Olin-Sandoval et al., 2019). Moreover,
the lia operon and the Te (IV)-exclusive ars operon are also
overexpressed. In previous works, the lia operon was identified
as a genetic mechanism involved in cell envelope stress response
(Suntharalingam et al., 2009). Regarding the ars operon, it has
been proposed that the arsenical efflux pump ArsC is involved in
modifying the substrate-binding site of the anion-translocating
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ATPase, thus conferring moderate levels of resistance to Te (IV)
(Turner et al., 1992a).

The presence of Te (IV) induced a significant change
in the abundance of proteins that were not assigned to a
metabolic pathway (KEGG pathway database), as is the case
of some of the proteins with the highest fold change in the
presence of Te (IV). The overexpression of PspA and LiaH,

phage shock protein A, and flotillin are indicative of stress
response activation in P. pabuli ALJ109 involving cell wall
integrity maintenance under Te (IV) exposure. The protein PspA
and its homologue LiaH, is often recognized, in differential
proteomic profiling as a marker protein for stress response,
acting by maintaining cytoplasmic membrane integrity and/or
the proton-motive force (Wenzel et al., 2012; Tsai et al., 2015).
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These may contribute to preservation of cell wall integrity,
essential for the maintenance of cellular metabolic activity
demonstrated by the MTT assay. Other proteins that could also
be related to the maintenance of the homeostasis of the cell,
identified as overexpressed, were related to ribosomal machinery,
chromosome condensation and partitioning, and recycling of
peptidoglycan (Supplementary Figure 1 and Supplementary
Table 1). These proteins neither are known Te (IV) reducers
nor present the enzymatic activity commonly associated with
Te (IV)-reducing ability, i.e., presence of molybdenum as a
cofactor. The genomic and proteomic analysis of the genome
revealed the existence of several proteins with demonstrated
or putative Te (IV)-reducing activity (Table 1), but none were
significantly increased in the presence of Te (IV). No possible
comparison could be made with previous reports since there
are no reported proteomic studies that allow an inter-genus
comparison of Te (IV) reduction. Therefore, an undescribed
mechanism must be responsible for Te (IV) reduction in
P. pabuli ALJ109b.

The 2D denaturing electrophoresis was used also to obtain
a differential protein expression, and the results differed from
LC-MS analysis. Enolase and flagellin, detected by SDS-PAGE,
were not detected overexpressed in LC-MS results. Detection of
flagellin may be limited for being bonded to Te. As is the case for
metallothioneins, a flagellin-Te molecule may be resistant to the
proteolytic activity of trypsin (Wang et al., 2007). Metal binding
to exposed amino acid residues impedes the binding of trypsin
to lysine and/or arginine residues and its proteolytic activity.
Enolase, like the abovementioned proteins, has not an expected
enzymatic activity commonly associated with a Te (IV) reducer.
On the other hand, the overexpression observed for flagellin
may be a direct response to the presence of Te (IV). Other
studies already demonstrated the ability of flagellin monomers
of binding several metals such as Ag, Au, Cu, Co, Pd, and Cd
(Kumara et al., 2007), Pb (Chen et al., 2019), and Ag (Gopinathan
etal,, 2013), to surface-exposed amino acid residues. Flagellin has
been associated with TeNP production in Rhodobacter capsulatus
(Borghese et al., 2020) without being determined its function, if
any, in the TeNP assembly.

The heterologous produced flagellin was used to evaluate
the Te (IV) binding to flagellin and reduction to its elemental
form Te (0). P. pabuli ALJ109 flagellin showed a higher
reducing activity at 4°C and for a temperature up to 37°C.
When compared to previous results, FlaA demonstrates a Te
(0) formation activity, at similar pH and temperature, higher
than the flavoproteins from E. coli NorW and YkgC, ~660
and 870 U.mg~! protein, respectively, and lower than E. coli
flavoprotein GorA, ~30,000 U.mg~! protein (Arenas-Salinas
et al.,, 2016). When comparing Te (0) formation activity with
crude cell extracts from multiple strains (Figueroa et al., 2018),
FlaA outperforms all extracts in an average of 10-fold higher
activity. To this date, Te (IV) reduction has been reported
for several proteins (Table 1), but for most proteins their
involvement in further nanoparticle formation has not been
described. Further characterization of flagellin from P. pabuli
ALJ109b could add knowledge in biobased strategies to Te (IV)
reduction and/or TeNP formation.

CONCLUSION

In this study, we identified a highly Te (IV)-resistant
Paenibacillus strain from an industrial resulting environment.
The genome sequencing analysis and differential proteomics
revealed a specific metabolic response to Te (IV) in P. pabuli
ALJ109b for the first time. The response to Te (IV) involved the
overexpression of marker proteins for stress response such as
phage shock protein and the chaperon PotD. Proteins related
to oxidative stress response, particularly associated with cell
wall or cell envelope, are overrepresented. Te (IV) showed to
induce ROS generation that the strain solved by activating
specific metabolic pathways. The genomic and high-throughput
proteomics analyses did not identify any known Te (IV)
resistance mechanisms; nevertheless, P. pabuli ALJ109b uses Te
(IV) reduction as a defense mechanism. We demonstrated that
P. pabuli ALJ109b uses flagellin, FlaA, as a Te (IV)-reducing
agent and that this protein has a high Te (0) formation activity at
room temperature and pH of 9.

It is also demonstrated in this work for the first time the
metabolic response to Te (IV) in a highly resistant Paenibacillus
strain. The flagellin purified from P. pabuli ALJ109b is an effective
Te (IV) reducer with potential in nanoparticle fabrication.

METHODS

Bacterial Strain Isolation and Growth
Paenibacillus pabuli AL] 109b was isolated from a mine
sediment originated in the Aljustrel copper mine (37°52/07.3"N
8°09'24.7"W), in southern Portugal. Sediment samples were
suspended in 50% diluted LB. The samples were incubated at
25°C for 7 days in an orbital shaker. The culture medium was
incremented with sodium tellurite (Sigma-Aldrich, St. Louis,
MO, United States) at regular times, increasing from 5 x 1074,
1x107%,3 x 10735 x 1073, up to 1 x 10~2 M. Prior to each
Te (IV) enrichment, an aliquot of the suspension was plated in
50% diluted LB agar for selection of isolates.

For Te (IV) resistance assay, two strains were tested,
Escherichia coli BL21 (commercially obtained) and P. pabuli
ALJ109b. E. coli BL21 was tested for growth in Te (IV) to
demonstrate if the strain was resistant to Te (IV). Blackening of
the growth media was indicative of Te (IV) reduction. Both were
tested in LB with increasing concentrations of Te (IV), 1 x 1074,
2.5 x 1074, and 5 x 10~* M, while comparing against growth
in the absence of Te (IV). E. coli BL21 was incubated at 37°C
wile P. pabuli LJ109b at 25°C. Statistically significant variations
of the specific growth rates, for each Te (IV) concentration versus
control, were determined by performing a t test, using GraphPad
Prism version 8.0, * p < 0.05.

Tellurite Reduction and Nanoparticle
Formation in P. pabuli ALJ109b

The reduction of Te (IV) by P. pabuli AL]J109b was determined
at 5 x 1074 M. Aliquots for Te (IV) reduction testing were
recovered at four times, lag/early exponential, mid exponential,
late exponential, and late stationary growth phases. Cells were
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centrifuged 20 min at 4000 g, the pellets were preserved for
further tests, and the supernatant was stored for evaluation of
Te (IV) reduction. Quantitative depletion of sodium Te (IV)
was quantified using a chromophore diethyldithiocarbamate
(DDTC) method adapted from Turner and colleagues (Turner
et al,, 1992b). The reagent mixture was prepared with final
concentrations of 1 mM DDTC and 0.5 M Tris-HCI pH 7 buffer,
and each sample was incubated for no more than 15 min prior to
absorbance reading at 340 nm. Quantitative data were obtained
from a minimum of three experimental replicates.

The efficiency of Te (IV) depletion (reduction efficiency—Re)
was determined as the ratio of the absolute variation of Te (IV)
in grams, from time 0 (T0) to late exponential growth (Tf), per
growth, expressed as a variation on optical density, Tf - T0. The
reduction rate was determined as reason of the Re per time at Tf,
as demonstrated in the equation.

|ATe|

= ADO(TI—T9) R, =R/t (Tf)

€

Demonstration of Te precipitation was performed by scanning
electron microscopy with coupled energy-dispersive X-ray
spectroscopy (SEM-EDS), in backscattered electrons mode
(BSE). The evaluation was made on cell preparations recovered
from the late exponential phase in the presence of 5 x 10~* M Te
(IV). Cell pellets from cultures were collected by centrifugation
at 4000 g, washed twice in saline phosphate buffer (PBS 1x), and
resuspended in 0.1 ml of the same buffer.

Droplets of cell concentrate ~30 pl were dried in a 5 x 5-
mm stainless steel plate, at room temperature, followed by two-
step fixation with 2.5% glutaraldehyde and by dehydration with
increasing ethanol concentration, 70%/80%/90%/95%.

SEM micrographs were obtained on a FEI Quanta 400
FEG ESEM, and EDS analysis was accomplished using an
Oxford INCA Energy 350 equipped with the SAMX IDEFIX
software, with an accelerating voltage of 15 kV and a beam
current of 20 nA.

Tellurite-Induced Stress Response

Stress response was determined by tracking the regulation
of metabolic activity using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (MTT assay) (Caldeira
et al, 2020) and by determining the formation of reactive
oxidative species (ROS) by using 2,7-dichlorofluorescein-
diacetate (H,DCFDA) assay (Jakubowski, 2000). Cells were
grown in LB broth supplemented with Te (IV), 5 x 107* M,
1 x 1073 M, and a control without metal. For MTT assays,
strain P. pabuli ALJ109b was incubated for 6 h, collected
by centrifugation at 13.300 g for 10 min, and washed twice
with growth media. Dilutions were prepared to obtain cell
suspensions with OD 0.2 in growth media. For formazan crystal
formation, 200 pl of cell suspension was mixed with 20 pl of
MTT solution and incubated for 1 h at 25°C. Crystals were
retrieved by centrifugation at 13.300 g for 2 min; these were
then resuspended in 2.5 ml of DMSO and incubated 1 h at
room temperature. Absorbance of the mixture solution was read
at 550 nm. For ROS determination, the strain was incubated

until reaching an OD of 0.3. Cells were washed twice with
PBS, incubated in 25 wM H;DCFDA for 30 min at 25°C,
retrieved by centrifugation, and again washed twice with PBS.
Intracellular ROS levels were determined by lysing cell pellets
by pasteurization, for 20 min at 80°C. After centrifugation,
supernatants were collected and fluorescence were read hourly
during 15 h (hem = 527 nm and hex = 495 nm). For both
MTT and ROS assays, the values were compared as the
ratio between the values of the test condition (with metal)
and the value of the control without metal. All assays were
performed in triplicates. Statistical significance accessed
by one-way ANOVA between test conditions replicates
means, using GraphPad Prism version 8.0, **p < 0.01,
#%p < 0,001

Genome Sequencing, Annotation, and

Strain Identification

Strain AlJ109b was grown in liquid media LB broth, streaked
from a single colony. Cells were collected, and DNA was
extracted using a DNeasy PowerSoil Kit (Qiagen), according
to manufacturer instructions. Libraries of total genomic DNA
were prepared using Nextera XT Preparation Kit (Illumina,
San Diego, CA, United States) following the manufacturer’s
instructions. Libraries were purified using HighPrep PCR Clean-
up beads (MagBio Genomics, Inc.). Fragment analyzer 5200
(Agilent NGS Fragment 1-6000 pb methods) was used to check
the fragment size distribution and molarity of each library. Nine-
picomolar libraries were sequenced on an Illumina MiSeq System
based at the Section of Microbiology in the Department of
Biology of Copenhagen University with 2 x 300bp chemistry
(MiSeq Reagent Kit v3). Pairing, trimming, and assembly
based on Bruijn graphs were performed using CLC Genomics
Workbench v9.5.4 (Qiagen) using default parameters. Resulting
contigs were submitted to GhostKOALA (KEGG Orthology And
Links Annotation) annotated genomes as reference proteome
(Kanehisa et al., 2016). In GhostKOALA, Kegg identifiers (K
numbers) were assigned to the sequence data by GHOSTX
searches, against a nonredundant set of KEGG GENES. Genome
annotation was performed upon submission to the GenBank
databank using NCBI Prokaryotic Genome Annotation Pipeline
for determination of coding sequences (CDS) as well as RNA
sequences. Potential occurrence of plasmids was determined by
searching for genomic signatures using PlasFlow 1.1 software
package (Krawczyk et al., 2018).

Genome phylogeny was determined by using rMLST (Jolley
et al., 2012) and PhyloPhlan (Segata et al., 2013) analyses, and
similarity results were calculated by average nucleotide identity,
using ANI calculator, Kostas software (Goris et al., 2007).

Comparative Methodologies for

Differential Proteomics

For determining the impact of Te (IV) in total protein expression,
P. pabuli ALJ109b was grown in LB broth containing Te (IV),
5x 107* M, 1 x 1073 M, or a control without metal. Upon
reaching the late exponential growth phase, cells were collected
by centrifugation and washed twice in PBS 1x.
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For the comparison of differential proteomics using
denaturing gel electrophoresis, the cell pellet was resuspended
in 0.9 ml STB solution (0.075 g.1~! Tris, 0.345 mL1I~! HCI (1.72
N), 0.5 mlLI~! B-mercaptoethanol, and 0.5 g.l_1 sacarose) and
mixed after adding 0.1 ml of SDS 20%. Cell suspension was
sonicated with continued on/off cycles of 10 s for 4 min, on an
ice water mixture, heated at 95°C for 10 min, and cooled on ice.
Lastly, the suspension was centrifuged at 14,000 rpm for 10 min,
and the supernatant was harvested. Total protein obtained
was quantified by using Bradford reagent (Bio-Rad®, Hercules,
CA, United States), and 12 pg of total protein was aliquoted
by mixing with 7 pl of loading buffer (Morris formulation)
and boiled 10 min before loading on a denaturing gel. Protein
separation was obtained in a 12% acrylamide/bisacrylamide
denaturing gel (SDS 0.1%). Electrophoresis was performed at
room temperature for 1 h at 120 V. The molecular marker used
for size reference (kDa) was the Low Molecular Weight Protein
Marker (NZYTech, Lisboa, Portugal). Visualization of proteins
was performed by staining with Coomassie Blue followed by
destaining with a methanol/acetic acid solution. From the visual
analysis and densitogram comparison (Quantity One, Bio-Rad),
selected fragments were excised and stored in ultrapure water for
MS/MS identification.

For the comparison of differential proteomics using LC-MS,
cell pellets from treated and untreated conditions were lysed
by resuspension in lysis buffer (guanidinium hydrochloride
6 M, tris(2-carboxyethyl)phosphine (TCEP) 10 mM, 2-
chloroacetamide (CAA) 40 mM, HEPES 50 mM, pH 8.5).
Samples were heated and disrupted by sonication as mentioned
above and normalized at 30 pg for trypsin digestion. The samples
were four-fold diluted in digestion buffer (acetonitrile (ACN)
10%, HEPES 50 mM pH 8.5) and then incubated for 4 h with
trypsin (1:100 trypsin-to-protein ratio) (Sigma T6567) at room
temperature with horizontal shaking at 500 rpm. Trypsin was
inactivated with trifluoroacetic acid, and debris was removed
by centrifugation (10,000 g 10 min). The tryptic peptides
were fractionated using a stage tip protocol as described by
Rappsilber (Rappsilber et al., 2007). A total of three C18 plugs
were gently punched out from the filter disk with the help of the
sampling tool syringe. Plugs were placed at the tip of a 200-.1
pipette tip with a plunger and activated with 30 .l methanol by
centrifugation at 1,000 g for 2 min, followed by 30 11 100% ACN,
and finally 2 x 30 pl of 3% ACN with 1% TFA. Peptides were
loaded onto the filter unit by centrifugation at 1,000 g. Bound
peptides were washed twice using 30 .l of 0.1% formic acid (FA).
Peptides were eluted using two rounds of 30 pl 60% ACN in
0.1% FA, with centrifugation between each round. Liquid was
evaporated, and peptides were redissolved in 2% ACN with 1%
TFA. The peptide concentration in the samples was estimated
with a NanoDrop, and 1.5 pg peptide was loaded for analysis on
a Q Exactive (Thermo Scientific, Bremen, Germany).

Mass Spectrometry

The samples were analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS), and data were recorded in a
data-dependent manner, automatically switching between MS
and MS/MS acquisition, on a Q Exactive (Thermo Scientific,

Bremen, Germany). An EASY nLC-1000 liquid chromatography
system (Thermo Scientific, Odense, Denmark) was coupled to the
mass spectrometer through an EASY-Spray source, and peptide
separation was performed on 15-cm EASY-Spray columns
(Thermo Scientific) with 2-pum-size C18 particles and the inner
diameter of 75 pm. The mobile phase consisted of solvents A
(0.1% FA) and B (80% ACN in 0.1% FA). The initial concentration
of solvent B was 6%, and hereafter gradients were applied to reach
the following concentrations: 14% B in 18.5 min, 25% B in 19 min,
38% B in 11.5 min, 60% B in 10 min, 95% B in 3 min, and 95%
B for 7 min. The total length of the gradient was 70 min. The full
scans were acquired in the Orbitrap with a resolution of 120,000,
and a maximum injection time of 50 ms was applied. For the
full scans, the range was adjusted to 350-1,500 m/z. The top 10
most abundant ions from the full scan were sequentially selected
for fragmentation with an isolation window of 1.6 m/z (Kelstrup
etal., 2012) and excluded from re-selection for a 60-s time period.
For the MS/MS scans, the resolution was adjusted to 120,000
and maximum injection time of 80 ms. Ions were fragmented
in a higher-energy collision dissociation cell with normalized
collision energy of 32% and analyzed in the Orbitrap.

Construction and Purification of a

Recombinant P. pabuli ALJ109b Flagellin
With information provided by the genome of P. pabuli ALJ109b,
a set of cloning primers was designed for the insertion of the
flaA gene in plasmid pET 30A, EcoRI_flaA (sense) 5 CCG GAA
TTC ATG ATT ATC AAT CACAACTTA CCA, and Sall_flaA_R
(antisense) 5 ACG GCG TCG ACT TAA CGA AGC AAG
GAC AA. Amplification of the target sequence was performed
using the abovementioned primers in a PCR reaction, for a final
volume of 50 I, using 2 U Platinum™ Taq DNA Polymerase
(Invitrogen), 0.2 mM of each dNTP, PCR Buffer (1x), 1.5 mM
MgCl,, 0.4 pM primers, and 2 ng DNA template. The PCR
program involved initial denaturation at 94°C (5 min), followed
by 30 cycles of 94°C (1 min), 61°C (1 min), and 72°C (45 s).

The PCR-amplified DNA fragments with approximately
700 bp, as well as the plasmid pET 30A, were digested with
the restriction enzymes EcoRI and Sall. The digested amplified
fragments were purified and ligated into the pET 30A expression
vector for 1 h at room temperature using 0.5 U of T4 DNA
ligase (Thermo Scientific, Waltham, MA, United States). The
resulting plasmid pET 30A::flaA was transformed into competent
E. coli BL21 cells. The correct construction was confirmed by
sequencing the complete DNA fragments cloned into the plasmid
(Stabvida). E. coli BL21 bacterial cells, containing the plasmid
pET 30A::flaA, were grown in LB broth containing kanamycin
(50 pg.ml™1t), at 37°C 140 rpm. Inducing agent IPTG (Sigma-
Aldrich) was added (5 x 10=* M) at an optical density of 0.5
(Abs 600 nm), and cells resumed growth for 5 h. Cells were
harvested by centrifugation at 4,000 g for 15 min, resuspended
in protein lysis buffer STB, and lysed by mechanical sheering in
an Emulsiflex®-C3 High-Pressure Homogenizer (Avestin, ONCE,
Canada), 2 cycles at 1,500-2,000 psi. The lysis product was
centrifuged 10,000 g, for 20 min, the supernatant harvested and
stored, and the resulting pellet subjected to a guanidine-HCI
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(6 M) treatment for 1 h at 30°C. Finally, a soluble fraction was
obtained by centrifugation at 10,000 g, for 20 min, aliquoted, and
stored at 4°C in the presence of a proteinase inhibitor complete,
EDTA-Free (Roche, Basel, Switzerland). Confirmation of the
recombinant protein FlaA was performed in a denaturing gel
electrophoresis as described above using as a size (kDa) reference
the NZYColour Protein Marker II (NZYTech).

Demonstration of in vitro Te (IV)

Reduction Ability by FlaA

Demonstration of the Te (IV)-reducing ability by FlaA was
determined by incubating the protein extract with increasing
concentrations of soluble Te (IV) and tracking the formation
of elemental Te spectrophotometrically, by measuring the
absorbance at 500 nm. Protocol was adapted from Figueroa and
colleagues (Figueroa et al., 2018). All tests were performed in a
final volume of 200 pl with 1 pg of FlaA, in a buffer mixture
containing Tris-HCI pH 8, 50 mM, K,H,PO4/KHPO4 (1:1)
50 mM, and B-mercaptoethanol 1 mM. Determination of optimal
Te (IV)-reducing activity by FlaA was tested with variations in
initial Te (IV) concentration from 0 M (control) to 5 x 107> M
to1l x 1072 M (5 x 10~* M increments), variation in pH
from 5, 7, to 9, and variation in temperature from 20°C, 25°C,
30°C, to 37°C. Results are expressed in units of Te (0) formation
activity (U) with U = 1 equivalent to an increase of 0.001 in
absorbance (500 nm) per minute per volume of reaction. Specific
activity was calculated as U per mg of protein. All tests were
conducted in triplicates.
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Overexpression of mqsR in Xylella
fastidiosa Leads to a Priming Effect
of Cells to Copper Stress Tolerance

Isis Gabriela Barbosa Carvalho', Marcus Vinicius Merfa2, Natalia Sousa Teixeira-Silva’,
Paula Maria Moreira Martins’, Marco Aurélio Takita’ and Alessandra Alves de Souza®™

" Centro de Citricultura Sylvio Moreira, Instituto Agronémico, Cordeirépolis, Brazil, 2 Department of Entomology and Plant
Pathology, Auburn University, Auburn, AL, United States

Copper-based compounds are widely used in agriculture as a chemical strategy to limit
the spread of multiple plant diseases; however, the continuous use of this heavy metal
has caused environmental damage as well as the development of copper-resistant
strains. Thus, it is important to understand how the bacterial phytopathogens evolve
to manage with this metal in the field. The MgsRA Toxin—Antitoxin system has been
recently described for its function in biofilm formation and copper tolerance in Xylella
fastidiosa, a plant-pathogen bacterium responsible for economic damage in several
crops worldwide. Here we identified differentially regulated genes by X. fastidiosa MgsRA
by assessing changes in global gene expression with and without copper. Results
show that mgsR overexpression led to changes in the pattern of cell aggregation,
culminating in a global phenotypic heterogeneity, indicative of persister cell formation.
This phenotype was also observed in wild-type cells but only in the presence of
copper. This suggests that MgsR regulates genes that alter cell behavior in order to
prime them to respond to copper stress, which is supported by RNA-Seq analysis.
To increase cellular tolerance, proteolysis and efflux pumps and regulator related to
multidrug resistance are induced in the presence of copper, in an MgsR-independent
response. In this study we show a network of genes modulated by MgsR that is
associated with induction of persistence in X. fastidiosa. Persistence in plant-pathogenic
bacteria is an important genetic tolerance mechanism still neglected for management of
phytopathogens in agriculture, for which this work expands the current knowledge and
opens new perspectives for studies aiming for a more efficient control in the field.

Keywords: persister cells, toxin-antitoxin (TA), phytopathogenic bacteria, copper tolerance system, stress
adaptation

INTRODUCTION

Xylella fastidiosa is a phytopathogen with a broad host range that affects plants worldwide (Almeida
et al,, 2019). Plant diseases caused by this bacterium include citrus variegated chlorosis (CVC),
Pierce’s disease (PD) in grapevines, and the olive quick decline syndrome (OQDS), which constitute
important threats for these crops (Almeida et al., 2019; Saponari et al., 2019; Coletta-Filho et al.,
2020). Copper-based compounds are widely used in agriculture as a chemical strategy to limit
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the spread of multiple plant diseases (Lamichhane et al., 2018).
Although X. fastidiosa is not itself controlled by copper spraying,
biocomplexes containing copper, zinc, and citric acid have been
used to control X. fastidiosa in olive groves (Girelli et al,
2019). Copper has an important contribution in crop protection;
however, there are many issues related to the use of this
heavy metal such as phytotoxicity, soil accumulation, negative
effects on soil biota, and development of copper-resistant strains
(Lamichhane et al., 2018). Thus, regarding plant-pathogen
interaction, it is important to understand how the bacterial
phytopathogens evolve to deal with this metal in the field.

In X. fastidiosa, the mgqsRA toxin-antitoxin (TA) system type
IT is a genetic mechanism that has been associated with tolerance
to copper stress (Muranaka et al., 2012). There are six types of
TA system, which are distinct according to the action, nature,
and mechanisms used by the antitoxins to neutralize the activities
of the toxins (Page and Peti, 2016). Typically, in these systems,
the toxin gene product is a protein and the antitoxin gene is a
non-coding RNA (in types I and III) or a protein (in types IL, IV,
V, and VI) (Page and Peti, 2016; Harms et al., 2018). Bacterial
toxin-antitoxin (TA) systems encode a stable toxin that disrupts
cellular function and its labile cognate antitoxin in the same
operon. The antitoxin neutralizes toxin activity under normal
conditions, while proteases degrade the antitoxin under stress,
allowing the toxin activity (Wang and Wood, 2011; Fisher et al.,
2017). Moreover, the antitoxin usually regulates the expression
of its own TA operon by binding to a palindromic sequence
in the promoter region and repressing its transcription (Wang
et al., 2011). TA systems have been shown to play a role in
persistence, biofilm formation, cell movement, pathogenicity,
DNA maintenance, and phage-defense (Wang et al., 2011; Wen
et al, 2014; Shidore and Triplett, 2017). In addition, they
are highly expressed in persister cells and, thus, are generally
responsible for the persistence phenotype (Wang and Wood,
2011; Fisher et al., 2017). A persister cell constitutes a tolerant
cell (Lewis, 2010) originating from a population that displays
antibiotic persistence, being a subpopulation phenomenon
(sometimes referred to as heterotolerance) (Balaban et al., 2019),
while, a tolerant cell is the capacity of an entire population of
bacteria to survive a bactericidal antibiotic exposure (Balaban
etal,, 2019). Multidrug resistance in bacteria can occur by distinct
ways like the accumulation of the resistance factors like plasmids
or genes, each one encoding for resistance to a particular agent,
and can or cannot occur along with the activity of multidrug
efflux pumps (Nikaido, 2009).

The mqsRA TA system was originally described in Escherichia
coli and shown to be involved in biofilm and persister cell
formation (Wang and Wood, 2011). The toxin mgsR was the
most induced gene in E. coli persisters and the first TA system
to reduce persister formation upon deletion, while increasing this
phenotype after overexpression (Kim and Wood, 2010). It has
been demonstrated that X. fastidiosa may form persister cells
under copper stress (Muranaka et al., 2012; Merfa et al., 2016),
representing an important survival strategy still unexplored in
plant pathogenic bacteria (Martins et al., 2018).

The MgsRA TA system is composed of the MqsR toxin,
which is an endoribonuclease that degrades messenger RNA

(mRNA) with GCU motifs and the MgsA antitoxin that binds
and inactivates the toxin via its N-terminal domain (Brown et al.,
2009; Yamaguchi et al., 2009; Lee et al., 2014). Due to its ability to
selectively degrade mRNA, MgqsR also acts as a global regulator
(Wood et al.,, 2013). Thus, aiming to identify genes modulated
by MgsR in X. fastidiosa, we overexpressed this toxin under the
control of its native promoter and performed RNA-Seq when
growing cells under normal and upon copper stress conditions.

Our results show that MqgsR is a key gene regulator in the
pathway tolerance of X. fastidiosa to copper stress, mediating
several genes that prompt the cells to enter in a state that suggests
the formation of persisters. In addition, copper induces MqsR-
independent responses related to proteolysis and multidrug
resistance through transcriptional regulator, transporters, and
efflux pumps in order to increase the bacterial tolerance to
this metal. This study presents unexplored mechanisms in
phytopathogens that could have important impacts on how
they can deal with agrochemicals and highlight the persistence
phenomenon that could be occurring in the field.

MATERIALS AND METHODS

Bacterial Strains and Transformation

The bacterial strains used in this study were the X. fastidiosa
wild-type strain 11399 (Coletta-Filho et al., 2001; Niza et al,
2016) and 11399 overexpressing mgsR under the control of its
native promoter (Xf-mgqsR) (Merfa et al., 2016) (Supplementary
Table 1). The increased amount of MgqsR was previously
confirmed by Western blot (Merfa et al., 2016). We transformed
X. fastidiosa 11399 strain with the pXF20 empty vector (Lee
et al, 2010), by electroporation (1.8 kV, 200 Q, 25 pF)
to serve as negative control (Xf-EV). The transformants
were grown on selective medium PWG (phytone peptone;
BD Biosciences, San Jose, CA, United States) 4.0 (g/L),
trypticase peptone (BD) 1.0 (g/L), K;HPO4 (Sigma, St. Luis,
MO, United States) 1.2 (g/L), hemin chloride stock (Sigma)
10 (mL/L), KHPO4 1.0 (g/L), Gelzan (Sigma) 8.0 (g/L),
MgSO4:7H,0, 0.4 (g/L), phenol red stock (Sigma; 0.2% (w/v)
phenol red in distilled water) 10 (mL/L), glutamine (Sigma) 4
(g/L), and bovine serum albumin fraction-five (BSA) (Sigma)
3 (g/L); this medium was prepared according Davis et al.
(1981) plates supplemented with 50 pg/mL kanamycin. The
transformation was confirmed by PCR using a specific pair
of primers to detect the pXF20 plasmid (Supplementary
Figure 1). The primers used to confirm this transformation
are oriV-pXF20-F 5-GGTTTGTGAAAGCGCAGTG and trfA-
pXF20-R 5-ATTGCCAATTTGGACAGATG. The Xf-EV and
Xf-mgsR strains were routinely grown on selective PWG plates
supplemented with 50 pLg/mL kanamycin at 28°C for 7 days.

Copper Sensitivity Assay

To evaluate the effects of copper on X. fastidiosa growth and
formation of persisters, Xf-EV and Xf-mgqsR cells were grown
in PW broth (PWG without Gelzan) (Davis et al., 1981) and
treated with 3 mM CuSO4.5H,O (Sigma). Control samples
of both strains were grown in non-copper PW broth. Cells
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grown on solid PW were harvested from plates, resuspended
in PBS buffer, and the optical density (ODggo nm) was adjusted
to 0.3 and inoculated into PW broth to grow for another
7 days. The cells were then collected and the ODggp nm Was
adjusted to 0.1. From each of these bacterial suspensions, 10-
mL aliquots were inoculated into 90 mL fresh PW broth and
incubated at 28°C for 14 days at 150 rpm. Subsequently, Xf-
EV and Xf-mqsR cells were exposed to 0 (“C-0” for Xf-EV,
and “M-0” for Xf-mqsR) and 3 mM copper (“C-3” for Xf-
EV and “M-3” for Xf-mgsR) for 24 h (Merfa et al, 2016).
Each treatment was performed in duplicates for each strain.
The cells of each culture were collected, rinsed with DEPC
water, and resuspended in 11 mL of PBS buffer. An aliquot
of 1 mL from each suspension was used to determine colony
formation units (CFU/mL), and to perform electron microscopy
analysis, as described below. The cells of the remaining
10 mL were collected under the same conditions and stored
at —80°C for RNA extraction. Three independent biological
replicates were performed.

Bacterial Growth Under Copper Stress
Aliquots of the entire experimental condition described above
(Supplementary Figure 2) were collected to determine the
CFU/mL of each biological experiment at the following time
course: inoculation time (t0), 14 days after growth (stationary
phase, Campanharo et al., 2003) in fresh PW broth when
copper was added (tl) and 24 h after copper treatment (t2),
completing 15 days of growth. From each sample, a 10-
fold serial dilution was performed and plated in PWG to
estimate CFU. Four replicates were used for each sample,
which were grown at 28°C for 30 days. The measurements
were performed in triplicates, and results were scored as the
means =+ standard deviation and compared using the Student’s
t-test (p < 0.05).

Scanning Electron Microscopy

Scanning electron microscopy was performed under the
experimental conditions described above (Supplementary
Figure 2). Briefly, an aliquot of the planktonic and biofilm cells
was sampled 24 h after copper addition for each X. fastidiosa
strain. Controls without copper were also collected for both
Xf-EV and Xf-mgsR. Samples were centrifuged and resuspended
in RNA Later solution (Thermo Fisher Scientific, Waltham,
MA, United States), frozen in liquid nitrogen and stored at
—80°C. For microscopy analysis, cells were thawed, centrifuged,
fixed in 2.5% glutaraldehyde in 0.2 M sodium cacodylate buffer
(v/v) and kept at 4°C until use. Preparation of samples for
visualization was done according to Kozlowska et al. (2014).
Electron micrographs were captured with a magnification of
4000 x using a Hitachi TM 3000 scanning electron microscope
(Hitachi, Tokyo, Japan). The Xf-EV and Xf-mqsR cells were
measured using the Image] software (Image], 2018) to determine
the length and proportion of elongated and small cells at 100 cells
per treatment. Only cells longer than 4.0 pm were considered
elongated (Liu et al., 2014; Merfa et al.,, 2016), while only cells
with a length smaller than 2.0 pm were considered small. The
length of each cell in each treatment was analyzed through

comparison of means by one-way analysis of variance (ANOVA)
followed by Holm-Sidak multiple comparison test or Tukey’s
HSD test (p < 0.05).

RNA Isolation and RNA-Seq

RNA-Seq reads were produced from 12 RNA samples: three
from non-treated Xf-EV cells, three from non-treated Xf-
mgsR, three from copper-treated cells of Xf-EV, and three
from copper-treated Xf-mgsR cells. Total RNA was extracted
using the hot phenol method (Khodursky et al., 2003), treated
with DNase I RNase free (Qiagen, Hilden, Germany), purified
using the RNeasy Plus Kit (Qiagen, Hilden, Germany) and
eluted in 30 pwL of RNase-free water. Concentrations were
determined by spectrophotometry (NanoDrop 8000, Thermo
Fisher Scientific). Ribo-Zero rRNA™ Removal Kit (Illumina,
San Diego, CA, United States) was used for rRNA removal.
The depleted RNA was precipitated using ethanol according to
the manufacturer’s instructions and resuspended in 10 wL of
RNase-free water. Samples were quantified for the presence of
rRNA using the 2100 Bioanalyzer system (Agilent Technologies,
Santa Clara, CA, United States) at the Life Sciences Core Facility
(LaCTAD). cDNA libraries were prepared using the Illumina
TruSeq Stranded mRNA Library Prep Kit (Illumina). Sequencing
was performed using the HiSeq High Output kit (Illumina) on
a HiSeq 2500 system (Illumina), run with 2 x 100 bp paired-
end reads.

RNA-Seq Data Analysis

The sequencing reads were analyzed in the FastQC program
(Wingett and Andrews, 2018) and processed using Trimmomatic
(Bolger et al., 2014) to remove adapters and extremities with
poor quality. The reads were mapped to the genome of
X. fastidiosa 9a5¢ (NCBI BioProject accession PRJNA271) using
the STAR program (Dobin et al., 2013). From the mapped
data, the gene-mapped reads were counted using the Subread
package (Liao et al, 2019). Standardization and analysis of
differential gene expression (p < 0.05) was performed using
the EdgeR package (Robinson et al., 2010), computed using
data from all three biological replicates. Differentially expressed
genes obtained from EdgeR analyses were used for functional
categorization by Blast2GO (Gotz et al., 2008). Venny 2.1.0
(Oliveros, 2007) was used to show exclusive genes regulated in
Xf-mqsR under copper stress.

Data Validation by Quantitative Real
Time-PCR (RT-qPCR)

RNA samples were obtained from three other experiments
using the same experimental condition as the RNA-Seq. A total
of 250 ng of purified RNA from each condition was used
as input for cDNA synthesis with the Reverse Transcription
System kit (Promega, Madison, WI, United States). RT-
qPCR was performed using the GoTaq qPCR Master Mix
(Promega) in an ABI PRISM 7500 Sequence Detection System
(Applied Biosystems, Foster City, CA, United States). Relative
expression values were normalized to the X. fastidiosa
16S ribosomal RNA endogenous control (Merfa et al,
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FIGURE 1 | Bacterial growth of Xf-EV and Xf-mgsR under normal conditions
and after copper stress at different time points. C-0: Xf-EV; C-3:

Xf-EV + 3 mM CuSOq; M-0: Xf-mgsR; M-3: Xf-mqsR + 3 mM CuSOy. t0:
initial inoculum; t1: 14 days of growth; t2: 24 h after copper treatment, at the
end of 15 days. Three independent experiments were performed with similar
results. * indicates statistical significance by Student’s t-test (p < 0.05, n = 4).

2016). Cycling parameters were performed according
to the manufacturer’s protocol. The relative expression
quantification (RQ) was calculated as previously described
(Livak and Schmittgen, 2001). The selected genes are based
on the RNA-Seq analysis of M-0 and M-3 (Supplementary
Table 2). Three independent biological replicates were used for
data validation.

Palindrome Search

The motif 5-ACC (N)7 GTT-3’ (Merfa et al., 2016), used as target
sequence for DNA binding by the antitoxin MqsA, was searched
in the genome of X. fastidiosa strain 9a5c¢ using PATLOC (Mrazek
and Xie, 2006), and also at the differentially expressed genes
(DEG) data set herein generated.

RESULTS

MqgsR Overexpression Changes
X. fastidiosa Phenotype

To evaluate the effects of copper on wild-type X. fastidiosa
and the mgqsR-overexpressing strain, bacterial growth with and
without copper was evaluated. In a previous work we verified that
overexpression of MgsR increased the formation of persister cells
under 3 mM of copper stress (Merfa et al., 2016). Here, to access
the phenotypic and genetic regulation mediated by MqsR, we
used the same condition, where copper was added after 15 days
of bacterial growth.

At the time of the inoculation (t0), and after 15 days of
growth in fresh PW broth (t1), no significant difference in
bacterial growth was observed between C-0 and M-0 (Figure 1).
However, 24 h after addition of copper (t2), there was a
significant reduction in population size of approximately 100-
fold between copper-treated samples (C-3 and M-3) and their
respective untreated controls (C-0 and M-0) (Figure 1). We
observed an approximately 10% increase in cell survival after
copper treatment in populations overexpressing mgsR (M-3) in
comparison to the control (C-3). However, the difference in CFU

counts between M-3 and C-3 was not significant (F = 0.06,
p=0.11) (Figure 1).

To verify possible phenotypic changes in X. fastidiosa cells
potentially caused by the overexpression of mgsR and copper
treatment, samples from each experimental condition were
used for scanning electron microscopy. Under normal growth
condition, biofilm and planktonic cells in C-0 did not show
any significant morphological change (Figures 2A,B). However,
when copper was added (C-3) a reduction was observed
in biofilm size (Figure 2C), and curiously, copper induced
aggregation and elongated cells in the planktonic condition
(Figure 2D, red arrows).

On the other hand, X. fastidiosa overexpressing mgqsR (M-
0) presented more elongated cells even without copper stress
(Figures 2E,F, red arrows), and at an even greater extent
than C-3 (Figure 2D, red arrows). In addition, X. fastidiosa
overexpressing mqsR (M-0) displayed a phenotypic heterogeneity
that can be demonstrated by the presence of a higher
population of shorter cells when compared to the other
treatments (Figure 2F, blue arrows). Elongated cells were also
observed in X. fastidiosa overexpressing mgsR in presence
of copper (M-3) in both biofilm and planktonic conditions
(Figures 2G,H, red arrows).

Microscopy images for each condition (n = 100) were
used for counting elongated and short cells in the planktonic
fraction (Figures 2L]J). The results showed a good agreement
with the visual observation, with a higher population
of elongated cells in X. fastidiosa overexpressing mgqsR
(M-0) compared to C-0. Copper induced an increase
of elongated cells in both populations (C-3 and M-3).
Interestingly the number of elongated cells in M-0 is
naturally even higher than C-3 (Figure 2I). Similarly, higher
percentages of short cells were observed in presence of
copper (C-3 and M-3) or X. fastidiosa overexpressing mgqsR
(M-0) (Figure 2J).

Overall, these results show that besides copper treatment,
mgsR overexpression also led to changes in X. fastidiosa
morphology and pattern of aggregation, culminating in a
global phenotypic heterogeneity. Interestingly, heterogeneous
phenotypes in single bacterial populations have been
described as indicative of persister cells (Michiels et al,
2016; Fisher et al., 2017).

RNA-Seq Data

RNA-Seq reads were produced for C-0, C-3, M-0, and M-3
(Supplementary Figure 3). Raw sequencing reads were deposited
under the NCBI Bio-Project ID PRJNA718853. Average post-
trim read length ranged from 36 to 105 bp, the reads aligned
to the genome of X. fastidiosa 9a5c. Variable rRNA and small
RNA depletion efficiencies between samples resulted in 0-7.3%
in library preparation. Mapped reads were used to determine
transcript boundaries and normalized expression for all protein-
coding genes by EdgeR (Supplementary Material 1, Data Sets
1-5). Pearson’s correlation coefficient for protein-coding gene
expression between experimental replicates ranged from 0.89 to
0.93. Highlighted DEGs of libraries were characterized according
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FIGURE 2 | Biofilm and planktonic behavior of Xf-EV and Xf-mqsR cells under copper stress. Left column: cells in biofilm. Right column: planktonic cells. (A,B)
Representative pictures of C-0: Xf-EV cells without copper treatment. (C,D) Representative pictures of C-3: Xf-EV cells treated with 3 mM CuSQy. (E,F)
Representative pictures of M-0: Xf-mgsR cells without copper treatment. (G,H) Representative pictures of M-3: Xf-mgsR cells treated with 3 mM CuSQ,. Red
arrows show elongated cells and blue arrows show short cells. Scale bar: 20 um. (I) Percentage of planktonic cells longer than 4.0 pm. (J) Percentage of planktonic
cells shorter than 2.0 wm in the different treatments. Different letters on top of column bars indicate significant difference as analyzed by one-way ANOVA in
SigmaPlot followed by Tukey’s HSD test (p < 0.05; n = 3 biological replicates, with 100 internal replicates each). C-0: Xf-EV cells without copper treatment; C-3:
Xf-EV cells treated with 3 mM of CuSOg4; M-0: Xf-mqgsR cells without copper treatment; M-3: Xf-mqsR cells treated with 3 mM of CuSQOy.
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to the biological process by Blast2GO (Supplementary Material
1, Data Sets 6-11).

mqsR Differentially Modulates Global

Gene Expression of X. fastidiosa

To investigate global expression changes likely to be associated
with the phenotypes described above, we performed RNA
sequencing analysis. To identify which genes were modulated
by MgsR under normal growth conditions, we assessed
the pairwise comparison between M-0/C-0 libraries (without
copper treatment). Amongst the DEGs, 189 genes showed
upregulation by the overexpression of mgqsR alone, while 164
genes were downregulated (Supplementary Material 1, Data
Set 1; p < 0.05). RNA-Seq expression values (log, fold-
change) were confirmed by RT-qPCR for 10 selected genes
based on Table 1, with a Pearson correlation coefficient of
0.89 (Supplementary Figure 4). According to the data obtained
through RNA-Seq (Supplementary Material 1, Data Set 1), the
selected genes that are possibly modulated by MqsR are listed in
Table 1.

Functional categorization of these 353 DEGs comprised genes
associated with peptide metabolic process, transport, proteolysis,
transcriptional regulation, and RNA metabolic processes (Figure
3, Supplementary Material 1, and Data Sets 6, 7). Genes
associated with proteolysis were exclusively downregulated,
including the proteases cIpA and clpP. On the other hand,
genes related to peptide metabolism were exclusively upregulated,
including those related to ribosomal subunit scaffolding of
RNA polymerase (RNAP), such as rpoA and rpoZ. These genes
are also listed in the regulatory function category, together
with mgsR, lysR, and the post-transcriptional regulator hfg,
which were induced. The regulators genes mgqsR, rpoZ, and
lysR are related to bacterial survival, stress responses, and
pathogenicity (Maddocks and Oyston, 2008; Santiago et al.,
2015; Merfa et al, 2016; Weissetal., 2017). rpoZ mutants
of Mpycobacterium smegmatis were deficient in motility and
biofilm formation, consequently affecting the formation of
extracellular matrix (Mathew and Chatterji, 2006). Besides,
the overexpression of transcriptional regulator type LysR from
X. fastidiosa in E. coli was described to a play role in maturation
of biofilm during its development (Santiago etal.,2015). In
X. fastidiosa, it is important to emphasize that the formation of
biofilm is characterized as the main pathogenicity mechanism
(Coletta-Filho et al., 2020). The transport category included
the upregulation of tolC and acrB, both related to efflux
pumps (Weston et al., 2018) and bacterial persistence (Pu
et al, 2016). Efflux pumps are important for broad cellular
homeostasis during stress responses. They export a wide variety
of compounds, such as signaling molecules and antimicrobial
compounds (Langevin and Dunlop, 2018). rlpA, a gene involved
in cell division (Jorgenson et al., 2014; Berezuk et al., 2018),
was downregulated, and fimD, which is involved with type I
fimbrial adhesin (Meng et al,, 2005), was upregulated. These
genes are involved in bacterial physiology and biofilm formation,
respectively. Furthermore, our results showed TA-related genes.
The relE (XF_RS12805) toxin was downregulated by MqsR; this

gene is associated with inhibition translation by cleavage of
mRNA in the ribosome (Fiebig et al, 2010). Another toxin,
parE gene, was upregulated and it is responsible for inhibiting
gyrase and thereby blocks chromosome replication (Jiang et al.,
2002). Modulation of relE and parE suggests that these bacterial
cells maintain basal activities with reduced metabolism as shown
in persister cells (Lewis, 2007). In addition, the repression of
rlpA, inhibiting cell division and induction of the toxin encoding
parE (Yuan et al., 2011), which inhibits bacterial division,
could contribute with the observed elongated phenotype. Taken
together, these observations suggest that overexpression of
mgsR contributes to bacterial survival during stress response
by activating pathogenicity regulators and inhibiting proteolysis
and cell division.

Overexpression of mgsR Modulates
Translation in X. fastidiosa Under Copper

Stress

To identify the influence of copper on the gene expression,
the following pairwise comparisons of the sequencing libraries
were performed: i. M-3/M-0, and ii. C-3/C-0. Each pairwise
comparison generated 417 and 662 DEGs, respectively. The
M-3/M-0 comparison resulted in 238 upregulated and 179
downregulated genes (Supplementary Material 1, Data Set 2),
while the C-3/C-0 analysis resulted in 335 upregulated and 327
downregulated genes (Supplementary Material 1, Data Set 3).

To verify X. fastidiosa genes modulated by MgsR in response
to copper stress, a Venn diagram was used to compare the up-
and downregulated genes in the M-3/M-0 and C-3/C-0 libraries
(Figure 4). This comparison provided genes modulated only
by mgqsR-overexpressing cells under copper stress (M-3/M-0),
resulting exclusively in 111 upregulated and 84 downregulated
genes (Figure 4 and Supplementary Material 1, Data Set 4).

In the search for genes oppositely modulated between
Xf-EV (C-3/C-0) and Xf-mgsR (M-3/M-0), a set of nine
genes were found to be downregulated in C-3/C-0 and
upregulated in M-3/M-0. Of those, there is the yeiP elongation
factor (XF_RS09585), three ribosomal subunits (XF_RS00715,
XF_RS00285, XF_RS09575), the msrB (XF_RS03590) and yuxK
(XF_RS04035), the aminotransferase astC (XF_RS06015, also
known as argM or cstC), and two hypothetical proteins
(XF_RS03860, XF_RS05645). Interestingly though, the ribosomal
protein (XF_RS12125) was the only one showing an opposite
behavior, being induced in C-3/C-0 but suppressed in M-3/M-
0. This protein is involved in translation, and accordingly,
this category was downregulated in M-3/M-0. In E. coli, it is
known that persister cells have very low metabolism, with non-
growing cells as a result of a depletion in translation and, thus,
in protein production capacity, cessation of transcription and
reduction in ATP production (Kwan et al., 2013; Kim et al., 2018).
Moreover, the ability to wake up from this persister state was
related to ribosome content (Kim et al., 2018). Our results show
categories such as peptide metabolic processes and translation
downregulated, suggesting low-metabolism and depletion of
protein production in X. fastidiosa in such condition.
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TABLE 1 | Genes modulated by MgsR in X. fastidiosa.

Functional group Gene name* Locus Tag*™* Protein Product LogFC
Peptide metabolic process Chaperone protein clpB XF_RS01600 WP_010892912.1 Chaperone protein ClpB —1.47
Molecular chaperone XF_RS00340 WP_010892630.1 Molecular chaperone 1.66
Proteolysis ATP-dependent Clp protease XF_RS05040 WP_010893698.1 ATP-dependent Clp protease —1.08
proteolytic subunit proteolytic subunit
ATP-dependent Clp protease XF_RS06080 WP_010893944 .1 ATP-dependent Clp protease -0.878
ATP-binding subunit cjpA ATP-binding subunit ClpA
Peptidase S14 XF_RS02140 WP_042462775.1 Clp protease ClpP -0.70
Protease HtpX XF_RS11410 WP_010895042.1 Protease HtpX —1.30
Cell division Hypothetical protein (rjpA) XF_RS09450 WP_010894633.1 Septal ring lytic —1.11
Transglycosylase RIpA family
protein
Toxins Hypothetical protein XF_RS01135 WP_010892803.1 Hypothetical protein 4.33
(Colicin V)
Bacteriocin XF_RS10410 WP_010894853.1 Bacteriocin 0.680
Regulatory functions Transcriptional regulator XF_RS07310 WP_010894181.1 Transcriptional regulator 2.25
LysR family transcriptional XF_RS07605 WP_031336630.1 LysR family transcriptional 2.74
regulator regulator
DNA-binding response XF_RS01630 WP_004083627.1 DNA-binding response —0.843
regulator regulator ompR
AraC family transcriptional XF_RS05305 WP_010893760.1 AraC family transcriptional —0.864
regulator regulator
Hypothetical protein XF_RS07050 WP_042463203.1 Hypothetical protein 2.25
(Helix-turn-helix XRE-family like
proteins)
RNA polymerase-binding XF_RS04240 WP_010893509.1 RNA polymerase-binding —-0.85
protein dksA protein DksA
DNA-directed RNA polymerase XF_RS04985 WP_004090142.1 DNA-directed RNA polymerase 1.32
subunit alpha subunit alpha
(rpoA)
DNA-directed RNA polymerase XF_RS06345 WP_010894003.1 DNA-directed RNA polymerase 1.10
subunit omega (rpoZ2) subunit omega
RNA-binding protein Hfg XF_RS00365 WP_010892636.1 RNA-binding protein Hfg 1.11
Attachment/motility
Fimbrial adhesins Fimbrial protein XF_RS00335 WP_010892629.1 Fimbrial biogenesis outer 1.21
membrane usher protein
(fimD)
Transporters Membrane protein (to/C) XF_RS11265 WP_010895004.1 Membrane protein 0.755
multidrug transporter XF_RS09045 WP_010894536.1 AcrB/AcrD/AcrF family protein 0.809
TA system Addiction module antidote XF_RS12375 WP_010895238.1 DNA-binding protein —1.94
protein
Plasmid stabilization protein XF_RS09000 WP_010894527.1 Type Il toxin-antitoxin system 1.13
(park) RelE/ParkE family toxin
Antitoxin (mqsA) XF_RS10795 WP_010894926.1 Antitoxin 1.06
HP (mgsR) XF_RS10790 WP_010894925.1 Type Il toxin-antitoxin system 4.47
MgsR family toxin
Addiction module protein XF_RS12370 WP_004091397.1 Type Il toxin-antitoxin system —2.41
RelE/Park family toxin
Cytotoxic translational XF_RS12805 WP_080507186.1 RelE_type Il toxin-antitoxin -0.823
repressor of toxin-antitoxin system RelE/ParE family toxin
stability system (relE)
Quorum sensing Long-chain fatty acid-CoA XF_RS01220 WP_010892826 Chemical binding 0.789
ligase (rpfB)
*Nomenclature according to GenBank.
**Locus Tag corresponds to GenBank accession numbers.
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FIGURE 3 | Gene ontology categorization of differentially expressed genes in X. fastidiosa in response to overexpression of mgsR. Genes were classified by
functional category of biological processes using Blast2GO. UP: upregulated genes; DOWN: downregulated genes.
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FIGURE 4 | Venn diagram representing the number of up and downregulated genes in X. fastidiosa under copper stress. M-3/M-0: pairwise comparison between
the M-3 (Xf-mgsR + CuS04) and M-0 (Xf-mqsR) libraries. C-3/C-0: pairwise comparison between the C-3 (Xf-EV + CuSO4) and C-0 (Xf-EV) libraries. UP:

M-3/M-0-UP

M-3/M-0-DOWN

Finally, 94 genes remained downregulated, and 118 genes were
upregulated in both conditions. We believe that these sets of
genes are modulated due to treatment with copper itself and
are likely to be independent of MgsR functions (Supplementary
Material 1, Data Set 5).

Next, the functional characterization of the M-3/M-0 data
set was performed to identify which genes are differentially
modulated by the overexpression of MqsR under copper stress.
RNA-Seq log, fold-change values were confirmed by RT-qPCR
for 10 selected genes selected from Table 2 with a Pearson
correlation coefficient of 0.93 (Supplementary Figure 4). Genes
related to translation and peptide metabolic processes were
exclusively repressed in the M-3/M-0 libraries, whereas

proteolysis and drug metabolic processes were induced
(Figure 5A and Supplementary Material 1, Data Sets 8,
9). Other categories identified in this analysis included transport,
regulatory functions, and RNA metabolic processes. Therefore,
besides lowering the metabolism, the cells activate these specific
salvage mechanisms allowing copper tolerance.

The proteolysis category included another peptidase S4
clpP (XF_RS02140) and tldD (XF_RS04775) metalloprotease,
important regulators of bacterial metabolism. These genes are
related to protein degradation. Although yet unclear, tl{dD was
described as a putative regulator of chromosome-encoded TA
system activities (Hu et al, 2012). Among the upregulated
genes involved in transport, there were genes that encode
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TABLE 2 | Genes modulated by MgsR in X. fastidiosa under copper stress.

Functional group Gene name* Locus Tag*™* Protein Product LogFC
Peptide metabolic process Chaperone protein ClpB XF_RS01600 WP_010892912.1 Chaperone protein ClpB 0.8
Molecular chaperone GroES XF_RS02575 WP_004088683.1 Molecular chaperone GroES 112
Molecular chaperone DnaK XF_RS10150 WP_010894786.1 Molecular chaperone DnaK 1.19
Proteolysis Protease modulator HfIC XF_RS01875 WP_010892981.1 Protease modulator HfIC —0.946
ATP-dependent protease XF_RS05000 WP_010893691.1 ATP-dependent protease —0.926
ATP-dependent Clp protease XF_RS05040 WP_010893698.1 ATP-dependent Clp protease -0.197
proteolytic subunit proteolytic subunit
Peptidase S14 XF_RS02140 WP_042462775.1 Clp protease ClpP 1.70
Toxins Hypothetical protein (Colicin V) XF_RS01135 WP_010892803.1 Hypothetical protein —1.40
Regulatory functions Fis family transcriptional XF_RS13495 WP_010894455.1 Fis family transcriptional —1.65
regulator regulator
RNA polymerase-binding XF_RS04240 WP_010893509.1 RNA polymerase-binding 0.93
protein DksA protein DksA
DNA-directed RNA polymerase XF_RS06345 WP_0108940083.1 DNA-directed RNA polymerase 0.914
subunit omega (rpoZ2) subunit omega
HP XF_RS07050 WP_042463203.1 HP (Helix-turn-helix XRE-family 1.1
like proteins)
Attachment/motility
Afimbrial adhesins Surface protein (hsf) XF_RS06465 WP_010894030.1 Surface protein 2.00
Hemagglutinin (pspA) XF_RS13660 WP_010894644.1 Filamentous hemagglutinin 2.21
Fimbrial adhesin Fimbrial protein (pilO) XF_RS01560 WP_010892902.1 Fimbrial protein —1.87
TA systems Addiction module antitoxin RelB XF_RS07275 WP_042463224.1 Type Il toxin-antitoxin system 1.40
RelE/Park family toxin
Antitoxin (mqsA) XF_RS10795 WP_010894926.1 Antitoxin 2.39
HP (mqsR) XF_RS10790 WP_010894925.1 Type Il toxin-antitoxin system 0.83
MasR family toxin
Transporters MFS transporter XF_RS07585 WP_010894236.1 MFS transporter 1.49
ion transporter XF_RS06010 WP_010893927.1 lon transporter 1.32
Copper homeostasis Copper homeostasis protein XF_RS05650 WP_042463096.1 Copper homeostasis protein 2.22

CutC

CutC

*Nomenclature according to GenBank.
**Locus Tag corresponds to GenBank accession numbers.

ion transporters and sulfate transporters belonging to the
ABC transporter family. ABC transporters are known to be
involved in the influx or efflux of a wide diversity of molecules,
and also with antimicrobial peptide resistance (Orelle et al.,
2019). The categories associated with translation and peptide
metabolic process showed downregulated genes encoding
ribosomal subunits and the elongation factors EF-Tu and EF-G.
Interestingly EF-Tu is described as the most enriched protein
in X. fastidiosa outer membrane vesicles (OMVs) important for
pathogen systemic dissemination throughout the host xylem
vessels (Feitosa-Junior et al, 2019). The category linked to
regulatory functions showed various downregulated genes,
such as the global regulator fis, which is involved in virulence
and pathogenicity. The rice pathogen Dickeya zeae showed
remarkably decreased virulence capacity after fis deletion (Lv
et al, 2018). This global virulence regulator is involved in
exopolysaccharide production, motility, biofilm formation,
and cellular aggregation in Dickeya zeae. All these processes
are of utmost importance for X. fastidiosa pathogenicity,
being associated with host colonization. The rpoA and a
DNA-binding regulator hypothetical protein (XF_RS07050)

were also repressed in the overexpressing strain under
copper treatment.

To identify genes exclusively modulated by MqsR under
copper stress, we analyzed the gene ontology of the 111
upregulated genes and 84 downregulated genes presented in
Figures 4, 5B (Supplementary Material 1, Data Sets 4,
10, 11). The exclusively downregulated categories included
translation and the peptide metabolic process (Figure 5B
and Supplementary Material 1, Data Sets 10, 11). Other
categories identified were transport, regulatory functions, and
RNA metabolic process. The genes dksA and rpoZ from
the regulatory functions group are transcriptional regulators
associated with stress responses (Mathew and Chatterji, 20065
Wang et al., 2018) and were induced under copper stress. The
highlighted genes that are modulated by MqsR under copper
stress are listed in Table 2.

Considering all the above-mentioned results, we built
a hypothetical model for the mgsR overexpression and
its influence on the X. fastidiosa regulatory mechanisms
under normal and copper-induced stress conditions
(Figure 6).
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FIGURE 5 | Gene Ontology categorization of differentially expressed genes in X. fastidiosa overexpressing mqsR in response to copper. (A) Genes were classified by
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DISCUSSION stress-induced responses in many bacterial plant pathogens

(Wright et al., 2019; Martins et al., 2021), including X. fastidiosa
Copper-containing compounds are among the most used (Rodrigues et al., 2008; Muranaka et al, 2012; Merfa et al,
chemicals in agriculture (Lamichhane et al, 2018). The 2016; Ge et al.,, 2021). In this bacterium, the MqsRA TA system
antimicrobial effects of copper were previously attributed to was reported to play a key role when the pathogen is under
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copper stress. MgsRA is likely to function as an indicator for
exogenous stressors through the induction of cell elongation,
formation of structured biofilm aggregations, and reduction in
cell movement (Merfa et al., 2016). To better understand the roles
the toxin MqsR may be playing over stress-induced responses
in X. fastidiosa, we assessed the major phenotypic outcomes
and the global transcriptional profile of the mgsR-overexpressing
strain under copper-stress conditions through microscopy and
RNA-Seq analysis.

The mgsR overexpression triggers genetic response where cells
activate genes associated to stress adaptation (Figure 6A), from
which many are conserved in the presence of copper (Figure 6B).
These characteristics suggest that increasing the amount of MgsR
leads to a priming effect of cells to stresses that normally induce
expression of mgsR, like copper. We observed an approximately
10% increase in cell survival after copper treatment in the
population overexpressing mgsR and considering that, in
stationary phase, only up to ~1% of cells are persisters (Keren
et al., 2004; Lewis, 2007), we can infer that a higher number
of persisters were present under this condition. Therefore, our
results demonstrate that the presence of the stressor is not needed
to induce the genes and consequent cell morphology changes
when mgqsR is overexpressed. These morphologies include the
elongated cell formation and population heterogeneity, indicative
of persister cell activation (Michiels et al., 2016; Fisher et al.,
2017), which is supported by toIC induction (Figure 6A), that
was associated with E. coli persistence (Pu et al., 2016). Indeed, the
presented results fit perfectly in the mathematical model in which
systems that do not present bistability produce the hysteretic
switch to the persistent state (Fasani and Savageau, 2013),
represented in our condition by the overexpression of mgsR.

Besides, the overexpression of mqsR in E. coli exhibited cellular
toxicity, resulting in increased persister cell formation (Kim et al.,
2010). Taken together and with previous results (Muranaka et al.,
2012; Merfa et al., 2016), the role of mqsR in X. fastidiosa seems to
be similar to E. coli which involves the induction of persister cells.

It has been demonstrated that the MqsRA TA system in
X. fastidiosa likely autoregulates its own expression to balance the
toxin and antitoxin in the most beneficial ratio for the cells to
oppose the stress (Merfa et al., 2016). The mgsR overexpression
itself presents a stress condition to the cell, thus to inactivate
the toxin, the antitoxin MgsA should be produced to reach
a T:A balance (Brown et al., 2013). Indeed, we observed an
induction of mgsA under both conditions (Figures 6A,B). An
upregulation of hfg in Xf-mgqsR was observed in both conditions
with and without copper stress. The hfq gene encodes an RNA
chaperone that, among other regulatory functions, is related
to the downregulation of proteases (Kim and Wood, 2010). It
suggests that hfg is a key gene in the autoregulation of the
MqgsRA TA system, and we propose it could be one of the
factors responsible for keeping the ideal T:A ratio in the cell by
controlling the expression of proteases and consequently the cell
morphologies observed in this work.

The genes modulated clpP, hfq, and clpB by MgsR in
X. fastidiosa resemble those modulated by the same regulon
in E. coli (Kim et al, 2010). These genes are involved in
stress responses and contribute to toxicity and, consequently,
to persister cell formation in E. coli (Kim and Wood, 2010;

Kim et al., 2010). Differences in the global transcriptional profile
were also observed, suggesting a potential X. fastidiosa-exclusive
mechanism. Among the exclusive genes modulated by MqsR
only in X. fastidiosa are two gene regulators (XF_RS07050 and
XF_RS07310). The regulator XF_RS07310 has the same type of
HTH domain as the MgsA antitoxin, suggesting that it could
also bind to promoter regions of target genes and modulate
their expression. Some regulators related to bacterial survival and
stress responses previously described in several bacteria were also
modulated (Maddocks and Oyston, 2008; Santiago et al., 2015;
Merfa et al., 2016; Weiss et al., 2017).

The MgsA antitoxin regulates the expression of mgsRA and
other genes in E. coli by binding to palindromic sequences in
their promoter regions and repressing their expression (Brown
et al., 2009; Wang and Wood, 2011; Soo and Wood, 2013). The
MgsA antitoxin encoded by X. fastidiosa has the same amino
acid residues in its HTH domain responsible for DNA binding
(Merfa et al., 2016). Therefore, we searched for the MgsA-
like palindromic sequence 5-AAC (N)7 GTT in the genome of
X. fastidiosa (Supplementary Table 3), seeking to identify those
genes that were specifically differentially expressed in our RNA-
Seq analyses. We investigated gene regulations in conditions
where mgsRA expression is increased, such as under copper stress
and mgqsR overexpression. We verified 526 palindromic regions
throughout the X. fastidiosa genome, with 77 corresponding
to intergenic regions (Supplementary Table 3). Among the
DEGs, a few showed the searched palindromic sequence in
their intergenic regions (Supplementary Table 4). These genes
included clpP, htpX, clpB, and rpfB, besides mqsR itself. According
to data RNA-Seq, clpP and clpB genes remained downregulated,
while mqgsA expression remained upregulated, suggesting that
MgsA may be regulating proteolysis under stress conditions in
mqsR overexpression.

In our model, copper stress induces responses independent of
MgsR involving protein degradation and multidrug resistance.
When mgsR is overexpressed under copper stress, other clpP
(XF_RS02140) and tldD encoding proteases were induced
(Figure 6B). Thus, the observed upregulation of proteases
could contribute to the consequent upregulation of mgsRA.
The regulator dksA, which plays an important role in the
multidrug resistance in E. coli (Wang et al., 2018), shifted from
downregulation in normal growth conditions to upregulation
under copper stress, supporting its role of multidrug resistance.
Copper also induces the expression of transporter genes
associated with multidrug efflux pumps including cutC, which is
specific for copper efflux (Rodrigues et al., 2008; Li et al., 2009). It
has been shown that multidrug efflux pumps induce persistence,
and persister cells combine active efflux with passive numbness to
survive antibiotic attacks (Pu et al., 2016). This demonstrates the
interplay between resistance and tolerance mechanisms, which
are complementary and redundant bacterial strategies to survive
under stress conditions (Lewis, 2007).

Overall, with the results herein presented, we were able to
expand the knowledge on the genes and mechanisms associated
with MqsR, as well as the function of the MqsRA TA system
in X. fastidiosa. MgsR regulates genes that alter cell behavior
in order to prime them to respond to environmental stress,
which is related to induction of persistence. The persistence in
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plant-pathogenic bacteria is an important tolerance mechanism
to this agrochemical which is still neglected in the management
of agricultural diseases.
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The remediation of heavy-metal-contaminated sites represents a serious environmental
problem worldwide. Currently, cost- and time-intensive chemical treatments are usually
performed. Bioremediation by heavy-metal-tolerant microorganisms is considered a more
eco-friendly and comparatively cheap alternative. The fungus Penicillium simplicissimum
KS1, isolated from the flooding water of a former uranium (U) mine in Germany, shows
promising U bioremediation potential mainly through biomineralization. The adaption of
P simplicissimum KS1 to heavy-metal-contaminated sites is indicated by an increased
U removal capacity of up to 550mg U per g dry biomass, compared to the non-heavy-
metal-exposed P. simplicissimum reference strain DSM 62867 (200mg U per g dry
biomass). In addition, the effect of temperature and cell viability of P simplicissimum KS1
on U biomineralization was investigated. While viable cells at 30°C removed U mainly
extracellularly via metabolism-dependent biomineralization, a decrease in temperature to
4°C or use of dead-autoclaved cells at 30°C revealed increased occurrence of passive
biosorption and bioaccumulation, as confirmed by scanning transmission electron
microscopy. The precipitated U species were assigned to uranyl phosphates with a
structure similar to that of autunite, via cryo-time-resolved laser fluorescence spectroscopy.
The major involvement of phosphates in U precipitation by P simplicissimum KS1 was
additionally supported by the observation of increased phosphatase activity for viable
cells at 30°C. Furthermore, viable cells actively secreted small molecules, most likely
phosphorylated amino acids, which interacted with U in the supernatant and were not
detected in experiments with dead-autoclaved cells. Our study provides new insights into
the influence of temperature and cell viability on U phosphate biomineralization by fungi,
and furthermore highlight the potential use of R simplicissimum KS1 particularly for U
bioremediation purposes.

Keywords: biomineralization, bioremediation, fungal biomass, uranium, waste water, Penicillium simplicissimum
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INTRODUCTION

As a result of former uranium (U) mining and milling activities,
large amounts of wastewater containing high concentrations
of U and other heavy metals have been generated, with the
potential risk of contaminating the surrounding environment.
Once disposed into the environment, U could eventually reach
the top of the food chain and be ingested by humans, causing
health risks like severe kidney and liver damage (Keith et al.,
2013). Therefore, it is necessary not only to clean up contaminated
sites, but also to treat U-contaminated wastewater in order to
prevent heavy metal release to the environment. The former
U mine in Konigstein (Germany) represents such a contaminated
site. Between 1984 and 1990, the radionuclide U was extracted
from the rock material, mainly composed of sandstone, by
in-situ leaching - i.e., injection of sulfuric acid into the
underground rock. The resulting U-bearing, acidic liquid was
collected and further processed to finally recover the heavy
metal (Zeifller et al., 2006). Since the closure of U mining
activities in Germany, the sub-surface of the mine has been
remediated by controlled flooding to prevent the contamination
of aquifers. At present, the flooding water is still characterized
by relatively high concentrations of U (~8-9mg/L) and a low
pH of 2.9 owing to the acidic leaching process (Kassahun
et al,, 2015). Furthermore, the concentration of heavy metals
like cadmium, nickel, and zinc are elevated (Zirnstein, 2015).
The water consequently has to be pumped to the surface and
is currently treated by a conventional, chemical wastewater
treatment plant.

Such chemical treatments are time- and cost-intensive,
however (Azubuike et al., 2016; Verma and Kuila, 2019).
Depending on the on-site situation, chemistry-based techniques
often generate hazardous waste and become less efficient at
decreasing pollutant concentrations (Azubuike et al, 2016;

Verma and Kuila, 2019). For several years, science has been
concerned with alternative bioremediation approaches.
Bioremediation aims to use suitable microorganisms to
prospectively support or outperform chemical treatment.
Microorganisms used in bioremediation should fulfill several
criteria including: (i) high tolerance to heavy metals and
radionuclides; (ii) metabolic versatility; and (iii) ability to reduce
solubility and mobility of the inorganic contaminants. Microbial
interaction mechanisms with heavy metals are mainly clustered
into passive and active processes, based on their dependence
on active cell metabolism. In the passive biosorption process,
the cationic heavy metal, for example U(VTI), binds to components
of the fungal cell wall, e.g., phosphorylated polysaccharides
and intracellularly to negatively charged functional groups like
phosphate or carbonate groups (Tsezos and Volesky, 1982;
Gonzalez-Munoz et al, 1997; Lloyd and Macaskie, 2002;
Limcharoensuk et al., 2015; Kulkarni et al., 2016; Bano et al,
2018; Lopez-Fernandez et al., 2018; Segretin et al., 2018). Active
microbial interaction mechanisms are further subdivided into
anaerobic  enzymatic reduction, biomineralization, and
bioaccumulation. Bioaccumulation describes the active, controlled
uptake of heavy metals (e.g., via siderophores) and their
subsequent intracellular precipitation, which is still under
investigation (Limcharoensuk et al., 2015; Gerber et al., 2018;
Segretin et al., 2018). Microorganisms can also secrete negatively
charged metabolites, such as hydrogen phosphates, hydrogen
carbonates, oxalates, or hydroxides. This process is called
biomineralization and leads to extracellular precipitation and
detoxification (Merroun et al, 2011; Kaewdoung et al., 2016;
Chandwadkar et al., 2018).

Besides bacteria, various fungal species have been detected
at uranium mining sites and are known for their elevated
heavy-metal adaption and tolerance (De Siloniz et al., 2002;
Anahid et al., 2011; Zirnstein et al., 2012; Gerber et al., 2018;
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Glukhova et al., 2018; Stepniewska et al., 2020; Coelho et al.,
2020a). Therefore, they are considered as putative candidates
for bioremediation approaches to remove heavy metals from
contaminated soil or wastewater (Song et al, 2019; Coelho
et al, 2020b). In terms of fungal biomineralization and
biosorption of U, phosphates and extracellular phosphatase
activity have been reported to be the key players (Liu et al.,
2010; Giinther et al., 2014; Liang et al., 2015, 2016; Vazquez-
Campos et al., 2015; Zheng et al, 2017; Wollenberg et al.,
2021). While different physico-chemical parameters like pH
or background medium composition have been assessed for
their influence on the biomineralization of U, the impact of
metabolic activity is not yet fully investigated. In the present
study, the fungal strain Penicillium simplicissimum, isolated
from the flooding water of the former U mine in Konigstein
(Germany), was investigated toward its potential use for
bioremediation purposes, particularly for U-contaminated sites.
We focused on changes in the uranium bioremoval by
P simplicissimum KS1 depending on temperature and cell
viability to unravel metabolic reliance. Additionally, the ability
of P. simplicissimum KS1 to effectively remove U was compared
to the P, simplicissimum reference strain DSM 62867 to investigate
an adaption to U-contaminated environments.

MATERIALS AND METHODS

Microorganisms and Culture Conditions
The fungus P. simplicissimum KS1 was isolated from the flooding
water of the former U mine in Konigstein (Germany) by
culture-dependent methods using Sabouraud-Dextrose (SD,
bacto-peptone 5.0g/L, casein peptone 5.0g/L, glucose 40.0g/L,
and Carl Roth) medium (Gerber et al, 2015), adapted from
Odds (1991). As a comparative fungal species, P. simplicissimum
DSM 62867 was purchased from DSMZ (Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures).
Both strains were grown in SD medium at 30°C and 130rpm
(Thermoshake EA2, C. Gerhardt) for 72h and stored at 4°C
on SD agar plates after growth at 30°C for 72h.

DNA Isolation and Sanger Sequencing of
the Fungal Isolate KS1

The DNA of KS1 was isolated by following the protocol for
alkaline DNA extraction (Birnboim and Doly, 1979). A
purification and concentration step were performed according
to the instructions of the DNA Clean & Concentrator™-5 Kit
(Zymo Research). A fungal-characteristic DNA fragment of
the internal transcribed spacer (ITS) region of the 185 rRNA
gene was amplified by PCR using the primers ITS5 and ITS4
(both Thermo Fisher Scientific), according to Martin and
Rygiewicz (2005). The obtained PCR products were purified
(DNA Clean & Concentrator™-5 Kit) and sequenced by Sanger
sequencing performed by GATC Biotech. The obtained sequences
were aligned and compared to those in the nucleotide-nucleotide
Basic Local Alignment Search Tool (blastn) database of the

National Center for Biotechnology Information (NCBI)." The
Sanger sequencing results are available on NCBI GenBank®
under accession number SAMN22830865.

Fungal U Removal Capacity Studies

To investigate the removal capacity of U, the fungal cells were
grown in SD medium for 72h. Afterwards the cells were
separated from the medium and washed twice by sterile filtration
and resuspension in sterile-filtered tap water (pH=5.0). Five
milliliters culture were subsequently diluted in 45ml sterile-
filtered tap water (pH=5.0) to reach a final dry biomass (DBM)
of 0.10£0.02g/L. A uranyl stock solution [UO,(NO;),] was
added to a final concentration of 0.1 mM. The samples were
incubated for 52h with agitation at 130rpm at 4 and 30°C,
using pre-tempered chemicals. Sterile-filtered samples, each
with a volume of 500 ul, were regularly taken. To each sample,
5ul of concentrated nitric acid was added immediately. The
samples were stored at 4°C and used for determination of the
U concentration by means of inductively coupled plasma mass
spectrometry (ICP-MS) using a NexION 350X (PerkinElmer).
To determine the effect of cell viability on U removal, grown
fungal cells in SD medium were autoclaved for 30 min at 121°C.
The autoclaved cell culture was centrifuged and washed twice
with sterile-filtered tap water (pH=5.0), then further treated
as described above. The DBM was determined after performing
the respective experiment. Thereby, cells were separated from
the medium by sterile filtration on a pre-dried, weighed filter.
The biomass on the filter was subsequently dried overnight
at 80°C before final weighing.

Determination of Orthophosphate
Concentration and Acid-Phosphatase
Activity

In order to determine the orthophosphate concentration and
the acid-phosphatase activity involved in fungal U removal,
washed fungal cells (DBM 0.10+0.02 g/L) were either suspended
in 100ml SD medium or in 100ml sterile-filtered tap water
(pH=5.0). The cells in SD medium were incubated for 52h
at 30°C and 130rpm. The cells in sterile-filtered tap water
(pH=5.0) were further prepared and incubated as described
in section “Fungal U Removal Capacity Studies” Samples of
each experiment were sterile-filtered after 52h, and 1ml of
each sample was analyzed for its orthophosphate concentration.
To this end, an ion chromatograph system Dionex™ Integrion™
HPIC™ (Thermo Fisher Scientific) was utilized with the following
equipment: analytical column (Dionex IonPac, AS23 - 4pm,
RFIC, 2x 250mm), guard column (Dionex IonPac, AG23 - 4 pm,
RFIC, 2x 50 mm), and eluent 4.5 mM Na,CO5/0.8 mM NaHCO..
Additionally, 1ml of the samples was analyzed for its acid-
phosphatase activity following the instructions of the Acid
Phosphatase Activity Fluorometric Assay Kit (Sigma-Aldrich):
200pl of each sample and control solution were pipetted in
a 96-well plate and analyzed for fluorescence using the microplate
luminescence reader Mithras 2 (Berthold Technologies), equipped

'https://blast.ncbi.nlm.nih.gov/Blast.cgi (Accessed May 18, 2017).
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with 355x40 excitation and 460x25 emission filter, for 30s
with a counting time of 0.1s and a lamp energy of 40%. All
experiments were performed in triplicate.

Scanning Electron Microscopy

For SEM measurements, fungal cells of the two P. simplicissimum
strains KS1 and DSM 62867 were treated with U for 52h, as
described in section “Fungal U Removal Capacity Studies” The
cells were recovered by centrifugation (10min, 13,793g, 4°C).
The supernatant was removed, and the pellet was further processed
for SEM at the Centro de Instrumentacion Cientifica (University
of Granada, Spain), according to Anderson (1951). The specimens
were imaged using a S-4800 microscope (Hitachi) operated at
an accelerating voltage of 10kV. For qualitative chemical analysis,
energy-dispersive X-ray spectroscopy (EDXS) was carried out at
30keV using a conventional Si(Li) detector with a S-UT'W window.
Additional studies were performed using a GEMINI FESEM
microscope (Carl Zeiss) operated at an accelerating voltage of 20kV.

High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy
(HAADF-STEM)

For HAADF-STEM measurements, U interaction experiments
with P. simplicissimum KS1 or DSM 62867 were performed at
30°C and, in the case of P. simplicissimum KS1, additionally
at 4 and 30°C with autoclaved, non-viable cells (as described
in section “Fungal U Removal Capacity Studies”). After 52h,
the cells were immediately centrifuged (10 min, 13,793 g, 4°C).
The supernatant was removed, the pellet was washed three
times with sterile-filtered tap water (pH=>5.0) and subsequently
fixed with glutardialdehyde at 1% (v/v) from 50% stock solution
(v/v) and stored at 4°C. The P simplicissimum DSM 62867
sample was further processed for STEM analysis at the Centro
de Instrumentacion Cientifica (University of Granada, Spain),
according to Renau Piqueras and Megias Megias (1998).
Penicillium simplicissimum KS1 samples were further prepared
at the Advanced Imaging/Electron Microscopy facility of the
Center for Molecular and Cellular Bioengineering (Technische
Universitdt Dresden, Germany). HAADF-STEM imaging and
spectrum imaging analysis based on EDXS were performed at
200kV with a Talos F200X microscope equipped with an X-FEG
electron source and a Super-X EDX detector system (FEI).
Prior to STEM analysis, the specimen - mounted on a high-
visibility low-background holder - was placed for 2s inside
Model 1,020 Plasma Cleaner (E. A. Fischione Instruments Inc.).

Cryo-TRLFS Measurements

For the determination of potential U(VI) species formed by
the P. simplicissimum strain KS1, time-resolved laser-induced
fluorescence spectroscopy (TRLFS) was used. The detection
limit for aqueous U is currently 0.2 ug/L (Bernhard and Geipel,
2007). The cryo-TRLFS samples were prepared as described
in section “Fungal U Removal Capacity Studies” using a fungal
DBM of around 0.25g/L. Thereby, P. simplicissimum KS1 was
studied in the presence of 0.ImMU(VI) at 4 and 30°C.

Additionally, autoclaved cells were investigated at 30°C at an
initial U(VI) concentration of 0.1 mM. As control samples, P
simplicissimum KS1 was prepared without U(VI), and
0.1 mM U(VI) solutions without fungal biomass were measured
after an incubation at 30°C. All samples were incubated for
48h. After the interaction experiments, the cell pellets were
separated from the supernatant by centrifugation at 5445g¢
for 20min. The pellets were washed twice with sterilized tap
water (pH 5.0), and both supernatant and fungal biomass
were separately shock-frozen in plastic cuvettes by liquid
nitrogen and stored at —80°C. The U(VI) luminescence at
153K was measured after excitation with laser pulses at 266 nm
(Minilite high-energy solid-state laser; Continuum) and an
average pulse energy of 300mJ. The emission of the samples
was recorded using an iHR550 spectrograph (HORIBA Jobin
Yvon) and an ICCD camera (HORIBA Jobin Yvon) in the
425.0-625.0 nm wavelength range by averaging 100 laser pulses
and using a gate time of 10ms. TRLES spectra were analyzed
and deconvoluted by means of parallel factor analysis
(PARAFAC) using the N-way toolbox with Matlab R2015a
(Andersson and Bro, 2000). PARAFAC is known to be a
valuable tool for luminescence data deconvolution, since
PARAFAC data processing delivers information about speciation,
individual emission spectra, and luminescence decays in both
chemical and biological systems (Bader et al, 2016, 2019;
Drobot et al., 2016).

RESULTS AND DISCUSSION

Isolation and Physiological
Characterization of the Fungal Isolate
Penicillium simplicissimum KS1
Using culture-dependent methods, P. simplicissimum KS1 was
previously isolated on SD medium from the flooding water
of the former U mine in Konigstein (Germany; Gerber et al.,
2015). Compared to the other isolated eukaryotic and prokaryotic
strains, P. simplicissimum KS1 displayed a high U removal
capacity (Gerber et al, 2015) and was therefore chosen for
further studies. By sequencing the ITS 18S rRNA gene and
comparison with blastn (NCBI), P. simplicissimum KS1 (accession:
SAMN?22830865) displayed a maximum phylogenetic identity
with P. simplicissimum (accession: MH856014.1; 100% query
cover; 98.49% identity) and the taxonomical synonymous
Penicillium pulvilorum (accession: KF624805.1; 100% query
cover; 98.35% identity). The microbial diversity in the flooding
water is known to be dominated by iron- and sulfur-oxidizing
bacteria, as well as iron-reducing bacteria (Zirnstein, 2015;
Gerber, 2019). However, archaea and eukaryotes, including
fungal species, were detected as well (Zirnstein et al.,, 2012;
Zirnstein, 2015; Gerber, 2019). Previously, our group isolated
another heavy metal-tolerant fungal species from the flooding
water of Konigstein that belongs to the division of Basidiomycota
(Gerber et al., 2018) - in contrast to P simplicissimum KSI,
which is an ascomycetous fungus.

To further characterize the fungal isolate, suitable carbon
sources for the enrichment of the fungus were investigated
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FIGURE 1 | U removal capacity of Penicillium simplicissimum KS1 (A) and DSM 62867 (B) at ~0.1g DBM/L over 52h at 4°C (blue) and 30°C (red) and 0.1 mM
initial U concentration. At 30°C, viable (straight line) and dead-autoclaved cells (dotted line) were studied. SDs are depicted as error bars.

(Supplementary Table 1). Penicillium simplicissimum KS1 showed
good growth in the presence of glucose and fructose, and
medium growth with galactose, mannose, saccharose, and xylose,
whereas no growth was observed in ethanol, lactate, oxalic
acid, and sodium acetate. The total organic content of the
flooding water at the mining site in Konigstein is below 1 mg/L
(Zirnstein, 2015). It would therefore have to be enriched with
carbon sources and the biomass itself for in-situ bioremediation.
Alternatively, the presence and growth of microorganisms in
the flooding water may be obtained through the biodegradation
of underground wood constructions, which leads to a
decomposition into mono- and polysaccharides (e.g., arabinose,
glucose, xylose, and galactose; Baraniak et al., 2002).

In addition, the tolerance of P. simplicissimum KS1 toward
selected heavy metals in solution was studied to evaluate its
suitability for bioremediation applications (Supplementary
Table 2). The highest tolerance was observed toward chromium
(>22mM) and zinc (>15mM), whereas nickel and U inhibited
the growth of P simplicissimum KS1 at concentrations of 0.2
and 0.7mM, respectively. The highest toxicity of nickel but
lower for zinc is in good agreement with the observations of
Anahid et al. (2011). The reported distinctly higher tolerance
concentrations by Anahid et al. (2011) might be caused by
the utilization of a P. simplicissimum strain that could be more
tolerant to heavy metals due to (i) a potentially artificially
increased heavy-metal adaption of the fungal strain via
sub-culturing prior to the metal tolerance test or (ii) a naturally
stronger adaption to heavy metal - e.g., due to a heavy-metal-
exposed place of origin. Also, the heavy-metal tolerance was
investigated on solid media in contrast to liquid media which
was used in the present work. The fungal yeast Rhodosporidium
toruloides was also isolated from the flooding water of the
former U mine in Konigstein and likewise showed elevated
heavy-metal tolerance (Gerber et al., 2018). While this fungal
strain was more tolerant toward U (up to 6 mM), its tolerance

toward chromium, copper, cadmium, and zinc is low compared
to P simplicissimum KS1 (Gerber et al, 2018). This finding
highlights the suitability of P simplicissimum KS1 for
bioremediation purposes involving various heavy metals.

U Bio-Association Studies: Effect of
Temperature and Cell Viability

The influence of temperature and cell viability on the U removal
capacity of P simplicissimum KS1 and the P simplicissimum
reference strain DSM 62867 was investigated (Figure 1).
Penicillium simplicissimum DSM 62867 was selected as a most
likely reference strain that is not heavy-metal-adapted; since
contrary to P. simplicissimum KS1, the strain was isolated from
pristine soil samples in Germany. Kinetic U removal studies
at different temperatures (4 and 30°C) and cell viability over
52h suggested a three-phase U removal for both fungal strains
(Figure 1). The U concentration was set to 0.1 mM, representing
the U concentration that could emerge in the mining site
resulting from a prospectively envisaged rise of flooding levels.
Currently, the U concentration in Koénigstein (Germany) ranges
between ~0.03 and 0.04mM. Two temperatures were chosen:
the optimal growth temperature for fungal species (30°C), plus
a lower temperature (4°C), so as to study a possible metabolic
influence on U interaction.

First, U may have been removed passively by biosorption
of P simplicissimum as indicated by a linear increase in U
removal during the first 5h at 30°C (Figure 1, straight red
line). This linear increase was followed by a less-steep increase
in U removal at 30°C up to 24-30h of incubation. This second
phase was significantly reduced with a temperature decrease
to 4°C (Figure 1, blue line) demonstrating active metabolic
processes additionally involved in passive biosorption during
the U removal at 30°C (viable P simplicissimum KS1 30°C:
107mgU/g DBM, 4°C: 27 mg U/g DBM; viable P. simplicissimum
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DSM 62867 30°C: 72mgU/g DBM, 4°C: 20mgU/g DBM).
Furthermore, a decline in apparent cell viability after 24h at
30°C was observed for P simplicissimum KS1 (Supplementary
Figure 1), which overlaps with the decrease in slope of U
removal capacity, as well as a plateau after around 30h. This
suggests a third process entailing passive U biosorption of
dead fungal biomass (Pang et al, 2011). Similar U removal
processes were reported for other U-tolerant fungal species,
driven by active bioaccumulation and passive biosorption (Gerber
et al., 2018; Wollenberg et al., 2021).

To support our hypothesis that active metabolic processes are
involved in U removal by P. simplicissimum KS1 and DSM 62867,
the U removal capacity of dead-autoclaved fungal biomass at
30°C was also studied (Figure 1, dotted red lines). Thus, viable
cells revealed higher U accumulation values compared to those
of dead-autoclaved cells after 2days (P simplicissimum KS1
viable:  107mgU/g  DBM, dead: 34mgU/g  DBM;
P simplicissimum DSM 62867 viable: 72mgU/g DBM, dead:
24mgU/g DBM). U removal by dead cells is driven by immediate
passive biosorption, as reported for various fungal species (Pang
et al, 2011; Gerber et al, 2018; Wollenberg et al., 2021); and
it can even surpass the U removal of viable cells via sorption
to released or exposed compounds upon cell death, like
lipopolysaccharides or phosphates, as seen for Coniochaeta fodinicola
(Vazquez-Campos et al., 2015). Our observation implies a more
prominent involvement of active metabolic processes in the U
removal of P. simplicissimum KS1 - for instance biomineralization
and intracellular accumulation - than passive biosorption. For
both strains, dead-autoclaved fungal biomass removed more U
from the solution when compared to viable cells at 4°C, which
may be explained by additional available binding sites, both
intra- and extracellularly, due to damaged cell walls.

Moreover, P. simplicissimum KS1 removed more U from
the solution than P. simplicissimum DSM 62867 under similar
environmental conditions (Figure 1) and P. simplicissimum KS1
showed a slower response to the U stress at 4°C. Both these
observations support an adaption of the fungal isolate to heavy-
metal stress, as compared to the reference strain, which was
not exposed to heavy metals before isolation.

Remarkably, P. simplicissimum KS1 was able to remove up
to 80% of the initially introduced U from solution after 48h,
depending on the fungal biomass concentration
(Supplementary Figure 2). With an increase in fungal biomass
from 0.05 to 0.58¢g/L, an exponential decrease in U removal
capacity (normalized by the actual biomass) was observed
for both P. simplicissimum KS1 and DSM 62867. Overall, P
simplicissimum DSM 62867 removed less U than P
simplicissimum KS1, especially for a biomass of around 0.1g/L
and lower, as can be seen in Figure 1 for a fixed DBM
around 0.1g/L. The maximum U removal capacity of P
simplicissimum KS1 of ~550mgU/g DBM outperformed not
only the reference strain P simplicissimum DSM 62867
(~200mgU/g DBM), but also other fungal species including
Saccharomyces cerevisiae, Rhizopus sp., and R. toruloides
(Supplementary Table 3), which again proves its great potential
for bioremediation purposes. However, a direct comparison
of those values is difficult; the experimental conditions vary

between different studies and, especially, the physicochemical
conditions of the respective experimental setup (pH,
temperature, or biomass concentration) are known to
tremendously affect the U removal capacity of microorganisms
(Bustard et al., 1997; Gerber et al., 2018; Zheng et al., 2018).
For this reason, only the maximum U removal capacities,
observed respectively, are compared in Supplementary Table 3.

HAADF-STEM Characterization of U
Biomineralization by P. simplicissimum
KS1 Cells

HAADF-STEM imaging combined with EDXS-based element
distribution analysis was performed to investigate the effect
of temperature and cell viability on the cellular localization
of U complexes and the underlying interaction mechanisms
of U with the fungus P simplicissimum KS1 (Figure 2).
Metabolically active fungal cells were incubated with 0.1 mM U
for 48h at 4 and 30°C, in addition to dead-autoclaved cells,
which were only incubated at 30°C for the same time and at
the same U concentration.

Spectrum imaging analysis of the samples showed significant
differences in the amount of accumulated U and its cellular
localization. For metabolically active and viable cells at 30°C
(Figure 2, top row), large extracellular U precipitations were
detected, in addition to low intracellular amounts of U
accumulations. The extracellular U precipitations showed an
amorphous nature, and thus differed structurally from the
needle-like objects observed intracellularly. Additional SEM
studies combined with EDXS analysis (Supplementary
Figures 3, 4) confirmed that the removed U is localized
extracellularly by P simplicissimum KS1 (and DSM 62867).
The structure of the U accumulations evoked a biomineralization-
mediated precipitation (Liang et al., 2015).

With a decrease in temperature to 4°C (Figure 2, center
row), P. simplicissimum KS1 appeared to accumulate U at
the cell surface and intracellularly. Large extracellular
accumulations, as detected at 30°C, were not observed at
4°C. These results indicate that the large extracellular U
accumulations were driven by a metabolically active process,
i.e., biomineralization. Biomineralization relies on the activity
of enzymes, such as phosphatases, to degrade organic
phosphates, giving rise to the generation of orthophosphate.
Biomineralization is therefore barely observable at lower
temperatures and metabolically inactive cells (Liang et al,
2015). Due to cell death after 24h at 30°C and putative
damage to the fungal cell wall, U perhaps entered the cells;
this would have been followed by passive biosorption by
negatively charged functional groups and might have been
bound to the release of cellular compounds, plus cell wall,
and membrane fragments (Vazquez-Campos et al.,, 2015).

Inactivation of P. simplicissimum KS1 by autoclavation, with
incubation at 30°C (Figure 2, bottom row), led to U precipitations
that were mainly visible intracellularly, along with minor U
biosorption at the cell surface. Considering the control samples
of untreated viable and untreated dead-autoclaved cells
(Supplementary Figure 5), the dead-autoclaved cells showed
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FIGURE 2 | HAADF-STEM micrographs of viable P simplicissimum KS1 at 30 and 4°C (top and center rows) and dead-autoclaved cells at 30°C (bottom row)
together with EDXS-based element distributions for uranium (magenta) and phosphorus (green). The fungal isolate was incubated in 0.1 mM U (background

partial detachments of the cell wall, possibly offering additional
binding sites for U and facilitating the influx of the heavy
metal and subsequent passive intracellular U biosorption. The
use of dead fungal biomass for bioremediation of U-contaminated
wastewater is an alternative approach (Vazquez-Campos et al.,
2015; Coelho et al., 2020b). Under the experimental conditions
chosen by Vazquez-Campos et al. (2015), dead fungal biomass
removed more U compared to the viable cells. Yet, other fungal
species — P. simplicissimum KS1 (Figure 1) in the present work,
or R. toruloides (Gerber et al., 2018) - removed elevated amounts
of U by viable cells. Hence, the fungal isolate P. simplicissimum
KS1 could represent a source for both bioremediation approaches
to remove U from wastewater — exploiting viable or dead cells.

EDXS-based element mapping in Figure 2 revealed U
association with phosphorus, which indicates biomineralization
and biosorption of U phosphates extra- and intracellularly.
The contribution of phosphorus in U bioprecipitation has been
previously reported (Liu et al., 2010; Giinther et al, 2014;
Liang et al., 2015, 2016; Vazquez-Campos et al., 2015; Zheng
et al., 2017; Wollenberg et al., 2021). However, phosphorus
was not solely detected superimposed upon the U signal
(Supplementary Figure 6). Other elements, such as nitrogen,
could be explained by putative biosorption of U by biopolymers
(for example, chitin, cellulose and its derivatives) after damaging
the fungal cell wall and passive biosorption of amino
functionalities (Galun et al., 1984; Zhao et al., 2016).

For comparison, P simplicissimum DSM 62867 and its
interaction with U at 30°C were studied by means of HAADF-
STEM and SEM as well (Supplementary Figures 4, 7). Similar

to P simplicissimum XKS1, SEM revealed extracellular U
biomineralization, although spectrum imaging analysis displayed
some minor differences. Most notably, the amount of intracellular
U accumulation increased significantly. The differences between
P, simplicissimum KS1 and DSM 62867 indicated an adaptation
of P. simplicissimum KS1 to U. Uranium is not as prominently
present intracellularly in the fungal isolate, which may have
adapted its metabolic response to heavy metal environmental
stress, as observed previously in increased heavy metal resistance
and U removal from solution.

Determination of Extracellular
Orthophosphate and Phosphatase Activity of
P. simplicissimum KS1 in the Presence of U
Based on the microscopic data, phosphates appear to be crucially
relevant for the U removal via active biomineralization by
P simplicissimum KS1. Since this might have been mediated
by phosphatase activity, the quantification of orthophosphate
concentration and phosphatase activity of P simplicissimum
KS1 and DSM 62867 were studied in sterile-filtered tap water
with an initial U concentration of 0.lmM and without U in
SD medium (Figure 3).

Overall, P. simplicissimum KS1 showed a substantially higher
phosphatase  activity ~and  extracellular  orthophosphate
concentration than P. simplicissimum DSM 62867, independent
of the studied media. This pivotal observation is in good
agreement with the HAADF-STEM results (Figure 2;
Supplementary Figures 6, 7). There, P simplicissimum KS1
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in SD medium or tap water (A,C) and with 0.1mM U in tap water (B,D).

A B
4. 0.20
— NO URANIUM 0.1 mM URANIUM
= [ SD medium [ 30 °C, viable cells
a Y Tap water 0.15 I 4 °C, viable cells
g’ 888 30 °C, dead-autoclaved cells
=
2
[}
(7]
©
®
L
Q
[}
o
K=
o
KS1 DSM 62867 KsS1 DSM 62867
(o3 D
1.0 0.08
0.1 mM URANIUM
2 0.5 I 30 °C, viable cells
£ 0.06. B 4 °C, viable cells
oS 00 888 30 °C, dead-autoclaved cells
£
g2 059 0.04-
53 =
=D
8 E -10-
©
™
5 15 NO URANIUM 0.02
[ SD medium
204 R Tap water 0.00
KS1 DSM 62867 ’ KS1 DSM 62867

FIGURE 3 | Phosphatase activity (A,B) and extracellular phosphate (C,D) determination of P simplicissimum KS1 and DSM 62867 after 48 h incubation without U

demonstrated a higher extracellular amount of phosphorus,
overlapping with the U signal. Furthermore, the phosphatase
activity decreased with a decreasing amount of nutrients (ie.,
in presence of tap water), decreasing temperature, and dead-
autoclaved cells. As shown before, such results point to the
major role of active metabolic processes for U removal.

In addition, a temperature decline of samples with dead
cells led to a decreasing amount of extracellular phosphate.
These results are in line with those obtained by HAADF-
STEM (Figure 2), where viable P. simplicissimum KS1 cells
at 30°C showed prominent biomineralization, probably driven
by phosphatases, decreasing with temperature declining to
4°C, and not detected with dead-autoclaved cells. The
importance of phosphates and phosphatases in the removal
of U by bacteria (Beazley et al., 2007; Kulkarni et al., 2016)
and the contribution of phosphate transporter genes in U
tolerance of S. cerevisiae (Sakamoto et al., 2012) have been
described in the literature and come to support their observed
involvement in U precipitation by P. simplicissimum KS1
and DSM 62867.

Identification of Bio-Associated and
Extracellular U Species: Cryo-TRLFS
Studies

Cryo-TRLFS was used to investigate the effect of temperature
and cell viability on the luminescence properties (i.e., emission

bands) of the U species associated with or produced by the
cells of the fungal isolate P. simplicissimum KS1. To this end,
the supernatant and fungal biomass were measured separately
after the incubation with 0.1 mMU(VI). Together with the
kinetic, microscopic, and spectrophotometric experiments, the
obtained data would help to identify processes by which the
fungal isolate interacts with the radionuclide.

PARAFAC studies based on cryo-TRLES spectra of the
U-treated fungal biomass (0.1 mMU for 48h and a fungal DBM
of ~0.25g/L) showed two dominant U(VI) species
(Figures 4A,B). At varying temperature (4 and 30°C) and
depending on fungal cell viability (viable or dead-autoclaved),
the two species were detected in different proportions
(Figure 4B). The first species (U species 1, green) dominated
all three samples and was characterized by three main emission
bands at 497.1, 519.0, and 540.2 nm, as shown in the luminescence
spectrum (Figure 4A). With 92% (~64mgU/g DBM) at 30°C
and viable cells, this U species was proportionally and
quantitatively more prominent as compared to viable cells at
4°C (60%, ~14mgU/g DBM) and dead-autoclaved cells at 30°C
(87%, ~11mgU/g DBM). Given this observation and the lower
fine structure when compared to the second species,
proportionally less-present (U species 2, black), it was assumed
that the dominating species represented a bio-associated organic
U phosphate species that was produced actively and passively
by the fungal cells. The second species, having a greater fine
structure and shifted emission bands (505.4, 527.6, and 551.6),
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FIGURE 4 | Deconvoluted luminescence spectra (A,C) and species distribution (B,D) based on the PARAFAC analyses of P. simplicissimum KS1 biomass (top)

was assumed to correspond to a more homogenous, inorganic
U(VI) phosphate species (Wang et al, 2008), which could
be produced actively by fungal phosphatase activity.

In addition to the two bio-associated U(VI) species
detected, two further species (named U species 3 and 4)
were calculated via PARAFAC in the resulting supernatant
after the incubation of P. simplicissimum KS1 in 0.1 mM U(VT;
Figures 4C,D). U species 3 (Figure 4C, blue) showed emission
bands at 481.4, 503.9, and 526.4nm; U species 4 (Figure 4C,
orange) at 491.6, 513.4, and 537.2nm. Both species were
more homogenous than the bio-associated species 1. As for
the bio-associated species, U species 3 and 4 were detected
in different proportions depending on cell viability and
temperature (Figure 4D). U species 3 was dominant in the

supernatant of dead-autoclaved cells (100%) and viable cells
at 30°C (87%), but at 4°C, U species 4 (64%) surpassed
species 3 (36%). U species 4 was only present to 10% in
viable cells at 30°C and not detectable in the supernatant
of dead-autoclaved cells at 30°C. Thus, U species 4 was
most likely only secreted actively by viable cells, displaying
increased proportions at low temperature (4°C). Remarkably,
uranyl nitrate, the initially added uranium species, was not
observed. This indicates that all the uranium in solution
interacted with biological matter.

Identification of the exact uranyl species based on the
emission bands of reference compounds is difficult due to
varying experimental conditions and thus different complexing
agents and resulting spectral shifts. All four species can
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TABLE 1 | Luminescence emission bands of the two determined U(VI) species
of Penicillium simplicissimum KS1 cells exposed to 0.1 mM U(VI) compared to
band positions of reference spectra of organic uranyl phosphate species.

Luminescence emission
bands (nm)

References

UO,-adenosine 497 519 542 Merroun et al.,
monophosphate 2003
UO,-fructose(6)- 497 1 519.0 543.3 Barkleit et al., 2004
phosphate

UO,-PO;-O-R 498.1 519.6 542.9  Barkleit et al., 2008

(Lipopolysaccharides)

504.0 524.2 548.0

Autunite Geipel et al., 2000

UO,-phosphocholine 481.1 497.2 517.6  Koban and
Bernhard, 2007

UO,-phosphoserine 482.0 496.2 516.5 Koban and
Bernhard, 2007

UO,-HP-threonine 483.7 501.8 523.4  Gunther et al.,

2006

U(VI)-tryptophan 490 510 530 Wollenberg et al.,
2021

U(VI)-phosphotyrosine 492 515 539 Wollenberg et al.,
2021

U(VI)-phosphothreonine 494 515 537 Wollenberg et al.,
2021

Error of emission bands: +0.5nm.

be assigned to U(VI) phosphate species of organic or inorganic
origin in view of their characteristic spectral shapes. Accordingly,
these species in particular could also be actively produced by
fungal phosphatase activity. A comparison of the emission
bands obtained in the present work with those described in
the literature (Table 1) shows U species 1 to share characteristic
emission bands with organic phosphate ligands, e.g., adenosine-
monophosphate, fructose(6)-phosphate, or lipopolysaccharides
at the cell wall through biosorption (Merroun et al, 2003;
Barkleit et al., 2004, 2008). The bio-associated inorganic uranyl
phosphate species (U species 2) showed emission bands similar
to those of autunite (Geipel et al., 2000), as previously reported
for various fungal species, and could resemble the needle-
shaped uranyl phosphate structures in Figure 2 (Giinther et al.,
2014; Gerber et al, 2018; Lopez-Fernandez et al, 2018).
Furthermore, the supernatant U species 3 and 4 revealed
emission bands approximately matching those of other organic
ligands - i.e., phospholipids (phosphocholine and phosphoserine)
and phosphorylated amino acids (threonine, tyrosine, and
tryptophan; Giinther et al., 2006; Koban and Bernhard, 2007;
Wollenberg et al., 2021). An involvement of organic uranyl
species in fungal U removal was described for the acid-tolerant
fungus Coniochaeta fodinicola (Vizquez-Campos et al., 2015).
Contrary to P simplicissimum KS1, the dead-autoclaved
Coniochaeta biomass removed more U (~45mgU/g DBM) when
compared to viable cells (16 mgU/g DBM; Vazquez-Campos

et al, 2015). The authors concluded that phosphates,
polysaccharides, and organic acids were released after cell death,
hence were not available for U sorption in the case of viable
cells (Vazquez-Campos et al., 2015). Recently, Wollenberg et al.
(2021) observed via TRLFS that phosphorylated amino acids,
released by fungal species, interacted with uranium. In the
fungus Schizophyllum commune, tryptophan and related indole
derivatives, related to the emission bands of the only actively
secreted U(VI) species 4, could act as messenger molecules
in the stress response of S. commune (Wollenberg et al., 2021).
The suggested scenarios, in combination with active release
of organic ligands before cellular death, could explain the
higher U removal by viable P. simplicissimum KS1 cells than
by dead-autoclaved cells (Figure 1) and is supported by the
superimposed EDXS signals of phosphorus and U (Figure 2)
and increased extracellular orthophosphate concentration after
U exposure (Figure 3).

Hypothetical Interaction Mechanism of
P. simplicissimum KS1 With U(VI)
To sum up, cell viability and temperature critically influence
the interaction of the fungus P simplicissimum KS1 with
U(VI). Through kinetic experiments (Figure 1), EDXS-
based spectrum imaging analysis (Figure 2), fluorometric
and chromatographic analyses of phosphatase and
orthophosphate (Figure 3), and TRLFS studies (Figure 4),
these parameters were investigated, their results being
summarized in Supplementary Table 4 and pictured in the
Graphical Abstract.

By studying the parameters cell viability and temperature,
it was concluded that P. simplicissimum KS1 removes U(VI)
actively from solution at 30°C, mainly via extracellular
biomineralization, aside from minor biosorption and
bioaccumulation. At 4°C with viable cells and after incubation
with dead-autoclaved cells at 30°C, less U(VI) was removed
(and slower at 4°C), thus indicating a key role of metabolic
processes in heavy-metal interaction. The uranium
precipitations were mainly identified extracellularly, again
decreasing in amount when experimental conditions changed
to lower temperatures or dead-autoclaved cells. Therefore,
the extracellular U(VI) precipitations were mainly produced
actively via biomineralization. Phosphatase activity and
extracellular orthophosphate concentration were moreover
decreased, further supporting the hypothesis of active
biomineralization driving U(VI) removal from solution.
Ultimately, the U speciation studies revealed organic and
inorganic U(VI) phosphates and additional organic ligands
(i.e., phosphorylated amino acids), which could act as actively
secreted messenger molecules.

CONCLUSION

The results presented here highlight the potential of the heavy
metal-adapted fungal isolate P simplicissimum KS1 for
bioremediation of U- and other heavy-metal-contaminated
sites. The elevated U removal capacity of the fungal isolate
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is compared to that of the non-U-adapted reference strain
P. simplicissimum DSM 62867. Although, intra- and extracellular
U accumulations are observable for both strains, the extracellular
U precipitations are greater for P. simplicissimum KS1. Electron
microscopy, TRLFS and ICP-MS studies revealed a temperature-
and cell viability-dependent U biomineralization, thus indicating
its dependency on active cell metabolism. Compared to viable
P. simplicissimum KS1 cells at 30°C, a decrease in temperature
to 4°C or the incubation with dead-autoclaved cells at 30°C
decreased extracellular biomineralization, which was replaced
by passive biosorption and bioaccumulation. Bio-associated
U species were mainly assigned to uranyl phosphates by EDXS
and TRLFS. Additionally, the fungus secreted small
phosphorylated amino acids, driven by temperature and cell
viability, that interacted with U and could act as messenger
molecules. Our outcomes demonstrate not only the efficient
removal of U from solutions by P. simplicissimum KS1, hence
its potential for the bioremediation of U-contaminated sites,
but also the key role of temperature and cell viability in
terms of metabolic influence on the interaction of the
fungus with U.

For the bioremediation of U-contaminated waters, as in
the former U mine in Konigstein (Germany), P. simplicissimum
KS1 might be a candidate to support cost- and time-intensive
chemical treatment. Since this fungal strain is present in
the flooding water already, sub-surface systems enriching
the fungus by the addition of an environmental-friendly
carbon source (e.g., glucose or fructose) are imaginable, as
well as aboveground systems exploiting the available pumps
and engines.

Prospectively, further experiments are needed to evaluate
the U removal capacity of the fungal isolate for in-situ
bioremediation on the industrial scale. In addition, U recovery
experiments should be performed.
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Metallothioneins (MTs) are cysteine-rich, metal-sequestering cytosolic proteins that play
a key role in maintaining metal homeostasis and detoxification. We had previously
characterized NmtA, a MT from the heterocystous, nitrogen-fixing cyanobacterium
Anabaena sp. strain PCC 7120 and demonstrated its role in providing protection against
cadmium toxicity. In this study, we illustrate the regulation of Anabaena NmtA by AzuR
(Alr0831) belonging to the SmtB/ArsR family of transcriptional repressors. There is
currently no experimental evidence for any functional role of AzuR. It is observed that
azuR is located within the znuABC operon but in the opposite orientation and remotely
away from the nmtA locus. Sequence analysis of AzuR revealed a high degree of
sequence identity with Synechococcus SmtB and a distinct a5 metal binding site similar
to that of SmtB. In order to characterize AzuR, we overexpressed it in Escherichia coli
and purified it by chitin affinity chromatography. Far-UV circular dichroism spectroscopy
indicated that the recombinant AzuR protein possessed a properly folded structure.
Glutaraldehyde cross-linking and size-exclusion chromatography revealed that AzuR
exists as a dimer of ~28 kDa in solution. Analysis of its putative promoter region [100 bp
upstream of nmtA open reading frame (ORF)] identified the presence of a 12-2-12
imperfect inverted repeat as the cis-acting element important for repressor binding.
Electrophoretic mobility shift assays (EMSAs) showed concentration-dependent binding
of recombinant dimeric AzuR with the promoter indicating that NmtA is indeed a
regulatory target of AzuR. Binding of AzuR to DNA was disrupted in the presence
of metal ions like Zn*, Cd?*, Cu?t, Co?t, Ni°t, Pb?t, and Mn?*t. The metal-
dependent dissociation of protein-DNA complexes suggested the negative regulation
of metal-inducible nmtA expression by AzuR. Overexpression of azuR in its native
strain Anabaena 7120 enhanced the susceptibility to cadmium stress significantly.
Overall, we propose a negative regulation of Anabaena MT by an a5 SmtB/ArsR
metalloregulator AzuR.

Keywords: Anabaena 7120, AzuR, regulation, metallothionein, cadmium stress
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INTRODUCTION

Trace metal ions are crucial for nearly all aspects of metabolism
in the prokaryotic cells. These are involved in various biological
processes like enzymatic reactions that require metal ions as
cofactors, for folding and structural stabilization of the proteins
or for the maintenance of the metal-sensing regulatory factors
(Rees, 2002; Bertini et al., 2007; Chandrangsu et al., 2017).
Although the essential metal ions are indispensable, these are
toxic in excess amounts (Chandrangsu et al., 2017). As a result,
the microorganisms have developed mechanisms to regulate the
homeostasis of the essential metal ions. Metal homeostasis is
mediated by balancing the uptake, storage, transfer, and efflux
of the metals so that the cellular requirements are fulfilled and
the right metal is introduced into the right macromolecule in
the cells for various biological processes (Tottey et al., 2005;
Woaldron and Robinson, 2009).

Metallothioneins (MTs) are cysteine-rich, low-molecular-
weight, metal-sequestering proteins that are known to bind metal
ions via metal-thiolate clusters and are involved in maintaining
homeostasis of physiologically important metals like zinc (Zn?™)
and copper (Cu?T) (Klaassen et al., 1999; Blindauer, 2011). Apart
from binding to the essential metals, MTs are implicated in the
detoxification of toxic metals including cadmium (Cd?**) and
mercury (Hg?") from the cells (Klaassen et al., 1999). MTs are
induced in the presence of ionic species of various metals like Cd,
Zn, Cu, Hg, Au, Ag, Co, Bi, Pb, Ni, and Cr (Palmiter, 1987; Huckle
et al,, 1993) as well as oxidative stress (Andrews, 2000). MT
expression is strictly regulated owing to its role in maintaining
metal homeostasis. While eukaryotic MT gene expression has
been shown to be under positive regulation (Klaassen et al., 1999),
prokaryotic MT expression is proposed to be negatively regulated
(Turner and Robinson, 1995). The first characterized prokaryotic
MT is Synechococcus sp. SmtA (Blindauer and Leszczyszyn,
2010). The smtA gene expression is negatively regulated by a
zinc responsive transcriptional repressor SmtB (Erbe et al., 1995;
Turner et al., 1996) of the SmtB/ArsR family of transcriptional
regulatory proteins. The SmtB/ArsR family of proteins bind
to specific regulatory sequences present upstream of the gene.
Derepression of transcription by such regulators results from
direct binding of the metal to the repressor, which inhibits its
binding to the operator/promoter (O/P) region of the gene under
regulation (Busenlehner et al., 2003; Osman and Cavet, 2010).

Analysis of the genome sequence of Anabaena PCC 7120
(hereby referred as Anabaena 7120) revealed two SmtB-like
repressors of the SmtB/ArsR family, namely, (a) AztR (All7621)
and (b) AzuR (Alr0831) (Liu et al., 2005). AztR has been identified
as a Zn?*/Pb2*/Cd>* -responsive metalloregulator constituting
a Zn?*/Pb?*t/Cd** efflux operon (aztAR operon) regulating
AztA, a Zn2+—translocating CPx-ATPase (Liu et al., 2005, 2008).
However, presently, there is no experimental evidence toward
the functionality and regulation of the other repressor, AzuR in
Anabaena 7120, that shares 60% identity with SmtB (Figure 1A).
Previously, we had identified and characterized a MT from
the heterocystous, filamentous cyanobacterium Anabaena 7120
(also belonging to the BmtA family) referred to as NmtA.
Overexpression of NmtA in its native strain conferred tolerance

to cadmium stress (Divya et al, 2018). We had observed
increased abundance of the nmtA transcripts in the presence of
elevated concentrations of metal ions like Zn?*, Cu?*, and Cd*™
(Divya et al., 2018), indicating transcriptional regulation of nmtA
expression. It is proposed that the expression of the proteins
associated with metal homeostasis is largely regulated at the
transcriptional level in bacteria (Finney and O’Halloran, 2003).
It is, therefore, worthwhile to explore whether AzuR, which is
an SmtB-like repressor, has any role in the regulation of NmtA
expression in Anabaena 7120.

The present study provides a comprehensive characterization
of Anabaena AzuR (Alr0831). We show here that AzuR indeed
binds to the upstream region of the nmtA open reading frame
(ORF). DNA binding was repressed in the presence of various
divalent metal ions, indicating a negative regulation of nmtA
expression by AzuR. Our results showed that overexpression of
azuR in Anabaena enhanced the susceptibility of the recombinant
strain to cadmium stress significantly. The present investigation
advances our understanding of the mechanisms of metal-
regulated gene expression in the nitrogen-fixing cyanobacterium
Anabaena 7120.

MATERIALS AND METHODS
Organism and Growth Conditions

Anabaena 7120 cultures were grown in BG-11 liquid medium, pH
7.2, with combined nitrogen (17 mM NaNOs3) under continuous
illumination (30 nEm ™2 s~!) without or with shaking (100 rpm)
at 27°C £ 2°C (Allen, 1968). Escherichia coli cultures were grown
in Luria-Bertani (LB) medium at 37°C (DH5a, HB101) or 30°C
(SHuffle) with shaking at 120 rpm. The neomycin antibiotic
was used for recombinant Anabaena cultures in BG-11 liquid
medium (15 pg ml~!') or BG-11 agar plates (25 pg ml~}),
whereas chloramphenicol (34 pg ml™1) or carbenicillin (100 ng
ml~"!) was used for E. coli cultures. Primers, plasmids, E. coli, and
Anabaena strains used in this study are listed in Table 1.

Bioinformatic Analysis

Alignment of DNA and protein sequences was determined
using ClustalW (Thompson et al., 1994) and Clustal Omega
(Madeira et al., 2019), respectively. Jalview was used to visualize
and edit aligned protein sequences (Waterhouse et al., 2009).
A phylogenetic tree was constructed using MEGA version X
(Kumar et al., 2018) by the maximum likelihood method. The
I-TASSER software was used to predict the tertiary structure
of AzuR and metal-binding residues (Zhang, 2008; Roy et al.,
2010; Yang et al, 2015). Pattern search analysis of conserved
sequences was carried out using the online tool Pattern
Locator (Mrdzek and Xie, 2006). The —10 and —35 boxes of
the upstream region of nmtA were predicted from BPROM
(Salamov and Solovyevand, 2011).

Cloning, Expression, and Purification of

AzuR
The azuR ORF (363 bp) was PCR amplified from Anabaena 7120
genomic DNA and cloned into pTwinl vector at Ndel-Sapl sites.
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FIGURE 1 | Sequence analysis, structural modeling, phylogeny, and genomic organization of AzuR. (A) Multiple sequence alignment of AzuR with representative
SmtB/ArsR family transcriptional repressors, SmtB (P30340), AztR (Q82S91), ZiaR (POWMI4), BxmR (Q55940), CzrA (085142), and CadC (P20047). The

metal-sensing amino acids present in the a5 site are highlighted in purple, and the

The tertiary structure model of AzuR was generated by using SmtB as the template by I-TASSER with the overlap of SmtB (PDB ID: 1R23) shown as traces in
purple. Ligand (Zn?*) binding residues predicted by I-TASSER with (i) Staphylococcus aureus CadC (PDB ID: 1U2W) and (jii) Synechococcus PCC 7942 SmtB (PDB
ID: 1R22). Zn?* is shown in neon green and the metal-binding residues are indicated in blue. (C) Phylogenetic tree generated with representative sequences aligned
by Clustal Omega using MEGA X software with 500 bootstrap replicates. The tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. (D) Schematic representation of the genetic locus of azuR ORF with respect to nmtA ORF in the Anabaena genome.
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The resulting construct pTwinazuR was confirmed by sequencing
and transformed into an E. coli SHufle strain. Overexpression of
chitin-binding domain (CBD)-tagged AzuR was induced by the
addition of 0.5 mM IPTG. The protein purification was carried
out by chitin affinity chromatography as per the manufacturer’s
protocol (New England Biolabs). The protein was cleaved from
its tag and eluted following incubation with 40 mM DTT at
4°C for 3 days. CBD was also eluted as the contaminating
protein. This eluate was loaded onto the fresh chitin resin
after DTT removal. The flow-through was collected, which
contained purified Anabaena AzuR without CBD. The purified
protein band following electrophoresis on 15% SDS-PAGE was
excised and processed for LC-MS/MS analysis (Q Exactive
Plus BioPharma High-Resolution Orbitrap MS system, Thermo
Fischer Scientific) at the Sophisticated Analytical Instrument
Facility (SAIF), IIT Bombay, India. Spectrum was acquired in
positive ion mode in a mass range from 350 to 2,000 m/z. The
resultant spectrum was used for peptide identification using the
Anabaena 7120 protein database available at UniProt.

Structural Characterization of AzuR

Determination of the oligomeric status of AzuR was done
by glutaraldehyde cross-linking of protein in the native state.
Purified AzuR was incubated with 10 mM glutaraldehyde at
room temperature (RT) for 10-15 min in 10 mM Tris, pH 7.5.
To this, a cracking buffer without or with DTT (50 mM) was

added. The resulting cross-linked protein was analyzed by 15%
SDS-PAGE. The native molecular mass of AzuR was determined
by size-exclusion chromatography (AKTA FPLC system, GE
Healthcare) using the GE Superdex 75 column equilibrated with
20 mM Tris, 100 mM NaCl, pH 7.5 at 25°C at a flow rate of 0.5 ml
min~!. The column was previously calibrated using a set of gel
filtration markers [bovine serum albumin (66 kDa), ovalbumin
(44 kDa), carbonic anhydrase (44.3 kDa), and cytochrome c
(29 kDa)] (GE Healthcare).

Analysis of the secondary structure of AzuR was performed
by circular dichroism (CD) spectroscopy (MOS-500 Biologic
CD spectrometer equipped with a Peltier-type thermostatic
cell holder) at 25°C. The CD spectrum was recorded in the
wavelength range of 200-260 nm using a cuvette with a path
length cell of 0.1 mm. The samples were prepared in 10 mM
Tris buffer, pH 7.5. The alpha helical content was calculated
using the online tool K2D2 (Perez-Iratxeta and Andrade-
Navarro, 2008). CD spectra were also recorded for titrations of
AzuR with increasing concentrations of zinc (molar equivalents
ranging from 1 to 10).

Rapid Amplification of cDNA Ends

Total RNA was isolated from Anabaena 7120 treated with 10 uM
cadmium for 1 h as described earlier (Divya et al., 2018). cDNA
was synthesized with 0.5 g of total RNA using ReadyScript
cDNA Synthesis Mix (Sigma-Aldrich). Following dA tailing of
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TABLE 1 | Primers, plasmids, and strains used in the study.

Primer Description

References

nmtA Rev CGCGGATCCTTAACAGCCACAGCCATTATG

Divya et al., 2018

azuR_pTwinC Fwd GGTGGTCATATGATTAAAAATCACACAAATTGTAC This study
azuR_pTwinC Rev GGTTGCTCTTCCGCAATCTTTTTCGTCCAAATG This study
azuR_Ndel Fwd GGAATTCCATATGATTAAAAATCACACAAATTG This study
azuR_BamHI Rev CGGGATCCCTAATCTTTTTCGTCCAAATG This study
Prom_Fwd ATTATTTCCTCCGTTTTCACTTGTG This study
Prom_Rev AAACGTATTATATAACCTAATTGTTAC This study
Oligo(dT) anchor primer ~ GACCACGCGTATCGATGTCGACTTTITTTTITTITTIT 5’8" RACE kit, Roche
16S Fwd CACACTGGGACTGAGACAC Pinto et al. (2012)
16S Rev CTGCTGGCACGGAGTTAG
Plasmid
pTwini Expression vector resulting in protein fusion with CBD and cleavable intein tag, Cb® NEB
pTwinazuR 360 bp azuR fragment cloned in pTwin1 vector This study
pFPN CbR, KanR, integrative expression vector Chaurasia et al., 2008
PAM1956 KanR, promoterless gfpmutll reporter gene Yoon and Golden,
1998
pFPNazuR 363 bp azuR fragment cloned in pFPN This study
PAMpsbA Xmal-Sall fragment from pFPN cloned in pAM1956 vector
pAMazuR Xmal-Sall fragment from pFPNazuR cloned in pAM1956 This study
PAMNmMtA Xmal-Sall fragment from pFPNnmtA cloned in pAM1956 vector Divya et al., 2018
E. coli strain
DH5a F~ recA41 endA1 gyrA96 thi-1 hsdR17 ("= m¥~) supE44 relAx lacU169 Lab collection

BL21(DE3)pLysS F~ ompT gal decm lon hsdSg (r5~ mg~) MDE3)

plysS (Cm")
HB101
HB101R2
SHuffle T7 Express lysY

F~ mcrB mrr hsdS20 (rs~ mp™) recA13leuB6 ara-14 proA2 lacY1 galK2 xyl-5 mtl-1 rpsL20 ( SmA) InV44 2~
Donor strain carrying pRL623 (encoding methylase) and pRL443 (conjugal plasmid)
MiniF lysY (CamR)/fhuA2 lacZ:T7 genel [lon] ompT ahpC gal ratt:pNEB3-r1-cDsbC (SpecR, laclg) AtrxB sulA11

Lab collection

Lab collection
Elhai et al., 1997
NEB

R(mcr-73:miniTn10-TetS)2 [dem] R(zgb-210:Tn10 —TetS) endA1 Agor An114:1S10

Anabaena strain

Anabaena PCC 7120 Wild-type strain

Lab collection

AnpsbA* Anabaena 7120 harboring light inducible promoter psbA from PFPN, NmR This study
AnazuR* Anabaena 7120 harboring pAMazuR, NmP This study
AnnmtA* Anabaena 7120 harboring pAMnmtA, Nm™ This study

cDNA by terminal transferase (Roche), PCR was performed
with the oligo(dT)-anchor primer and nmtA primer as listed in
Table 1. The PCR product was then sequenced.

Electrophoretic Mobility Shift Assay

The putative promoter region (100 bp DNA sequence upstream
of nmtA ORF) was PCR amplified (primers listed in Table 1) and
end-labeled with DIG-ddUTP as per manufacturer’s instructions
(Roche). Two nanograms of a DIG-labeled probe (Ppa) was
incubated with various concentrations of AzuR protein in a total
reaction volume of 20 pl containing 20 mM Tris-Cl (pH 7.5)
and 1 mM EDTA at RT for 30 min. The DNA-protein complexes
were resolved on 10% native PAGE in 0.5x TBE. Separated
complexes were electroblotted onto a nylon membrane, cross-
linked with UV, and stored at 4°C. It was probed with an anti-DIG
antibody and developed using a colorimetric substrate, NBT-
BCIP, according to the manufacturer’s protocol (DIG High Prime
DNA Labeling and Detection Starter Kit I, Roche). The bands
were quantified by the Image] software, and the data were fitted
to Hill’s equation. Each experiment was repeated three times. In
order to evaluate the specificity of interaction of the DNA-AzuR
protein binding, electrophoretic mobility shift assay (EMSA)

was performed with 100 ng of AzuR (360 nM) with either
20 ng of Pyuea or 20 ng of non-specific DNA (nmtA gene). For
protein specificity, 20 ng of P,,,¢4 with non-specific proteins like
AnLexA, BSA, or NmtA, each at 360 nM concentration, was taken
for EMSA. The DNA-protein complexes were resolved on 10%
native PAGE and visualized by ethidium bromide staining. To
evaluate whether different divalent metal ions affect the binding
of AzuR to the target 100 bp DNA, EMSAs were carried out in
the presence of 100 uM of various metals. The metal salts used
in the study were ZnSO4.7H,0, CdCl,.1/2H,0, CuSO4.5H,0,
CO(NO3)2‘6H20, NiSO4.7H20, MnC12.4H20, and Pb(NO3)2.
EMSAs were also carried out in the presence of 1 mM DTT (Erbe
etal., 1995) for reactions containing all the aforesaid metals.

Overexpression of AzuR in Anabaena
7120

Overexpression of azuR gene in its native strain was achieved
by triparental conjugation (Divya et al., 2018). The azuR gene
was cloned downstream to the light-inducible psbAl promoter
in the pFPN vector at Ndel and BamHI sites. A Sall-Xmal
fragment from pFPNazuR was excised and cloned into the
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E. coli/Anabaena shuttle vector pAM1956 upstream of the
promoterless gfpmut2 gene. pAMazuR was then transferred
into Anabaena 7120. The recombinant Anabaena strain was
designated as AnazuR™. In a similar way, AnnmtA™ (Anabaena
strain overexpressing NmtA) was also generated. AnpsbA™
(Anabaena harboring pAM1956 with constitutive expression
of GFP) was generated by excising the P41 fragment from
the pFPN vector and cloning it into the vector pAM1956
upstream of the promoterless gfpmut2 gene and transferred
conjugally into Anabaena 7120. The recombinant Anabaena
strains were repeatedly subcultured and maintained under the
selective pressure of neomycin (Nm'). Visualization of GFP
fluorescence in the recombinant cells confirmed the expression
of the azuR gene placed upstream of the gfpmut2 gene.

Transcript Analysis by RT-PCR

For RT-PCR, 1 pg RNA was used for ¢cDNA synthesis
(ReadyScript cDNA Synthesis Mix, Sigma-Aldrich). RT-PCR was
carried out with azuR-specific primers (Table 1) with 16S rRNA
serving as the internal control. RT-PCR products were resolved
by electrophoresis on 1% agarose gel and detected by staining
with ethidium bromide. For quantification of nmtA transcripts,
real-time PCR was performed with nmtA-specific primers in
Qiagen rotor-Gene Q real-time PCR cycler. 16S rRNA was used
as the internal control.

Cadmium Exposure Studies

Exponential phase cultures (3-day-old cultures) of AnpsbA™,
AnnmtAt, and AnazuRt were inoculated in BG-11 Nt (Nm?!?)
liquid medium at a chlorophyll a (Chla) density of ~4 pg
ml~! and incubated for 10 days under illumination without or
with cadmium at 10 and 20 WM concentrations. Growth was
assessed by measuring Chla content at regular intervals. For spot
assays, exponentially growing cultures of AnpsbA™, AnnmtA™,
and AnazuR" were spotted onto BG-11 N* (Nm??) agar plates
without or with cadmium (10, 20, and 40 M) at the chlorophyll
density mentioned in the figure and incubated under continuous
illumination for 7 days.

Microscopy of Anabaena Strains

Bright-light and fluorescence microscopy (FM) images were
taken at x600/x 1,500 magnification on a Carl Zeiss Axioscope
40 microscope with a charge coupled device (CCD) AxioCam
MRc camera (Zeiss). Green fluorescence of GFP was visualized
using a Hg-arc lamp (excitation BP: 450-490 nm, emission
LP: 515 nm). Chla fluorescence of Anabaena was visualized
with green light excitation (excitation BP: 546/12, emission
LP: 590 nm). It should be noted here that the microscopic
settings for GFP fluorescence used the emission filter (Aemission:
515 nm) that could detect both GFP and Chla fluorescence.
For scanning electron microscopy (SEM), exponential-phase cells
of WT, AnpsbAT, AnnmtA™, and AnazuR™ were harvested
by centrifugation, and the resulting cell pellets were washed
with 0.9% NaCl and fixed with 2.5% glutaraldehyde at 4°C
for 1-2 h. Post fixation, the cells were serially dehydrated in
20, 30, 50, 70, 90, and 100% ethanol. The dehydrated sample
was then gold coated with a sputtering device (Q 150R ES,

Quorum) and visualized using SEM (EVO 18 Research, Carl
Zeiss, United Kingdom).

Statistical Analysis

Growth experiments were repeated three times. Average values
with standard deviations are shown for a representative
experiment. For determination of cell size, data are represented
as average values £ standard deviation. One-way ANOVA was
employed for calculating the significance of the difference in cell
size between WT, AnpsbA™, AnnmtA™, and AnazuR™ cultures.

RESULTS AND DISCUSSION

Sequence Analysis and Genomic

Context of AzuR (AIr0831)

The genome of Anabaena PCC 7120 harbors two proteins
belonging to the ArsR-SmtB family of proteins, All7621
and Alr0831. The ArsR-SmtB family of transcriptional
metalloregulators represses the expression of genes/operons
involved in maintaining metal homeostasis or toxic metal
detoxification (Osman and Cavet, 2010). Among the 15
characterized metal binding motifs (Saha et al, 2017), the
metal-sensing members of the regulators include two structurally
diverse metal-binding sites, namely, a3N, and a5 (Busenlehner
et al., 2003). All7621 in Anabaena 7120 encodes for AztR, a
regulator of AztA [Zn(II)/Pb(II) CPx-ATPase efflux pump] (Liu
et al.,, 2005), and belongs to the a3N group of proteins. The
a3N site consists of cysteine thiolate ligands—two from the a3
helix with signature motifs Cx;_,C or Cx,CD and one or two
cysteine ligands derived from the amino-terminus (Saha et al.,
2017). The sequence analysis of the yet-uncharacterized Alr0831
(AzuR) revealed the absence of a functional a3N site in AzuR as
it contained only one cysteine residue each in the a3 helix and
at the amino-terminus (Figure 1A). Protein sequence alignment
of AzuR with the Synechococcus transcriptional repressor SmtB
showed 60% sequence identity, and the key amino acids in the a5
site important for metal sensing, i.e., His, Glu, and Asp in SmtB
(VanZile et al., 2000, 2002), were found to be conserved in AzuR
(Figure 1A). It is likely that the function of AzuR is similar to that
of SmtB owing to the high degree of sequence identity. Tertiary
structure prediction of AzuR using the software I-TASSER
showed the presence of all the secondary structural folds (a1-a5,
B1, and B2) similar to that of SmtB (Figure 1B, i). Structural
modeling predicted zinc-binding residues Asp102 and His104
(Figure 1B, ii) of AzuR comparable to that of Staphylococcus
aureus CadC as well as His115 and Glull8 (Figure 1B, iii)
similar to that of Symechococcus SmtB. Hence, AzuR could
possibly be grouped into a5 SmtB/ArsR metalloregulators
with the signature motif DxHx;oHx,E present in the a5 helix
(Figure 1A). Phylogenetic analysis of representative sequences
from SmtB/ArsR family members showed that AzuR shared
maximum identity to BxmR (67%), which contain both a3N and
a5 sites (Figure 1C). It also showed that SmtB (a5) and proteins
belonging to different groups—ZiaR (a3N, a5), AztR (a3N),
BxmR (a3N, a5), and AzuR (a5)—evolved independently but
were linked to a common ancestor (Figure 1C).
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FIGURE 2 | Overexpression and purification of AzuR. (A) Overexpression of AzuR. Whole-cell protein extracts (30 pg) of uninduced (Ul) and induced (1) with 0.5 mM
IPTG from E. coli SHuffle (pTwinazuR) cells were resolved on 15% SDS-PAGE, followed by visualization with Coomassie Brilliant Blue (CBB) staining. The lane
marked as M is the protein molecular weight marker (NEB P7712). (B) Purification of AzuR (Alr0831). AzuR was purified by chitin affinity chromatography followed by
thiol-mediated removal of the CBD tag. The purified AzuR protein corresponding to the monomer under reducing conditions on 15% SDS-PAGE is indicated by the
arrow. The molecular mass in kDa is indicated on the left-hand side. The lane marked as M is the protein molecular weight marker (NEB P7712). (C) Cross-linking of
AzuR with glutaraldehyde. The purified AzuR (5 ng) was cross-linked with glutaraldehyde (Glh) without or with the addition of DTT (50 mM) in the Laemmli buffer. The
proteins were separated on 15% SDS-PAGE followed by staining with Coomassie Brilliant Blue. (D) Size-exclusion chromatography profile of the purified AzuR
protein using Superdex 75. The calibration curve of standard proteins is shown in the inset. The calibration equation, y = -0.195x + 7.0463 (R? = 0.992), was used
for the molecular weight calculation of AzuR. (E) CD spectrum of purified AzuR showing 67.5% « helical content. Gray circles represent elution volume
corresponding to different fractions and blue circles represent the standard molecular weight markers used.

molar ellipticity (mdeg cm? dmol")

wavelength (nm)

Several metal-responsive proteins and their repressors of
SmtB/ArsR family members have been shown to exist as
operons. For example, BmtA (MT of Oscillatoria brevis) and
its repressor BxmR (Liu et al., 2004), ZiaA (Zn efflux protein
of Synechocystis PCC 6803) and its repressor ZiaR (Thelwell
et al., 1998), and AztA (Zn2+—translocating CPx-ATPase) and
its repressor AztR (Liu et al., 2005) are organized in operons.
In Synechococcus PCC 7942, the smtB gene and smtA gene
are separated by 100 bp, forming a divergon (Huckle et al,
1993). However, there is a deviation in the genetic organization
of Anabaena MT, which is not organized in an operon. The
nmtA ORF (located between positions 3938083 and 3937925)
is present within a larger ORF of an unknown protein,
asr3266, but in the opposite orientation (Bose et al., 2006).
Similarly, the putative regulator azuR is not placed adjacent
to the nmtA locus but is present within the ZnuABC operon
(Figure 1D). Alr0831 is positioned at 956795— 957157 between
alr0830 (ZnuC, ABC transporter permease protein) and alr0832
(ZnuA, ABC transporter ATP binding protein) in the opposite
orientation. Similar to AzuR, the SmtB ortholog has been
identified within an operon with an ABC-type transporter
system in other cyanobacteria like Nodularia and Anabaena
variabilis (Blindauer, 2008). Analysis of the genomic organization
of other prokaryotic MTs like Pseudomonas MT also revealed

an absence of regulatory protein adjacent to the Pseudomonas
fluorescens Q2-87 MT locus. Also, the genes adjacent to
the Pseudomonas MT gene code for proteins of unknown
function (Habjani¢ et al., 2020). Genomic arrangement of MT
and its regulator as operons apparently is not mandatory
as such regulators function as trams-acting factors on cis-
regulatory elements.

Overexpression, Purification, and

Structural Characterization of AzuR

To characterize the regulatory role of AzuR, the corresponding
gene (alr0831) was cloned in the pTwinl vector. The resulting
construct pTwinazuR was expressed in the E. coli SHuffle
strain. Induction with IPTG expressed a ~42 kDa protein
corresponding to CBD-tagged AzuR (Figure 2A). The cloning
at Ndel-Sapl sites ensured that no extra amino acids were
incorporated in the purified protein following removal of the tag.
AzuR was purified by chitin affinity chromatography, and the
removal of the CBD tag was achieved by thiol-induced cleavage
with 40 mM DTT at 4°C. The purified AzuR was visualized
on SDS-PAGE as a monomer under reducing conditions with a
molecular weight of ~13.9 kDa (Figure 2B), which was further
confirmed with LC-MS/MS analysis. The MS analysis identified
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AATACTT(-}3A5ACATCTGTTCAGGTATTGTAGTGTAATCACAAGTG
AAAACGGAGGAAATAATTATGACAACCGTAACTCAAATGAAATGT
RACE GCCTGTCCGAGTTGCTTGTGCATCATTTCCGTAGAAGATGCCATCA
ACAAAGAGGGTAAATACTATTGTTCTGAAGGCTGTGCCGAAGGTC
ACAAAACTATAAAAGGCTGTAACCATAATGGCTGTGGCTGTTA

TSS
12-2-12 IR -10

A B
M NC RACE

300 bp

200 bp product

c nmtA AATACTTGAACA-TC-TGTTCAGGTATT
ziaA/R AATATCTGAGCA-TA-TCTTCAGGTGTT
bmtA/R AACATCTGAATA-TA-TGTTCAGATGTA
cZrB/A AATATATGAACA-AA-TATTCATATGAA
aztA/R TACAATTGAATA-GT-TGTTCAATTGTT
smtA/B AACACATGAACA-GT-TATTCAGATATT

OB REE L HoOokEEE #=

FIGURE 3 | Mapping of transcriptional start site and inverted repeats. (A) Mapping of transcriptional start site by RACE was performed with RNA isolated from
Anabaena cells treated with cadmium. The RACE product is indicated by an arrow. M, 100 bp DNA ladder (NEB). (B) Sequence analysis of the nmtA ORF and
upstream region. The inverted repeat sequence is highlighted in green; the red A is the transcriptional start site (TSS); the sequences highlighted in pink and blue
represent the —10-like box and —35 box, respectively; and the start codon ATG is highlighted in brown. (C) Sequence alignment of inverted repeat present upstream
of the nmtA ORF with other characterized repeats essential for repressor binding by ClustalW. An asterisk (*) indicates the conserved bases across all sequences.

six unique peptides, showing 77% coverage of the Anabaena
AzuR protein sequence.

The SmtB/ArsR family of proteins binds to the regulatory
DNA sequences as homodimers (Osman and Cavet, 2010).
To ascertain the native form of AzuR, the oligomeric status
of AzuR was evaluated by glutaraldehyde cross-linking. The
protein was predominantly found to be present in the dimeric
state as observed by glutaraldehyde cross-linking (Figure 2C).
The dimeric state was also confirmed with size-exclusion
chromatography (Figure 2D). This is in agreement with
the previously characterized SmtB/ArsR family of prokaryotic
metalloregulatory transcriptional repressors that existed as stable
dimers in solution (Busenlehner et al., 2001; Liu et al., 2005,
2008). It was observed that AzuR existed as a monomer under
reducing conditions and dimer under non-reducing conditions
(Figure 2C). These observations suggested the involvement of
cysteine residues in AzuR dimerization. Secondary structure
analysis by CD showed that AzuR is composed of 67.5%
o helical content (Figure 2E), suggesting that the purified
recombinant AzuR protein was properly folded. This is in
agreement with the theoretical secondary structure prediction
of AzuR using the SOPMA software, which projected 67%
o helical content followed by 17% random coil and 11%
extended strand.

Mapping and Characterization of
AzuR-DNA Binding Sequence

The SmtB/ArsR family of transcriptional regulators binds to
12-2-12 inverted repeats present upstream or within the genes
that they regulate (Erbe et al., 1995; Turner et al., 1996). RACE

analysis with total RNA isolated from the cadmium-treated (ICsg
10 wM) Anabaena 7120 showed an ~200 bp ¢cDNA product
(Figure 3A). Sequence analysis of the product identified the
transcriptional start site (TSS) to be at 23 nt upstream of the
translational start of the nmtA ORF (Figure 3B). The palindromic
sequence (12-2-12 imperfect inverted repeat), corresponding
to the consensus of the a3N and a5 groups of SmtB/ArsR-
binding sites (Saha et al., 2017), was found to be located 36 nt
upstream of the mmtA translation start site (Figure 3B). Its
position overlaps with the theoretical prediction of the —35
element of the promoter. It is shown that the cis-regulatory
element of metal-inducible operons is composed of one or two
inverted 12-2-12 repeats present in the vicinity or overlapping
the transcriptional start site of the gene under regulation. For
example, one of the two such inverted 12-2-12 repeats found
in Synechococcus 7942 was essential for the regulation of smtA
expression by its repressor, SmtB (Turner et al., 1996). Similarly,
the Synechocystis zia O/P region has a single 12-2-12 inverted
repeat between the —10 box and the translational start site of
ziaA, which is regulated by a divergently transcribed repressor,
ziaR (Thelwell et al., 1998). Pattern search analysis was performed
with the conserved bases in the 12-2-12 imperfect repeat
along the entire Anabaena 7120 genome. Similar repeats were
found at sites upstream and within other genes that include
all1178, which codes for a two-component hybrid sensor and
regulator, alr7622 (also designated as aztA), encoding for cation-
transporting ATPase and other hypothetical proteins (Table 2).
The conserved 12-2-12 inverted repeat of SmtB/ArsR-regulated
O/Ps are shown in Figure 3C. Although nmtA and its putative
regulator azuR do not constitute an operon in Anabaena 7120,
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the inverted 12-2-12 imperfect repeat could be located at the
appropriate upstream distance from the nmtA translation start
site. Although the azuR ORF is present within the znuABC
operon, a detailed search for conserved bases in the 12-2-12

imperfect repeat following global search analysis by PATLOC
in the close vicinity of the znuABC operon (corresponding
to the 500 bp upstream region to 500 bp downstream of the
operon) and within the operon did not show any such repeat

TABLE 2 | Anabaena genes possessing conserved sequences in the 12-2—12 inverted repeat identified by PATLOC.

S. No. Inverted repeat Position Gene and distance

Chromosome

1. AATACTTGAGTA-AT-TTATCAAGTTCT 1386159-1386184 all1178 (two-component hybrid sensor and
regulator) (<-); 314-2429

2. AATACCTGAACA-GA-TGTTCAAGTATT 3938119-3938144 asr3266 (hypothetical protein) (->); 10
all3267 (hypothetical protein) (<-); 56

3. CACAATTGATGA-TA-TCTTCACCTGGG 4556777-4556802 alr3769 (hypothetical protein) (->); 314-383

4 TAAATGTGATGA-TA-TCATCACATTTA 5585215-5585240 alr4684 (hypothetical protein) (->); 291
alr4685 (hypothetical protein) (->); 849

Alpha plasmid

5. GAAAACTGAGTA-AT-TTATCAATTGCT 40552-40577 asr7047 (hypothetical protein) (->); —12

Beta plasmid
6.* TACAATTGAATA-GT-TGTTCAATTGTT

7 GAAATTTGAAAA-CT-TCCTCACCTCAA

114477-114502

153412-153437

alr7048 (hypothetical protein) (->); 66

alr7622 (cation-transporting ATPase)
(->); 13-2601
alr7649 (hypothetical protein) (->); 5492-2228

*Denotes repeat sequence present within the gene.
Arrows represent transcription direction.
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FIGURE 4 | Binding of AzuR to the upstream region of nmtA. (A) Electrophoretic mobility shift assay (EMSA) of DIG-labeled 100 bp DNA sequence upstream of
nmtA (2 ng) with purified AzuR. Different concentrations of AzuR protein were incubated with DIG-labeled DNA, and the assay mixtures were resolved on 10% native
PAGE in 0.5x TBE. Detection with the DIG-labeled probe was carried out as per manufacturer’s protocol (Roche) using NBT-BCIP. Lane 1 contains 2 ng of Ppya.
Lanes 2-8 contain increasing concentrations of AzuR as indicated. Representative data from three independent experiments are shown. (B) Representative plot
showing the percentage of bound complex against the concentration of AzuR protein fitted to the Hill equation. (C) EMSA for evaluation of non-specific interaction of
DNA-protein binding. Lane 1: 100 bp DNA ladder. Lane 2: 20 ng of 100 bp P, only or with 360 nM (100 ng) AzuR (lane 3) or 360 nM (478 ng) BSA (lane 4) or
360 nM (41 ng) NmtA (lane 5) or 360 nM (158 ng) AnLexA (lane 6). Lane 7 contains 20 ng of the nmtA gene only or with 360 nM (100 ng) AzuR (lane 8). The
DNA-protein complexes were resolved on 10% native PAGE and visualized by ethidium bromide staining. (D) The CD spectrum of AzuR was recorded with
increasing molar equivalents of zinc, which was an average of three scans. (E) EMSA of P, with AzuR in the presence of Zn2* . Lane 1 contains 2 ng of Pomia.
Lanes 2-7 contain DNA with 100 ng of AzuR in the presence of increasing concentrations of Zn?* as indicated. EMSA of Pp,;4 with AzuR protein with Zn?+ and
Cd?2+ in the absence of DTT (F) or in the presence of 1 mM DTT (G). Lane 1 contains 2 ng of probe only. Lanes 2-8 contain P4 with 100 ng of AzuR, lanes 3-5
with increasing concentrations of Zn?+, and lanes 6-8 with increasing concentrations of Cd2* as indicated in (F,G). (H) EMSA of DNA probe with 70 ng of AzuR
with 100 wM of divalent cations as indicated in the figure. All the reactions were performed in the absence of DTT.
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sequence in the entire analyzed region. The regulation of the
znuABC operon by the zur (all2473)/furB regulator has been
demonstrated previously in Anabaena 7120 (Napolitano et al.,
2012). Zur (zinc uptake regulator), known to be the master
regulator for zinc homeostasis in Anabaena 7120, regulated the
expression of genes involved in zinc homeostasis like alr0830
(ZnuC), alr0833 (ZnuA), and all7621 (AztR). On analysis, we
did not find zur-binding sequences upstream of the azuR ORF,
indicating that the global regulator of zinc homeostasis, Zur, did
not regulate azuR expression.

Anabaena 7120 AztA is transcriptionally regulated by AztR
(belonging to the SmtB/ArsR family) by recognizing and binding
to the inverted 12-2-12 imperfect repeat region. EMSA studies
done with AztR and the nmtA/bmtA upstream region showed
its binding in vitro (Tottey et al., 2007). Similar inverted repeat
sequences identified by AztR and AzuR indicate that AztR and
AzuR might be sharing the function of regulating AztA and
NmtA. As described above, AztR belongs to the a3N group
and AzuR to the a5 group of the SmtB/ArsR family. The
a5 group members sense physiologically important metals like
Zn2T, Cu?t, Co?*, and Ni? T, while the a3N group prefers larger,
more thiophilic metal ions like Cd*T or Pb®* (Busenlehner
et al, 2003). It is possible that AzuR and AztR preferred
different groups of metal ions but could regulate both MT and
efflux proteins, thus enabling the cell to respond to a wide
range of metal ions.

AzuR Binds to the Upstream Sequence

of nmtA Open Reading Frame
Electrophoretic mobility shift assays (EMSAs) were done in order
to identify the AzuR-DNA binding site using a 100 bp fragment
(Pymea) upstream of the nmtA gene (probe) containing the 12-
2-12 inverted repeat sequence. The results showed that AzuR
could bind and form complexes with P,,,¢4 in a concentration-
dependent manner (Figure 4A). The Hill coefficient of AzuR
binding to DNA was calculated to be 248 + 1.14 (>1)
(Figure 4B), which indicated positive cooperative binding (Hill,
1910). SmtB has been shown to bind to the smt O/P in a
multimeric state (Erbe et al., 1995). The positive cooperative
binding suggested that AzuR bound to the target DNA as an
oligomer similar to that of SmtB. The specificity of DNA-
protein binding was confirmed by using the nmtA gene or
DNA-binding protein LexA from Anabaena 7120 (AnLexA)
or other proteins like BSA and NmtA. No retardation in the
mobility of P4 was observed in the presence of AnLexA.
Also, AzuR could not bind to the nmtA gene sequence,
confirming that AzuR regulated nmtA expression by binding to
the upstream sequence and not to its internal region (Figure 4C).
Our results established the specific binding of P4 with
the AzuR protein.

SmtB senses metal ions through the a5 site. Zinc binding
to residues present in this site allosterically regulates the DNA

FM, GLE

WT

AnpsbA*

AnnmtA*

AnazuR"|

FIGURE 5 | Overexpression of AzuR in Anabaena 7120. (A) Effect of AzuR overexpression on the morphology of Anabaena 7120. Bright-field (BF) and FM
photomicrographs under blue light excitation (BLE) (excitation 470 nm, emission 508 nm) and green light excitation (GLE) (excitation 520 nm, emission 680 nm) at

x 1,500 magnification and scanning electron micrographs (SEMs) at x 100,000 magnification of WT, AnpsbA™*, AnnmtA*, and AnazuR™. Non-uniformity of cell
stacking in AnazuR* filament is indicated by red arrows in BF micrographs. (B) Confirmation of overexpression of azuR transcripts by RT-PCR. Total RNA of 1 ug
was used for cDNA synthesis, which served as a template for PCR performed with azuR-specific primers. The amplified products were resolved on 1% agarose gel
and visualized by ethidium bromide staining. The lower panel represents the products of 16S rRNA used as control. (C) Plot of average cell size of WT, AnpsbA*,
AnnmtA*, and AnazuR* as analyzed by SEM is presented. One-way ANOVA was employed for calculating significance of the difference. Data shown here represent

mean =+ standard deviation (n = 13), ns, non-significant.
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binding activity of SmtB to the smtA O/P region (VanZile
et al, 2002) similar to other reported SmtB/ArsR repressors
(Busenlehner et al, 2003). The bound Zn?* changes the
conformation of the protein, which inhibits the DNA binding.
Since AzuR contains a similar a5 site, the conformational changes
in AzuR as a result of metal binding was assessed by CD
spectra of the protein in the presence of various concentrations
of zinc (Figure 4D). The degree of the alpha helical region
progressively decreased with increasing concentrations of zinc,
indicating the changes in the secondary structure of AzuR in the
presence of zinc. To further confirm whether zinc or other metal
ions interfered with the AzuR DNA binding ability, EMSA was
carried out in the presence of various metal ions. Dissociation
of the DNA-AzuR complex was clearly evident with increasing
concentrations of Zn2* (Figures 4E,F). The interaction of Ccd?*
with AzuR also disrupted the binding with P,,,4 (Figure 4F);
however, the disruption was more prominent in the presence

of DTT (Figure 4G), emphasizing the requirement of free
sulfhydryls for Cd?* binding to AzuR in vitro. It was interesting
to see the reversal of AzuR binding to Pyma in the presence
of other divalent metal ions like Cu?™, Co?*, Ni**, Pb?*, and
Mn2* (Figure 4H), suggesting that AzuR not only senses toxic
metal ions like Cd?>* and Pb>™ but also is capable of sensing
essential metal ions like Zn?*, Cu?*, Co?™, Ni?*, and Mn?*,
EMSAs attempted with metals other than Zn?>* and Cd?* in
the presence of DTT showed visible precipitates in the binding
reaction and hence were not included here.

We have previously observed the induction of nmtA in the
presence of Cd?*, Zn?*, and Cu?* (Divya et al., 2018). AzuR,
therefore, can be proposed as a negative regulator of nmtA as it
binds to regulatory DNA sequence in the absence of the metals
and the repression is relieved in the presence of metal ions. In
view of our results, it can be suggested that AzuR might have a
larger role in the metal resistance system of Anabaena 7120.
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FIGURE 6 | Effect of AzuR overexpression on cadmium exposure. (A) Spot assays of AnpsbA™, AnnmtA™, and AnazuR™* following exposure to cadmium stress for
7 days. The cell densities are indicated in terms of Chla content (ug). (B) Growth kinetics of AnpsbA*, AnnmtA™, and AnazuR™ as assessed by contents of Chla.
(C) The recombinant cultures were exposed to 10 or 20 pM cadmium for 10 days, and subsequently, the cultures were transferred to 12-well microtiter plate and
photographed. (D) BF and FM microphotographs under BLE (excitation 470 nm, emission 508 nm) and GLE (excitation 520 nm, emission 680 nm) at x600
magnification of AnpsbA*+, AnnmtA+, and AnazuR* cells after 10 days of cadmium exposure.
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Overexpression of Anabaena AzuR
(Alr0831) and the Alterations in the Cell
Morphology

Overexpression of transcriptional regulators has been previously
studied in Anabaena sp. (Wu et al., 2007). To gain insights
into the effect of AzuR on various characteristics or phenotype
of Anabaena 7120, we constructed a recombinant strain of
Anabaena 7120 that overexpressed AzuR. The azuR gene was
cloned and overexpressed constitutively in Anabaena 7120
from a strong light-inducible promoter, Pjg4. GFP fluorescence
of the downstream reporter gene was the first indication of
successful azuR gene expression (Figure 5A). GFP fluorescence
was visualized in Anabaena harboring an empty vector with
Pypa upstream of the gfpmut2 gene, AnpsbA™* and Anabaena
overexpressing nmtA, and AnnmtAt (Figure 5A). WT cells
did not show any such GFP fluorescence (Figure 5A). The
observation of few cells appearing red in the filaments of
recombinant cells under FM and blue-light excitation (BLE)
conditions could be due to partial or reduced GFP expression
(Figure 5A). The filament length in AnazuR™, AnpsbA*, and
AnnmtA*" was comparable to that of WT Anabaena cells. The
uniformity of the cell stacking in AnazuR" filaments appeared
to be compromised as compared to those in the filaments of
WT, AnpsbA™, and AnnmtA™. However, the Chla fluorescence
in AnazuR™ cells was intact and equivalent to that observed for
WT, AnpsbA™, or AnnmtA™ cells (Figure 5A). A substantial
increase in azuR transcript level was seen in RT-PCR performed
with RNA isolated from AnazuR™ as compared to AnpsbA™ and
AnnmtA™, thus confirming the overexpression of the regulator
in vivo (Figure 5B).

Scanning electron microscopy (SEM) analysis of exponential-
phase cells of AnazuR™ revealed a significant decrease in cell
size with the cells showing spherical and globular morphology
in contrast to AnpsbA™, AnnmtA™, and WT cells (Figure 5A).
The average cell size of AnazuR™ cells was found to be
2.70 £ 0.26 pm as compared to 3.92 & 0.50 pwm for AnpsbA™
and 3.67 £ 0.34 pm for AnnmtA*. The cell size of AnazuR*
was lesser than the WT cells (3.214 + 0.34 wm) (Figure 5C).
Similar morphological changes regarding cell stacking and
cell size were observed following overexpression of the global
transcriptional regulator FurA in Anabaena 7120 (Gonzalez et al.,
2010). The elongated cell phenotype seen in AnpsbA™ and
AnnmtA™ cells could be because of stress owing to neomycin
and heterologous GFP overexpression. The gross morphological
changes in AnazuR™ as compared to the empty vector AnpsbA™
indicate the possible involvement of AzuR in the regulation
of genes involved in functions other than metal homeostasis.
Chromatin immunoprecipitation (ChIP) studies need to be done
in the future to identify direct binding of targets of AzuR in the
Anabaena genome.

AzuR Overexpression Renders Anabaena

7120 Sensitive to Cadmium Stress

DNA binding studies by EMSA showed that AzuR bound to
the upstream region of the nmtA ORF in vitro. Evaluation
of nmtA expression levels in AnazuR* by qRT-PCR with 16S

rRNA as internal control showed the downregulation of nmtA
expression in AnazuR™ by ~32-fold as compared to its empty
vector AnpsbA™. These results are in agreement with the negative
regulation of nmtA transcription by AzuR in vivo.

Previously, overexpression of NmtA in Anabaena 7120 had
conferred tolerance to cadmium stress (Divya et al, 2018).
Since the negative regulation of nmtA transcription by AzuR
was observed here, we were interested to see the effect of the
overexpression of AzuR on the cadmium tolerance ability of
Anabaena 7120. We compared the response of cadmium stress
in AnazuR', AnpsbAT, and AnnmtA™ cultures. Spot assays
showed increased sensitivity of AnazuR™ cells to cadmium stress
following 7 days of exposure (Figure 6A). Growth of AnazuR™*
assessed in terms of Chla content showed a substantial decrease
even at concentrations of 10 pM cadmium as compared to
AnpsbA™ (Figure 6B). Growth kinetics studies in the presence
of 20 pM cadmium resulted in almost complete bleaching
of cultures of both AnpsbA™ and AnazuR™ after 10 days of
exposure to the stress (Figure 6C) including extensive cell
lysis in AnazuR™ culture (Figure 6D). In contrast, filaments
of AnnmtA™ appeared intact, long, and healthy on exposure
to cadmium (Figure 6D). The spot assays and growth studies
assessed in terms of Chla contents (Figures 6A-C) of AnnmtA™
also supported the microscopy observations, which are in
agreement with our previous results showing superior tolerance
of AnnmtA™ against cadmium stress (Divya et al., 2018). The
GFP and Chla fluorescence were found to be unaffected in
AnnmtA" similar to AnazuR" and AnpsbA™ in the presence

Metal deficient conditions: Repression

nmtA
Transcription OFF

Metal excess conditions: De-repression

e 5

-35
RNA

12-2-12 IR
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FIGURE 7 | Schematic representation of Anabaena NmtA regulation by AzuR.
In the absence of metals, binding of AzuR to the upstream region of the nmtA
ORF blocks the binding site for the RNA polymerase transcription initiation
complex, resulting in repression of nmtA. At elevated concentrations of the
metals, the binding of AzuR to DNA is disrupted as a result of structural
changes in the protein due to metal binding. This leads to the induction of
nmtA transcription in the presence of metals.
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of cadmium (Figure 6D). The toxic effects of cadmium on
the photosynthetic machinery have been studied extensively in
Synechocystis PCC 6803 (To6th et al., 2012). The major proteins
involved in photosynthetic machinery include zinc-containing
enzymes like carbonic anhydrase and sulthydryl groups in
ribulose-5-phosphate kinase among others that lose their activity
by replacement with cadmium (T6th et al,, 2012). MTs play a
key role in metal detoxification by directly binding to the toxic
metal, which results in lesser bioavailability (Klaassen et al., 1999).
This protects the essential metalloproteins from the toxic metal.
Since AzuR overexpression leads to a decrease in basal nmtA
expression, the protective role of NmtA in imparting cadmium
tolerance could be obliterated, resulting in the susceptibility
of AnazuR" to cadmium stress, which was evident from its
decreased growth and increased cell lysis. The susceptibility of
AnazuR" to cadmium stress confirms the negative regulation of
nmtA expression at the physiological level in Anabaena.

CONCLUSION

We have characterized the role of AzuR belonging to the
SmtB/ArsR family of metalloregulators in the regulation of
Anabaena MT NmtA. The sequence analysis of AzuR (Alr0831)
identified a distinct a5 metal binding site similar to that of SmtB.
Although the azuR gene locus was found to be situated remotely
away from the nmtA locus, analysis of the region upstream of
the nmtA ORF identified the presence of 12-2-12 imperfect
inverted repeats, which are reportedly important for binding of
metalloregulators belonging to the SmtB/ArsR family of proteins.
EMSAs showed AzuR binding with putative P4, indicating
that NmtA is a regulatory target of AzuR. Dissociation of the
protein-DNA complex was observed not only in the presence of
toxic metal ions like Cd?* and Pb?* but also in the presence of
essential metal ions like Zn%t, Cu?™, Co?t, Ni*t, and Mn2t,
which suggested negative regulation of metal-inducible nmtA
expression by AzuR. On the basis of our findings, we propose a
model for Anabaena NmtA regulation by AzuR (Figure 7). In
the absence of metals or basal conditions, the binding of AzuR
to the upstream region of the nmtA ORF blocks the binding
site for the RNA polymerase transcription initiation complex,
resulting in the repression of nmtA. At elevated concentrations
of the metals, the binding of AzuR to DNA is disrupted as a
result of conformational changes in the protein resulting from
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Our current knowledge on bacterial cadmium (Cd) resistance is mainly based on the
functional exploration of specific Cd-resistance genes. In this study, we carried out
a genomic study on Cd resistance of a newly isolated Cellulomonas strain with a
MIC of 5 mM Cd. Full genome of the strain, with a genome size of 4.47 M bp
and GC-content of 75.35%, was obtained through high-quality sequencing. Genome-
wide annotations identified 54 heavy metal-related genes. Four potential Cd-resistance
genes, namely zntAY8, copAY8, HMTYS, and czcDYS8, were subjected to functional
exploration. Quantitative PCR determination of in vivo expression showed that zntAYS8,
COpAYS, and HMTY8 were strongly Cd-inducible. Expression of the three inducible
genes against time and Cd concentrations were further quantified. It is found that zntAY8
responded more strongly to higher Cd concentrations, while expression of copAY8 and
HMTYS8 increased over time at lower Cd concentrations. Heterologous expression of
the four genes in Cd-sensitive Escherichia coli led to different impacts on hosts’ Cd
sorption, with an 87% reduction by zntAY8 and a 3.7-fold increase by HMTYS8. In
conclusion, a Cd-resistant Cellulomonas sp. strain was isolated, whose genome harbors
a diverse panel of metal-resistance genes. Cd resistance in the strain is not controlled
by a dedicated gene alone, but by several gene systems collectively whose roles are
probably time- and dose-dependent. The plasmid-free, high-GC strain Y8 may provide
a platform for exploring heavy metal genomics of the Cellulomonas genus.

Keywords: cadmium resistance, Cellulomonas sp., zntA, copA, gene expression, full genome

INTRODUCTION

Microbial Cd resistance has been extensively studied in the past decades. A Staphylococcus aureus
strain with plasmid-borne Cd resistance was first reported in 1968 (Sweeney and Cohen, 1968).
Since then, a number of studies were conducted on bacterial species like S. aureus, Cupriavidus
metallidurans, Escherichia coli, and Bacillus subtilis for Cd-resistance (Nies et al., 1989; Nucifora
et al., 1989; Rensing et al., 1997; Solovieva and Entian, 2002). More recently, strains with superior
Cd tolerance were isolated for various purpose (Baati et al., 2020; Kotoky and Pandey, 2020; Minari
et al., 2020; Shi et al., 2020). For example, the Cupriavidus sp. strain WS2 has a minimal inhibitory
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concentration of 8 mM Cd (Shi et al., 2020), while that of the
wild-type E. coli strain BL21 is below 1.2 mM (Qin et al., 2019).

Our current knowledge on genetic mechanisms of bacterial
Cd tolerance is based on the exploration of specific resistance
genes or operons like cad, czc, and znt (Diels et al, 1995;
Binet and Poole, 2000; Munkelt et al., 2004; Okkeri and Haltia,
2006; Monchy et al,, 2007). All of them are found to play a
vital role in the translocation/extrusion of intracellular Cd. They
mainly fall into three categories including P-type ATPases, RND-
driven efflux systems and cation diffusion facilitators (CDF;
Nies, 2003). P-type ATPases and CDF transporters may function
in transporting Cd from cytoplasm to periplasm (Paulsen and
Saier, 1997; Busch and Saier, 2002; Saier et al., 2006; Scherer
and Nies, 2009; Shamim et al., 2014), while RND-driven efflux
systems such as CzcCBA probably export metals from periplasm
to outside the cells (Legatzki et al, 2003; Stroebel et al,
2007). This two-step exporting mechanism by transporters of
overlapping substrate specificity was commonly applied in the
exporting of toxic substances in G~ bacteria (Tal and Schuldiner,
2009). In GT bacteria where lack an outer membrane for the
RND-driven efflux system to work, P-type ATPases are more
common. Members of the Pig-family ATPases contain six to eight
transmembrane (TM) helices, an ATP-binding domain and some
strictly conserved motifs like the CPC motif (Arguello, 2003;
Argtiello et al., 2007; Smith et al., 2014). Prg-type ATPases can
both transport monovalent cations such as Cut and Ag™ (e.g.,
CopA) (Sitsel etal., 2015; Purohit et al., 2018) and divalent cations
such as Zn?T, Cd?*, and Pb?>* (e.g., CadA and ZntA) (Sharma
et al., 2000; Wang et al., 2014; Sitsel et al., 2015). Some ATPases
(e.g., CzcP) containing a conserved SPC motif are also known to
transport Cd?>*, Co™, Zn?*, Cut, and Fe?T (Scherer and Nies,
2009; Zielazinski et al., 2012; Smith et al., 2015; Patel et al., 2016).
With the advent of the omics era (Methé and Lasa, 2013), there
is a need to explore genetic systems for bacterial Cd resistance at
the genomic level.

In this study, we aim to examine the genetic determinants
for Cd resistance of a newly isolated Cellulomonas sp. strain Y8
at a genome-scale. A highly Cd-tolerant bacterial strain Y8 was
isolated from a farmland soil and identified as a member of the
Cellulomonas genus. Two Cd-resistant Cellulomonas sp. strains
have been reported currently (Dell’Amico et al., 2005; Fouché,
2018) while little is known about their genetic mechanism.
Metabolic potentials, Cd resistance and cell morphology were
tested to characterize the strain. A high-quality full genome
of strain Y8 was obtained through next-generation sequencing,
based on which a genome-wide screening of metal-resistance
genes were conducted. Four genes with Cd-resistance potential
were subjected to quantitative PCR determination of in vivo
expression in response to Cd stress, and heterologous expression
in E. coli for functional verification. Of them, two potential
Pig_type ATPases zntA and copA and an ACR3 family gene
HMT were strongly Cd-inducible, but differentially expressed
over time course and against Cd concentrations. Besides, zntAY8
reduced E. coli’s intracellular Cd by 87%, while copA and HMT
increased that by 3.2- and 3.7-folds, respectively. The strain Y8
characterized here can be a platform for exploring heavy metal
genomics of the Cellulomonas genus.

MATERIALS AND METHODS

Strain Isolation and Identification

Soil samples used in this study were collected from an agro-
ecosystem experimental station (37°53 N, 114°41’ E). Soil
suspensions were vortexed for 60 s, followed by serial dilution and
spreading onto Luria-Bertani agar medium (tryptone 10.00 g/L,
yeast extract 5 g/L, NaCl, 10.00 g/L, Agar 15.00 g/L) with 16 mM
CdCl,. Plates were incubated at 30°C for 90 days, and single
colonies from the plates were transferred to new LB medium
plates for purification.

Genomic DNA of isolates was extracted using the PureLink
Pro 96 Genomic DNA Purification Kit (Thermo Fisher Scientific,
United States) following the manufacture’s instruction. The
universal primers 27f and 1492r were used for 16S rRNA
gene amplification (Weisburg et al., 1991). PCR products were
purified after agarose gel electrophoresis and then sequenced for
phylogenetic identification. Sequence alignment was performed
using ClustalX (Larkin et al., 2007). DNA-DNA hybridization
(DDH) and average nucleotide identity (ANI) calculation were
performed using GGDC 2.1 and ANI calculator, respectively
(Meier-Kolthoft et al., 2013; Jain et al., 2018).

A representative strain, namely Y8, was subjected to
phenotypic characterization by BeNa Culture Collection
(BNCC), Beijing, China using a VITEK 2 GP kit (Terhune,
2017). Antibiotic resistance test was performed on LB
medium supplemented with antibiotics at the common
working concentrations.

Full-Genome Sequencing

High-throughput sequencing was performed for strain Y8 to
obtain its complete genome. The sequencing and genome
assembly methods have been reported elsewhere (Chen et al.,
2019b). Briefly, the genome sequencing is completed by
Genewiz (Nanjing, CN) using the Illumina HiSeq (San Diego,
United States) and PacBio RS II platforms (Menlo Park,
United States) according to standard protocols (Chen et al.,
2019a).

Genome Annotation

Prodigal v2.6.3 (Tennessee, United States) was used to explore
coding genes following the developers instruction. Transfer
RNAs (tRNAs) were detected in the genome using tRNAscan-SE
v2.0 (Santa Cruz, United States) with default parameters (Lowe
and Eddy, 1997). rRNA genes were identified by RNAmmer
(Oslo, Norway) (Lagesen et al., 2007). Protein-coding genes
were assigned using BLASTp against five mainstream databases
including the Non-redundant Protein Database (Pruitt et al.,
2005), Kyoto encyclopedia of genes and genomes (KEGG)
(Kanehisa and Goto, 2000), Cluster of Orthologous Groups
of proteins (KOG) (Tatusov et al, 1997), Gene Ontology
(GO) (Harris et al., 2004), and Carbohydrate-Active enZYmes
Database (Lombard et al., 2014). Clusters of orthologous genes
(COGs) were retrieved from Y8, C. hominis and C. denverensis
genomes using the OrthoFinder 1.1.8 stand-alone tool (Oxford,
United Kingdom) (Emms and Kelly, 2015). Whole-genome based
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phylogenetic tree was constructed using Composition Vector
Tree Version 3 (CVTree3)' according to the online manual
(Zuo et al., 2018). Circular representation of Y8s genome was
performed using Circos (Krzywinski et al, 2009), where the
calculation of average G+C content and GC skew was completed
using an in-house Perl v5.28 scripts.

Cadmium Resistance Characterization
Minimum inhibitory concentration (MIC) test was conducted
using the plate diluting method (Aleem et al., 2003). The MIC
was defined as the lowest concentration that completely inhibited
visible bacterial growth after overnight incubation (Andrews,
2001). Growth curves were determined using the method
described in our previous study with minor modifications (Zheng
et al., 2019; Xing et al,, 2020). A Cd gradient of 0, 1, 2, 3, 4,
5, 6, and 7 mM in LB medium plates was used to test growth
of strain Y8. Cell density was measured by a biophotometer
(Eppendorf, Germany) at a 2-h interval until the control reached
the stationary phase.

Cell morphology was observed by scanning electron
microscopy (SEM). Briefly, cells were incubated overnight in
LB liquid medium with or without Cd (0, 1, and 4 mM) for
4 h. Harvested cells were fixed with glutaraldehyde (2%, final
conc.) overnight at 4°C. Fixative and salts were washed from
the samples by centrifuging and re-suspending the pellet in
Millipore® water. A total of 50 L] re-suspensions were incubated
in a 1.5 ml tube at room temperature for 1 h. Samples were
dehydrated by soaking sequentially in ethanol solutions with five
gradient concentrations of 30, 46, 63, 82, and 96% for 5 min each.
After critical point drying (CPD, Quorum K850), images (FEI
scanning electron microscope, HITACHI Regulus 8100) were
taken following the standard instructions.

Cd bioaccumulation capacity of Y8 was determined following
the method described elsewhere (Zheng et al., 2019). Briefly,
the strain Y8 were cultured overnight, then transferred into
100 ml LB liquid medium with 10 pM of Cd. After 48 h
incubation, cells were harvested by centrifugation and dried. The
sample was digested using 8 ml of 65% HNO3, and dissolved
in 2 ml Millipore® water for Cd determination using a Zeenit
700 P atomic absorption spectrometer (Analytik Jena, Germany)
equipped with a flame atomizer.

Screening of Cadmium Resistance

Genes

Candidate metal transport/resistance genes were examined
genome-wide based on the genome annotation. These genes
were further analyzed following the criteria of gene length,
functional domains/motifs and operon organization. Known Cd
resistance genes are normally with a length > 900 bp, contain
common metal binding motifs like CxC, and mostly are arranged
in operons and not constitutively expressed (Das et al., 2016).
Domain analysis was performed using Pfam 33.1 (El-Gebali et al.,
2019). Transmembrane helices in proteins were predicted using
TMHMM Server v. 2.0 (Krogh et al., 2001). Phylogenetic analysis
was performed using MEGA 7.0 (Kumar et al., 2016). Operons

Uhttp://cvtree.online/v3/cvtree/

were predicted via FGENESB (Solovyev and Asaf, 2011). All the
candidate genes were manually re-checked by searching them
against the NCBI Nr database (Pruitt et al., 2005) and UniProt
database (UniProt Consortium, 2019).

RNA Extraction and cDNA Library

Construction

Expression levels of four candidate Cd-resistance genes in strain
Y8 in response to Cd stress were determined. A Cd gradient
of 1, 4, and 16 mM were added directly upon inoculation
(ODggp = 0.1), and cell samples were collected at different time
points (0, 0.5, 3, 6, and 9 h) for RNA extraction. Controls were
without Cd added. RNA was isolated using the MoBio microbial
RNA isolation kit according to manufacturer’s instructions.
Purified RNA was eluted in nuclease free water and 1 mg of RNA
from each Cd treatment group was subjected to DNase treatment
(30 min, 37°C). cDNA synthesis reaction was conducted with a
cDNA synthesis kit (Qiagen).

Real-Time PCR

Real-time PCR was performed in 20 pl reaction volumes
containing 10 pl of the 2 x SYBR Green mastermix (ABI). The
thermal conditions for PCR reactions include initial denaturation
for 10 min at 95°C, followed by 40 cycles of denaturation for 15
s at 95°C and annealing for 60 s at 60°C for gene amplifications.
Real-time PCR was carried out in an ABI 7000 PCR system and
melting curve analysis was performed within the temperature
range of 67-95°C. The Ct values were determined, and thyA gene
was used as an internal reference (Yan et al., 2019).

Chemical Synthesis of Candidate Genes
Chemical synthesis of all candidate gene was completed by
Sangon Shanghai, China. The vector pTR modified based on
pUC19 (Li et al., 2020) was employed to carry the four potential
resistance genes. The pTR vector contains a tobacco plastid 16S
ribosomal RNA gene (P16S) promoter, multiple cloning sites
and a rrnB T1 terminator (BBa_B0010) located between the
restriction endonuclease (RE) site HindIII and EcoRI. All selected
genes were reverse transcript to 5'-3’ direction. For sequences
with locally excessive G+C content (>90%), the codons were
optimized to better translate them in E. coli. Meanwhile, suitable
RE sites were added to both ends of all the sequences. All of
recombinants were enzymatically digested according to their
designed RE sites, and sequenced to double-check the quality.

Functional Verification of Candidate

Cadmium Resistance Genes

Four recombinants containing the synthesized gene, pTR-
zntAY8, pTR-copAYS, pTR-HMTYS8, and pTR-czcDYS8, were
subjected to functional tests via heterologous expression in E. coli
DH5a (F-, ®80, lacZ, AM15, A lacU169, recAl, endAl, hsdR17,
supE44, thi-1, gyrA, relAl, \pir). Cd-sensitive E. coli RW 3110 (F-,
N7, IN(rrnD-rrnE)1, zntA1(CdS,ZnS)::kan, rph-1) was employed
as host cells for further functional verification (Li et al., 2020).
The plasmid pTR without any candidate genes was transformed
into RW 3110 to generate a negative control. The threshold Cd
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concentration used to test transformants for Cd resistance is
0.3 mM, which was determined in our previous study (Li et al.,
2020). The grow curve of all transformants was tested as follows.
Briefly, transformant cells were incubated overnight. Aliquots of
cells were then inoculated into 100 ml LB liquid medium supplied
with Cd with a starting ODggp of 0.1, and incubated at 37°C. The
optical density at 600 nm was measured by spectrophotometer
every hour for 12 h.

Metal bioaccumulation assay was conducted according to our
previous study with minor modifications (Xing et al., 2020).
Four transformants and the control were cultured overnight.
Five ml of each was then inoculated into 100 ml LB liquid
medium (10 uM, Cd) and incubated for 6 h. The cells were
collected by centrifugation at 4,000 x g, rinsed triple times using
water rigorously and subsequently dried, weighed, and digested
in 7 ml of 65% HNOj3. The digested mixture was dissolved in
2 ml Millipores water and the metal content was measured using
ICP-MS. Certified reference material laver (GWB10023, certified
by the Institute of Geophysical and Geochemical Exploration,
China) was used as a standard reference material for Cd, Ni, Cu,
and Zn determination.

Data Analysis and Availability

Statistical analysis was performed with SPSS (IBM, Armonk,
United States) and Office suits (Microsoft, Redmond,
United States). Full genome of strain Y8 can be accessed
via the accession number CP041203.1 in the NCBI database.

RESULTS

The Morphological and Physiological

Features of Cellulomonas Strain Y8

Strain Y8 was the only isolate identified in this study that could
form colonies on solid LB plate supplied with 16 mM of Cd after
a 90-day incubation. Cells of Y8 were seen to be aerobic, rod-
shaped and Gram-positive. After 48 h of incubation on solid
LB agar plate at 30°C, the colonies produced by this bacterium
(0.5-1 mm in diameter) were smooth, opaque, moist, and pale
yellow in color.

A BLAST search of Y8s 16S rRNA gene showed a 99.57%
similarity to that of C. pakistanensis NCCP-11, 99.13% to
C. hominis JCM 12133, and 98.37% to C. denverensis W6929,
suggesting that Y8 is a member of Cellulomonas.

Basic biochemical characteristics of strain Y8 showed that
Y8 had an optimum growth at 28-32°C, and was able to
ferment a wide variety of sugars like D-cellobiose, D-glucose,
D-maltose, and D-mannose but not D-tagatose (Supplementary
Table 1). Y8 was resistant (jLg/ml) to ampicillin (100), apramycin
(50), spectinomycin (50), gentamicin (50), and kanamycin
(50), and sensitive (pug/ml) to chloramphenicol (25) and
erythromycin (100).

DDH and ANI were used as minimal criteria for the
identification of novel species here (Chun et al., 2018). The level
of DDH between strain Y8 and C. pakistanensis, C. hominis,
and C. denverensis were 52.5, 39.5, and 22.3%, respectively,
which were below the 70% cutoff value suggested for species

identification. ANI was estimated to be 93.79% between strain Y8
and C. pakistanensis, 84.25% between strain Y8 and C. hominis
and 81.47% between strain Y8 and C. denverensis.

Full Genome of Strain Y8

We obtained the high-quality full genome of strain Y8 of
4,475,991 bp in this study. Y8s genome has a G+C content of
75.35%, and contains 4,074 coding sequences (CDSs) with an
average length of 982 bp.

A whole-genome based phylogenetic tree was constructed
(Supplementary Figure 1). C. hominis, C. denverensis, and Y8
were assigned to orthologous groups (orthogroups) of Y8 using
OrthoFinder. A total of 10,077 protein-coding genes (90.8%
of the total) were assigned to 3,068 orthogroups, of which
2,224 included representatives from all three genomes and 1,715
were single-copy orthogroups. Y8 shared 2,789 orthologs with
C. hominis and 2,602 with C. denverensis.

Cadmium Resistance of Strain Y8

The MIC of Cd for Y8 was found to be 5 mM (Figure 1A). At
4 mM Cd, Y8s cells appear in an irregular rod shape with a
smooth surface based on the SEM imaging results (Figure 1B),

—&— Control
—0— 1mM
-2

ODGDO

Oh 2h  4h 6h 8h 10h 12h 14h 16h 18h 20h

Hour post inoculation

500nm

FIGURE 1 | (A) Growth curves of Y8 exposed to Cd of different
concentrations; (B) scanning electron microscope (SEM) images of Y8's cell
morphology without (left) and with Cd (right, 4 mM).
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while a thickened cell wall was observed at all Cd treatments.
Cd bioaccumulation assay showed that Y8 had an adsorption
capacity of 15.80 mg/g Cd when treated with 1 mM CdCl,, and
66.54 mg/g when treated with 4 mM CdCl,.

Cadmium Resistance Genes in Y8’s

Genome

We identified 54 metal-resistance related genes throughout Y8s
genome (Figure 2 and Supplementary Table 2). Four potential
Cd transporting genes, namely zntAY8, copAY8, HMTYS, and
czcDY8, were chosen for functional verification. Flanking genes
in the operons and domains of zntAY8, copAY8, HMTYS,
and czcDY8 were analyzed (Supplementary Figure 2 and
Supplementary Table 3). Briefly, the znt operon carrying
zntAY8 (2,319 bp) comprises three genes including zntAYS, a
hypothetical gene and an arsR-family gene. ZntAY8 shares a
sequence similarity of 39.29 and 39.05% with ZntA from E. coli
K12 and ZntA from Shigella sonnei strain Ss046, respectively.
The operon carrying copAY8 is 3,484 bp and comprises four
genes including a hypothetical gene, a repressor gene, a Cu
chaperone gene copZ and copAY8. The protein CopAY8 shares
a sequence similarity of 47.54 and 40.02% with CopA from
E. coli K-12 and B. subtilis strain 168, respectively. The operon
carrying HMTY8 (3,628 bp) consists of four genes including a

thioredoxin reductase gene, HMTYS8, an arsR-family gene and
a hypothetical gene. Sequence similarity between HMTY8 and
ACR3 from Corynebacterium glutamicum strain ATCC 13032 is
33.67%. The operon carrying czcDY8 (2,728 bp) contains four
genes including an arsR-family gene, czcDY8, STEI4 encoding
a putative protein-S-isoprenylcysteine methyltransferase, and
ompR. CzcDY8 shares a protein similarity of 33.67% with
CzcD from B. subtilis strain 168 and 39.05% with CzcD from
C. metallidurans strain ATCC 43123.

A phylogenetic tree (Figure 3) was constructed to explore the
evolutionary relationships between ZntAY8, CopAY8, HMTYS,
CzcDYS8, and their homologous proteins.

Time- and Dose-Dependent Expression

of Selected Genes in Strain Y8

To determine whether the four candidate genes are Cd-inducible
in strain Y8, their in vivo expression levels were determined by
RT-qPCR (Figure 4). After 6 h treatment with 4 mM CdCl,,
zntAY8, copAYS, and HMTY8 were significantly upregulated,
while czcDY8 was slightly but significantly downregulated
(Figure 4). In order to gain a more comprehensive understanding
of their roles in the response of Y8 to Cd stress, the
time-course expression of zntAY8, copAY8, and HMTYS8
under different Cd concentrations were further quantified.
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ZntAYS

AQAS11FHL?2 Cation-transporting ATPase G Cellilomonas hominis
AQAOK2YNT? cation-transporting ATPase Rhodococcus sp. RD6.2

A1TB82 HMT P-type ATPase Micolicibacteriian vanbaclerii
AOAO0A0IGI8 ATPase Knoéellia subterranea

A0A1HO0XJZ4 Cd/Zn-exporting ATPase Arthrobacter crystallopoietes ZntA
AQOAWT76 HMT P-type ATPase Artfrobacter sp. FB24
A0AID9FF54 ATPase Arthrobactersp. ZXY-2

AQAW30 HMT P-type ATPase Arifwrobacter sp. FB24

[ P37617 ZntA Escherichiacoli
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WP 168430449.1 HMT P-tvpe ATPase Cellulomonas hominis

GEK21958.1 Carbonate dehvdratase Cellulomonas xylanihtica
AFEE44373.1 HMT P-type ATPase Cellulomonas fimi

ADG76319.1 HMT P-type ATPase Cellulomonas flavigena

WP 168631707.1 HMT P-type ATPase Cellulomonas demerensis
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_I:\VP 051702694.1 Copper-translocating P-type ATPase Oerskovia turbata

WP 0933795311 Copper-translocating P-type ATPase Flavimobilis marinus

_|j 032220|CopA Bacillus subtilis

sp|Q99RB0|CopA Staphylococcus awreus

CopA

CzcDYS

WP 146837634.1 CDF family transporter Cellulomonas hominis

WP 158369819.1 CDF family transporter Cellilosimicrobium cellulans
WP 163275073.1 CDF family transporter Cellidlomonas iranensis

WP 119400908.1 Cation transporter Clavibacter michiganensis
WP 184240879.1 CDF family transporter Micrococcus colmii

CzcD
WP 175346885.1 CDF family transporter Cellidlomonas himilata
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sp| AGTPRO|ACRS3 Alkaliphilus metalliredigens
020

alignment was performed using ClustalX (Larkin et al., 2007).

FIGURE 3 | A phylogenetic tree showing the protein sequence similarity of candidate metal resistance genes in strain Y8's genome and homologs. The tree was
constructed using the Maximum Likelihood method within MEGA 7.0 (Kumar et al., 2016). Bootstrap values were estimated from 1,000 replicates. Sequence

As shown in Figure 5, all the three tested genes were concentrations. Expression levels of copAY8 and HMTYS8
significantly induced at 1 mM Cd at all-time points, while
only the gene zntAY8 responded constantly at higher Cd

decreased over time substantially at higher Cd concentrations
(Figures 5B,C).
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FIGURE 4 | Relative gene expression of the tested genes of strain Y8 in response to 4 mM Cd. Differences between paired values with 3 experiments that are
statistically significant as determined by t-test are denoted as follows: * p < 0.01.

Functional Verification of the Candidate
Cadmium Resistant Genes in

Escherichia coli Strain RW 3110

The four genes, zntAYS8, copAY8, HMTYS, and czcDY8, were
heterologously expressed in Cd-sensitive E. coli. Quality of
the recombinant plasmids (pTR-zntAY8, pTR-copAY8, pTR-
HMTYS8, and pTR-czcDY8) were checked through double
enzyme digestion detection (Supplementary Figure 3),
and double-checked by Sanger sequencing before being
transformed into the hosts.

Growth curves of E. coli RW 3110 overexpressed with
and without the recombinant plasmids were determined under
0.3 mM Cd stress. The threshold Cd concentration used to test
the transformants referred to our previous study (Li et al., 2020).
The growth rates of RW 3110 with all the tested genes except for
copAY8 were considerably higher than the control (Figure 6A).
The transformants zntAY8, HMTYS, and czcDY8 reached the
exponential phase at 2-3 h.

After 6 h culture, dry biomass of all transformed strains
was significantly different from that of the control (Figure 6B).
The biomass of RW 3110 with zntAY8, HMTYS, and czcDY8
was around 10% higher, while RW 3110 with copAY8 was
lower than the control. Cd sorption in RW 3110 with
copAY8 and HMTY8 increased by 3.22 and 3.68 folds,
while that in RW 3110 with zntAY8 and czcDY8 decreased
by 86 and 53.3% compared with the control, respectively
(Figure 6D). Uptake of Ni, Cu, and Zn by transformed strains
in Cd-containing medium was also determined (Figure 6C).
Results showed that Zn accumulation in RW 3110 with
copAY8, HMTYS, and czcDY8 increased by 34-80%, while
that of RW 3110 with zntAY8 decreased by 87.3%. Cu

and Ni accumulation in all transformants showed a similar
trend to that for Zn.

DISCUSSION

Cadmium is an extremely toxic element, due to its mutagenic
effect (Jin et al., 2003) and ability to cause indirect formation
of reactive oxygen species (ROS) (Waisberg et al., 2003). Cd
tolerance of bacteria varies among species and can be partially
reflected in their MIC. The Cd MIC of strain Y8 (5 mM) is much
higher than common strains, such as S. aureus (<0.16 mM on
agar plates) (Rosdahl and Rosendal, 1980), as well as some Cd
resistant isolates including Pseudomonas stutzeri (0.6 mM on LB
plates) (Deb et al., 2013), Pseudomonas sp. TeU (0.5 mM on
LB plates) (Chien et al., 2011) and Lactococcus lactis (1.78 mM
on MRS agar plates) (Sheng et al., 2016). While strain Y8 lacks
any plasmids for encoding commonly known resistance genetic
systems, it is supposed that some chromosome-borne genes are
responsible for its Cd resistance.

Bacterial exposure to extreme Cd stress can normally cause a
sharp drop in growth rate and a series of morphological changes
including cell shrinkage and even the complete loss of cell
structure (Hou et al,, 2015; Khan et al., 2015; Sheng et al., 2016;
Huang et al., 2018). The strain Y8 was significantly inhibited
in growth by 4 mM CdCl, exposure (Figure 1A), whereas no
obvious change was observed on cell morphology (Figure 1B).
Meanwhile, Y8 cells produced a large amount of extracellular
reticulum structure under Cd stress (Figure 1B). These reticulate
substances were supposed to be extracellular polymer substances
(EPS), which are generally secreted in the form of biofilm
(Florentin et al., 2012). Several studies had reported that members
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Cd-inducible metal resistance genes. (A) zntAYS; (B) copAYS; (C) HMTYS.

of Cellulomonas genus such as C. flavigena, C. uda, and C. fimi can
form biofilms (McIntosh et al., 2005; Young et al., 2012), which is
a curdlan-type matrix. Genome annotation of the strain Y8 here
detected multiple copies of biofilm formation related gene such as
wcaA, weaG, and glycosyltransferases (Zheng et al., 2018; Oehme
et al., 2019). Previous studies indicated that EPS can immobilize
metals through ionizable groups such as -OH, -NH, and -COOH
(Shen et al., 2018; Xie et al., 2020), to reduce the toxicity of heavy

metals. We speculated that the observed reticulate substances are
EPS and may play a role in Cd resistance of strain Y8, yet further
experimental evidences are needed to classify.

An important feature of Y8’s genome is its high GC content
(Figure 2). Strain Y8 has a GC content of more than 75%,
which is beyond the currently known range of genomic GC
skew (Romiguier and Roux, 2017). Genomic base composition
variation is shaped by various evolutionary events, leading
to differential biological functions (Wu et al, 2012). It is
generally thought that high-GC content is associated with a lower
mutation rate under high selective pressure. Our recent study has
documented that prokaryotic extremophiles commonly possess
high-GC genomes, such as the Cu-resistant Cupriavidus strains
with an average GC content of 66.2%, the multi-metal resistant
Thiobacillus strains with an average GC content of 62.6%, the
radiation and/or metal tolerant Deinococcus strains with an
average GC content of 67.3%, and the Zn-resistant Comamonas
spp. with a GC content of 61.3-61.5% (Chen et al., 2019a,b).
A high GC content may help strain Y8 in maintaining its key
genetic elements under extreme metal stress which may cause a
high rate of DNA damage.

The diversity of genetic elements related to metal stress within
Y8s genome is vast. We identified more than 50 genes for
dedicated metal stress response (Figure 2 and Supplementary
Table 2), accounting for 1.2% of the total genes. This frequency
of metal-associated genes is comparable to that of the microbial
metagenome from metal mine tailings of extremely abundant
heavy metals (Li et al, 2015). Similar to C. metallidurans
strain CH34, a model bacterium for metal resistance study, a
variety of metal efflux systems were detected in Y8's genome,
including genes of the P-type ATPase, ABC transporter, and CDF
transporter families (Nies). Nevertheless, only two genes, zntA
and czcD, were thought to be dedicated to Cd resistance. Though
versatile genes for multi-metal resistance have been reported
(Solovieva and Entian, 2004; Steunou et al., 2020), it is unknown
whether the remaining metal resistance genes in Y8’s genome,
like the candidate copA and HMT, play a potential role in Cd
resistance. Surprisingly, all the four genes were Cd-inducible and
three of them restored Cd resistance of the Cd sensitive strain
heterologously, as discussed below.

It is worth noting that most of Y8s metal resistance genes
are organized into operons. Operons are clusters of adjacent
genes encoding for proteins with related roles, which provides an
efficient mechanism to coordinate the expression of neighboring
genes (Sdenz-Lahoya et al,, 2019). Roles of the regulator genes
in the operons merit further investigation, since more than 20
copies of ArsR-family regulators were identified in Y8’s genome.
Meanwhile, some unknown coding regions were annotated as
structural genes of the detected operons of znt, cop, HMT, and
czc, and some of them have overlap regions with main genes
(Supplementary Figure 2). A study revealed that occurrence
of overlapping gene pairs is associated with tight translational
coupling (Huber et al., 2019). Basically, organization of these
resistance genes in operons may enable strain Y8 a strong ability
of rapid transcriptional response to metal stresses.

Modern omics tool has revealed a variety of basic metabolic
pathways involved in metal resistance (Sheng et al, 2016;
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Isarankura-Na-Ayudhya et al., 2018; Alviz-Gazitua et al., 2019),
and for either prokaryotic or eukaryotic cells possession of
specific Cd resistance genes/operons is essential for Cd resistance
(Intorne et al., 2012; Schwager et al., 2012; Chaoprasid et al., 2015;
Zhang et al., 2015). A genome-wide annotation of strain Y8 led
to the identification of 54 heavy metal-related genes (Figure 2),
including potential metal resistance genes homologous to zntA of
E. coli, czeD of C. metallidurans, copAB of Legionella pneumophila
(Purohit et al., 2018), cutC of Enterococcus faecalis (Latorre et al.,
2011), znuA of E. coli (Patzer and Hantke, 1998), etc. It is
generally thought that most of metal transporters (Dutta et al.,
2007; Smith et al., 2014) as well as regulators (Brocklehurst et al.,
2003; Radford et al., 2003) are relatively specific. While it was
supposed that these annotated metal resistance genes, particularly
copA, may be dedicated for a specific metal, our results showed
that at least the four tested non-Cd-specific genes responded
collectively to Cd stress, which was implied by their Cd-inducible
expression and Cd resistance function in E. coli (Figures 4-6).
The involvement of zntAY8 and czcDY8 in Y8s Cd stress
response (Figures 4, 5A) may be not surprising, considering
that EczntA is responsible for specific resistance to both Zn

and Cd (Rensing et al.,, 1997), and the czc system was a well-
known Cd resistance determinant (Hassan et al., 1999). zntAY8
was shown to be effective in enhancing Cd resistance of E. coli
RW 3110 heterologously, probably as a potent multi-purpose
metal exporter which was implied by the sharp reduction in
E. coli’s Cd/Ni/Zn/Cu sorption (Figures 6B,D). With typical
metal binding motifs as well as the ATPase binding site, the
zntAY8 gene is phylogenetically close to P-type ATPase genes,
like the typical Cd resistance genes cadA and czcP that can
mediate the extrusion of metals including Cd from cytoplasm
by hydrolysis of ATP (Lee et al., 2001; Smith et al., 2014). The
czcDY8 gene was seen to be a cation diffusion facilitator. czcD
was previously found to be part of the high-level metal resistance
system czc that mediates the efflux of Co, Zn, and Cd ions
(Munkelt et al., 2004). Different from the known czc system, two
copies of czcDY8 were detected in Y8’s genome with no czcCBA
flanked, implying that the czcDY8 may function independently.
The function of copAY8 and HMTYS8 seems unusual here,
which both increased intracellular Cd accumulation (Figure 6D).
To our knowledge, copA is specific for Cu translocating and
resistance (Giachino and Waldron, 2020), although two studies
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have reported the Cd-inducible copA variants (Toes et al., 2008;
Steunou et al., 2020). Moreover, the ACR3 gene, the closest
homolog to HMTYS, has been rarely reported to play a role in
Cd resistance (Markowska et al., 2015). Phylogenetic analysis
indicated that closest homologs of these four genes are all from
the genus of Cellulomonas (Figure 3), which is consistent with
the previous viewpoint that heavy metal transporters are mostly
evolving via vertical descent (Li et al., 2015). Considering that
none of their homologs from this genus have been reported in
terms of a role in Cd resistance, we speculate that zntAY8, copAYS,
HMTYS, and czcDY8 are novel metal resistance genes playing a
role in Cd resistance of the genus Cellulomonas.

Determination of Cd-induced in vivo expression of zntAYS,
copAY8, and HMTYS8 indicated that their response to Cd stress in
Y8 was dose- and time-dependent (Figure 5). The expression of
heavy metal transport systems is normally controlled at the level
of transcription in order to minimize the associated metabolic
burden to the host (Hynninen, 2010; Alviz-Gazitua et al., 2019).
From this perspective, it is unwise for bacteria to express multiple
transporters simultaneously, especially under severe Cd stress.
Our results imply that copAY8 and HMTY8 seems to favor a
low Cd stress while zntAY8 favors a high Cd stress of up to
16 mM (Figure 5). In combination with the results of their roles
in Cd accumulation (Figure 6D), the dose- and time-dependent
expression of the three genes may indicate that strain Y8 may
recruit a mechanism for Cd sequestration by copAY8 and HMTY8
under minor Cd stress which increases intracellular Cd, and
trigger a mechanism for Cd exporting by zntAY8 under sever
Cd stress. Such dose-dependent mechanism for metal resistance
has been inferred by cellular Cu homeostasis. Recruiting different
genetic pathways for coping with high levels of metal stress
has also been reported for Cu and Zn in eukaryotic cells. For
example, tripeptide glutathione (GSH) is heavily produced for Cu
excretion when Cu stress is high, and metallothioneins increased
when Zn is absorbed in a large quantity in mammalian cells
(Bertinato and L Abbé, 2004).

Though our current results showed that the four genes that
function in Cd resistance can promote either Cd intake or
export and also to some extent play a role in Ni, Cu, and
Zn trafficking (Figures 6C,D), more experimental evidences are
needed to describe the process of metal transport as well as
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Recently, green silver nanoparticles (G-AgNPs) have gained much attention in
medical science due to their extraordinary effects against multidrug-resistant
microorganisms. The strong antimicrobial nature of G-AgNPs corresponds to their
unique physicochemical properties such as size, shape, surface charge, and active
surface groups available to interact with the pathogens. The current study demonstrates
a simple, environmentally friendly, and economical method to produce G-AgNPs
from an environmental isolate of Viridibacillus sp. The produced G-AgNPs were
characterized by various analytical methods, including UV-Vis spectroscopy, single-
particle inductively coupled plasma-mass spectrometry (sp-ICP-MS), scanning electron
microscopy (SEM), energy dispersive x-ray spectroscopy (EDX), elemental mapping,
transmission electron microscopy (TEM), dynamic light scattering (DLS), Fourier-
transform infrared spectroscopy (FTIR), and Thermogravimetric analysis (TGA). The
reduction of Ag™ to Ag® was observed by UV-Vis spectroscopy, which demonstrated
the formation of stable G-AgNPs with a Surface Plasmon Resonance (SPR) band at
the maximum of 430 nm. TEM analysis demonstrated that the G-AgNPs were spherical
with a 5-30 nm size range. The produced G-AgNPs were stable for more than 1 year
in an aqueous solution at 4°C. Importantly, G-AgNPs showed remarkable antimicrobial
activity against Gram-negative pathogens- E. coli and R aeruginosa with MIC values
of 0.1 and 4 pg/mL and MBC values of 1 and 8 pwg/mL, respectively. This level of
antimicrobial activity is superior to other AgNPs reported in the literature.

Keywords: silver nanoparticles, green synthesis, strong antimicrobial activity, highly stable AgNPs, Gram-
negative pathogenic microorganisms, environmental isolate

INTRODUCTION

Silver nanoparticles (AgNPs) are widely known for their industrial applications in the field of
medicine, pharmacology, food, agriculture, cosmetics, and textiles due to their unique antimicrobial
properties, which further depend on nanoparticles (NPs) structure (Gherasim et al., 2020).
The most common methods applied for AgNPs production are physiochemical methods such
as laser irradiation, thermal decomposition, electrochemical synthesis, chemical reduction, etc.
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(Zhang et al., 2018). However, these methodologies also bring
many limitations, for instance, the use of toxic materials and
volatiles organic solvents, demand for high energy consumption
by using high temperature and pressure, the release of
harmful byproducts, and toxic waste, which causes potential
environmental damage (Garg et al., 2020). The most important
limitation is the absorbance of unwanted toxic materials on
the surface of produced nanoparticles, which further provide
human and environmental toxicity, thus limiting the clinical
use of NPs. These limitations motivate the development of
green alternative methodologies, which leads to the formation
of uniform and stable NPs with a biocompatible layer (called
the corona) around them (Singh et al, 2016a; Heinemann
et al., 2021). These green nanoparticles have a range of
unlimited pharmaceutical applications, including drugs delivery,
gene delivery, as a sensor for pathogens detection, and tissue
engineering. Various green approaches to produce nanoparticles
by using living entities have been reported, such as plant extracts,
fungi, yeast, actinomycetes, algae, bacteria, and viruses (Zhang
et al., 2020). One such popular approach is using bacteria as a
cell factory to produce the AgNPs extracellularly. In addition,
to producing biocompatible NPs, bacteria-mediated synthesis is
low-cost, environmentally friendly, safe, and simple (Xu et al,,
2020; Ssekatawa et al., 2021).

Developing  resistance  mechanisms in  pathogenic
microorganisms against current and developing drugs has
become a prime concern in the medical field. Understanding
the developing resistance mechanisms in these pathogens
is important, and designing novel and strong antimicrobial
agents that can overcome or circumvent the resistance is
equally important (Liu et al, 2021). Indeed, with exposure
to novel antimicrobial agents, there are always opportunities
for microbes to become unresponsive or resistant. Pathogenic
bacteria exert resistance by four different mechanisms: (a) by
modification of target proteins, (b) enzymatic degradation or
inactivation of drug, (c) decreased membrane permeability
which blocks drugs intake, and (d) increased efflux of the drug
(Kumar et al.,, 2021). In this context, G-AgNPs display a broad
spectrum of antimicrobial activities and are therefore likely to
escape the common mechanisms of resistance development
(Prasher et al., 2018). G-AgNPs have been reported as effective
treatments against many drug-resistant microorganisms,
individually or with traditional/modern antibiotics (Burdusel
et al.,, 2018; Deshmukh S.P. et al., 2019). AgNPs exert killing
against multidrug-resistance bacteria by various mechanisms,
including membrane damage/leakage, DNA damage, ROS
generation, inactivation of intracellular proteins/enzymes,
etc. (Figure 1). Recently Ssekatawa et al. (2021) showed
the green synthesis of AgNPs from the extract of medicinal
plants—Camellia sinensis and Prunus Africana. The current
study deals with the extracellular synthesis of G-AgNPs
from an environmental isolate without any additives for the
reduction or stabilization process. The extracellular constituents
of cells act as reducing and stabilizing agents. In addition
to extensive characterization, we explored the synthesized
G-AgNPs against E. coli, and P. aeruginosa, to study their
antibacterial property.

MATERIALS AND METHODS

Materials

Silver nitrate (AgNO3), tryptic soya agar (TSA), tryptic soya broth
(TSB), and Luria broth (LB) were purchased from Sigma-Aldrich
Chemicals, St. Louis, MO, United States.

Identification of Potential Strain

A soil sample was collected in sterile poly bags from the Technical
University of Denmark (DTU) field, Lyngby, Denmark. Single
colonies were isolated by using the serial dilution technique
on TSA plates. All the isolates were tested for primary AgNPs
production, and the strongest strain was chosen for further
studies. Molecular identification of the isolated potential strain
was performed using 16S rDNA amplification and sequencing.
Genomic DNA was isolated using the DNeasy Blood and Tissue
Kit (Qiagen) and used as a template for PCR with the universal
primers 27 F (5-AGAGTTTGATCMTGGCTCAG-3') and 1492
R (3'-TACGGYTACCTTGTTACGACTT-5') (Singh et al., 2017).
Eurofins Genomics (Ebensburg, Germany) sequenced the PCR
product, and the sequence was analyzed using the NCBI BLAST
homepage against the reference sequence database.

Green Synthesis of Green Silver

Nanoparticles

The isolated strain was cultured overnight in 100 mL of TSB,
at 37°C, 120 rpm. Next, the growth medium was centrifuged
to separate the cells at 8,000 rpm for 10 min. The cell-free
supernatant was supplemented with 1 mM AgNOj3 and incubated
in a shake flask incubator at 37°C, 200 rpm, and 24-48 h. The
silver salt mix supernatant (reaction medium) was monitored
continuously for AgNPs production, by visual inspection, and by
recording the UV-Vis spectra of the reaction medium at definite
time intervals. Once the G-AgNPs were formed, for purification,
the reaction medium was centrifuged at 3,000 for 5 min to remove
any big and unwanted components. Then the same medium was
centrifuged at 14,000 rpm for 15 min (Singh et al., 2016b). The
supernatant was decanted oft to collect the pellets then washed
several times with distilled water. This residue was suspended
again into sterile water and used for all experiments.

Analytical Characterization of Green

Silver Nanoparticles

UV-Vis Study

The reduction of silver ions (Ag +) to G-AgNPs was initially
monitored via visible inspection and then by scanning the
reaction medium in UV-Vis spectroscopy at a specific interval.
The UV-Vis spectrum was obtained using 6705 UV-Vis
spectrophotometer, JENWAY, by scanning 1 mL of the reaction
medium in the range of 300-700 nm. The optimization studies
for G-AgNPs production were also conducted using visible and
UV-Vis spectrum analysis.
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Single-Particle Inductively Coupled Plasma-Mass
Spectrometry

To know the concentration of produced G-AgNPs, sp-ICP-MS
(NexION 350D; PerkinElmer Inc., Waltham, MA, United States)
was performed. The stability of G-AgNPs was examined by using
the purified G-AgNPs and keeping them for a different time,
temperatures, and indifferent bacteriological media such as TSB
and LB. The results were observed by visible inspection of which
pictures are taken, UV-Vis, and sp-ICP-MS analysis before and
after the defined period (Singh et al., 2021).

Thermogravimetric Analysis Examination
Thermogravimetric analysis (TA Instruments, New Castle, DE,
United States) was performed to check the temperature stability
G-AgNPs. For analysis, G-AgNPs samples in dried and powdered
form were placed in an alumina pan and heated from 20 to 700°C
at a ramping time of 10°C/min.

Scanning Electron Microscopy
Scanning electron microscopy examination with energy
dispersive X-ray (EDX) and elemental mapping was performed

to study the G-AgNPs morphology and elemental composition.
EDX analysis setup was coupled with the SEM instrument.
Sample preparation was done by dropping 5 pul of pure G-AgNPs
(0.1 mg/mL) on carbon tape and air-dried at room temperature
(RT) for 15 min. SEM Micrographs were recorded using a
Quanta FEG 200 ESEM microscope (Quorum Technologies,
Hitachi High-Tech Europe GmbH, Sweden).

Transmission Electron Microscopy

Transmission electron microscopy study using FEI Tecnai
T20 G2 was conducted to analyze the internal morphology,
composition, and crystallographic information of G-AgNPs. The
instrument was operated at an acceleration voltage of 200 kV.
A sample of G-AgNPs was prepared by spotting a drop of pure
NPs solution suspended in water on a carbon-coated copper grid.
The sample-containing grid was completely dried before analysis.

Atomic Force Microscopy
Atomic force microscopy (Park NX20)' measurements were
carried out in intermittent contact mode using standard probes

Lwww.parkafm.com
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of single-crystal highly doped silicon with a radius of curvature
of less than 30 nm (SuperSharpSiliconTM Non-contact AFM
probes from Nanosensors). The standard uncertainty u(d) of the
measured diameters is u(d) < 0.05 day (Singh et al., 2018c).

Dynamic Light Sattering Analysis

Dynamic light sattering measurements were performed to study
the size distribution concerning intensity and zeta potential
of pure G-AgNPs. Particle size measurement was executed
using Zetasizer Nano ZS, Chuo-ku Kobe-shi, Japan. The
autocorrelation functions of the samples were analyzed using the
Contin algorithm through the Zetasizer 7.12 software. Samples
were run in triplicates (Wypij et al., 2021).

Fourier Transform-Infrared Spectroscopy

Green silver nanoparticles were subjected to Fourier transform
infrared (FTIR) analysis to determine the presence of
biomolecules, functional groups responsible for the reduction
and capping/stabilization. The FTIR measurements were carried
out using Nicolet iS50 (Thermo Fisher Scientific, Waltham,
MA, United States) by scanning the air-dried purified G-AgNPs
and freeze-dried cell’s supernatant within the range of 500-
4,000 cm~!. The recorded spectra recorded were plotted as
transmittance (%) vs. wavenumber (cm ™).

Antimicrobial Activity of Green Silver

Nanoparticles

Green Silver Nanoparticles Effects on Gram-Negative
Pathogens

The antimicrobial activity of G-AgNPs was evaluated against
two Gram-negative pathogens: Escherichia coli UTI 89, and
Pseudomonas aeruginosa PAOL. Both the strains were grown
overnight in LB medium at 37°C for 24 h. The overnight grown
cultures were diluted to approximately 1-2 x 10° colony-forming
units (CFU)/mL using LB medium. Then, the G-AgNPs were
added in concentrations ranging from 0.1 to 16 pug/mL. The LB
medium containing respective pathogenic bacteria and G-AgNPs
were further incubated in a shake flask incubator at 37°C,
150 rpm, for 24 h. After 24 h, the samples were analyzed by
measuring the optical density (OD) at 550 nm. The MIC was
defined as the lowest concentration of G-AgNPs, which inhibited
the bacterial growth, measured as ODs59. The MBC value was
defined as the lowest concentration of G-AgNPs required to kill
the respective bacterial strain. To measure MBC, 100 L of the LB
medium containing respective pathogenic bacteria and G-AgNPs
were spread on agar plates and incubated at 37°C overnight,
followed by a CFU count.

Live and Dead Staining

To visualize the viable and dead cells, control cells and
cells treated with G-AgNPs were stained for 20 min with a
mixture of 6.0 uM SYTO 9 and 30 pM KI from Live/Dead
BacLight Viability kit L13152 (Invitrogen, Molecular Probes, Inc.,
Eugene, OR, United States). Fluorescence microscopic imaging
of the cells was performed using a LEICA DM 4000 B (Leica
Microsystems, Copenhagen, Denmark).

Scanning Electron Microscopy Analysis of Treated
Cells

To evaluate the drastic effects of G-AgNPs on individual cells,
SEM was carried out. SEM was performed by fixing the control
and treated cells with 3% of glutaraldehyde overnight at 4°C.
The next day, the samples were dehydrated with graded series
of ethanol concentrations (40, 50, 60, 70, 80, and 90%) for
15 min and with absolute ethanol for 20 min. The dehydrated
samples were placed on SEM carbon tape and left to dry at
RT. The samples were coated with gold before SEM imaging.
EDX and elemental mapping of G-AgNPs treated cells was also
performed to check that the killing effects are due to the action of
G-AgNPs only.

RESULTS

Molecular Characterization of the Isolate
The rRNA sequencing of isolated bacterial strain indicated
99.05% identity with Viridibacillus arvi strain LMG 22165. The
isolated strain sequence number is submitted to NCBI with
GenBank ID: SUB10641455. Viridibacillus arvi is reported to
be Gram-positive, aerobic, spore-forming, rod-shaped bacteria
(Albert et al., 2007). Based on 16rRNA sequence similarity, the
isolated strain was referred to as Viridibacillus sp.

Green Synthesis of Green Silver

Nanoparticles

The supernatant of a culture of Viridibacillius sp. grown for
24 h was used as a reaction medium to reduce silver salt
and provide capping/stabilizing components to the formed
G-AgNPs. The culture supernatant was supplemented with 1 mM
AgNOj; and incubated further in a shake flask incubator at
37°C, 200 rpm, for 24-48 h. After the incubation period, the
supernatant showed a visible color change from pale yellow
to deep brown, which is attributed to the surface plasmon
resonance (SPR) property of G-AgNPs (Ronavari et al., 2021).
The observation was further confirmed by simultaneously
recording the SPR band via UV-Vis at a specified time
interval. After incubation, the reaction medium was first directly
scanned, and then the purified G-AgNPs samples were also
scanned to confirm the peaks intensity and overlapping range
(Figures 2A,B). Purified G-AgNPs showed a strong and sharp
SPR peak at 430 nm. The kinetics of G-AgNPs formation was
monitored by recording the spectrum of the reaction medium
at different temperatures, times, and various salt concentrations.
For temperature optimization studies, the highest and clear peak
in UV-Vis spectra was observed at 37°C (Figure 2C). According
to the time-resolved UV-Vis spectra, the SPR absorbance band
increased with the reaction time for up to 48 h (Figure 2D).
For the salt concentration optimization, as the salt concentration
increased, the intensity of the SPR band also increased. This
trend continued to up to 3.5 mM (Figures 2E-H); any further
increase in salt concentration led to broadening the peak and
accumulation of NPs in the reaction medium. Thus the optimal
conditions for G-AgNPs production using cell-free supernatant
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of Viridibacillus sp., were AgNO3 concentration of 3.5 mM, the
temperature of 37°C, and the incubation period of 48 h. Any
deviations from these key parameters resulted in disturbance of
the UV-Vis peaks, signifying particle agglomeration.

Characterization of Green Silver

Nanoparticles

To check the yield of G-AgNPs, sp-ICP-MS was used. The result
showed that the measured total mass concentration of G-AgNPs
was 0.078 pg/pl, with a negligible dissolved fraction (<0.1 ppb).
We then examined the stability of G-AgNPs over short and
long periods. The measurements were made after 24, 48, 86 h,
and 1 year (Figures 3A-D). Our study found no significant
differences in particle size recorded using sp-ICP-MS, resulting
in mean diameter of 15-60 nm, thus indicating the long-term
stability of produced G-AgNPs. Based on visible observation, no
dissolution or agglomeration of G-AgNPs occurred even after
1 year of storage in an aqueous solution. In addition, UV-Vis
observations of G-AgNPs showed a sharp and overlapping peak
before and after 1 year, thus confirming their aqueous stability
(Figure 3E). A bacterial growth medium, such as TSB and LB, and
water were tested for G-AgNPs stability (Figure 3F). The results
showed that the G-AgNPs are completely stable in water as well as
in the growth media. For thermal stability, the TGA measurement
was taken (Figure 3G). According to the obtained spectra, there
were two stages of weight loss, first at 150°C and second at 400°C.

The physical adsorption of water molecules caused the initial loss
of weight up to 150°C on the surfaces of the G-AgNPs. At 400°C,
most of the weight loss was due to the biomolecules decomposing
and evaporating from the surface of the G-AgNPs (Deshmukh
AR et al, 2019). A further increase in temperature led to the
complete degradation of G-AgNPs.

The purity and crystalline nature of G-AgNPs that were
produced under optimized conditions were investigated
by conducting SEM, EDX, elemental mapping, TEM, and
Selected area (electron) diftfraction (SAED) studies. SEM image
examination showed the spherical structure of G-AgNPs
(Figures 4A,B). The elemental mapping results demonstrated
the selected scanned area of the G-AgNPs sample (Figures 4C-
E) resembles the silver element (pink color) (Deshmukh A.R.
et al, 2019). The elemental composition of G-AgNPs was
determined via EDX spectroscopy, which reveals the presence
of the strong elemental signal from silver at 3 keV (Figure 4F;
Singh et al., 2018a). The core size and morphology of G-AgNPs
were determined via TEM, which displayed the G-AgNPs
are approximately spherical and uniformly distributed with
an average particles size of 5-30 nm (Figure 4G). However,
few polydispersity were found in hexagonal and truncated
triangular form NPs. This morphology of nanoparticles depends
on the experimental conditions and the constituents of the
cellular supernatant. The SAED pattern of G-AgNPs indicated
characteristic rings at 111, 200, 220, and 311 crystallographic
planes, which corresponds to the face-centered cubic (fcc) of
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FIGURE 5 | Dynamic light scattering (DLS) analysis of green silver nanoparticles (G-AgNPs) (A) nanoparticles distribution concerning size and intensity and (B) zeta
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AgNPs (Figure 4H). These values are in accord with those
reported in earlier studies (Sangaonkar and Pawar, 2018); they
suggest the crystalline nature of AgNPs. Moreover, the AFM
analysis also revealed similar size distribution, from 5 to 35 nm
(Figure 4I). Hydrodynamic diameter and surface charge of the
produced G-AgNPs were determined by DLS. The diameter
and PDI were found to be 154.4 nm and 0.378, respectively
(Figure 5A). The zeta potential value of the aqueous G-AgNPs
solution at RT was found to be —25.7 mV (Figure 5B), which
suggested that the G-AgNPs are negatively charged and quite
stable at neutral conditions.

Fourier-transform infrared spectroscopy measurements were
conducted to identify the extracellular components released from
isolated strain, present in the reaction medium, responsible for
reducing, capping, and stabilizing G-AgNPs. The FTIR spectra
of freeze-dried cell-free supernatant and purified G-AgNPs
are shown in Figures 6A,B and Table 1. Comparing the
FTIR spectrum of cellular supernatant with G-AgNPs, the
high broad peaks for G-AgNPs appear at 2884.93 (asymmetric
and symmetric C-H stretching, or secondary amines), 1635.21
[carboxyl groups (-C=0), and carbonyl group (-C=0)-stretching
vibration of proteins], 1430.79 (C-H bending of COO~
or carboxylate groups), 561.08 which are identical to the
supernatant spectrum. The FTIR results indicate the presence
of carboxyl groups (-C=0), and amine groups (—NH) which
represents the presence of proteins, amino acids, and other
biomolecules originating from the supernatant on the surface of
the produced G-AgNPs, responsible for capping and stabilizing
G-AgNPs (Abbai et al., 2016). The FTIR spectrum proved that
the reaction medium contains reducing and stabilizing agents
such as sugar, proteins, and amino acids responsible for the green
synthesis of G-AgNPs.

Strong Antimicrobial Activity of Green

Silver Nanoparticles
The most remarkable feature of the G-AgNPs synthesized in
this study is their strong bacteriostatic and bactericidal activity

against pathogenic E. coli and P. aeruginosa. The recorded
MIC values against E. coli and P. aeruginosa were 4 and
0.1 pg/mL, respectively, while the respective MBC values
were 8 and 1 pg/mL (Figures 7A,B). We used the live and
dead staining technique to confirm the viability results. This
technique allows one to distinguish the live cells (stained green)
and dead cells (stained red) under a fluorescence microscope
(Figures 8A-N). These results confirmed a dramatic onset
of killing bacterial cells at G-AgNPs concentrations above
4 pg/mL for E. coli (Figure 8A-H) and 0.1 pg/mL for
P. aeruginosa (Figures 8I-N). To investigate whether the killing
effects involve drastic morphological changes in treated cells, we
used SEM. A significant morphological alteration was observed
in G-AgNPs treated cells E. coli cells (Figures 9A-EK-P)
and P. aeruginosa cells (Figures 10A-EK-P). The severity of
these effects was correlated to the concentration of applied
G-AgNPs for both bacterial species. To confirm the damage that
G-AgNPs provoked, we performed EDX and elemental mapping
of individual cells. The results disclosed that the damaged
cells generate a clear peak of the silver element in the EDX
spectrum for E. coli (Figures 9G-],Q-T) and P. aeruginosa cells
(Figures 10G-J,Q-T). In addition, the mapping results also
resemble the silver element in the scanned image of treated cells,
indicating that G-AgNPs get internalized.

DISCUSSION

The cell-free supernatant of environmental isolate Viridibacillus
sp. acted as a reducing and stabilizing agent, which led to the
formation of highly stable and monodisperse G-AgNPs. The
reduction process does not require any additional reducing or
stabilizing agents. Moreover, the synthesis took place in the
cell-free medium, which means with the help of extracellularly
released biomolecules from the isolated Viridibacillus sp.
The extracellular components in the reaction medium form
a biological corona around the nanoparticles, which helps
long-term stabilization. This is an important feature of
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FIGURE 6 | Fourier-transform infrared spectroscopy (FTIR) spectrum of panel (A) freeze-dried cellular supernatant and (B) green silver nanoparticles (G-AgNPs),
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bacteria-mediated extracellular synthesis. Unlike intracellular
synthesis, extracellular synthesis provides an opportunity to
avoid additional steps in downstream processing, such as
cell disruption by membrane lysis or sonication, removal of
insoluble components, extraction of complete nanoparticles from
intracellular organelles, etc. (Singh et al., 2018b). Thus, the
proposed methodology is more economical once an appropriate
bacterial strain is identified (Kapoor et al., 2021).

The G-AgNPs formation in our study was supported by
visual observation and UV-Vis analysis. Based on kinetics and
optimization studies, no significant change in the absorbance
was observed beyond the optimized parameters, which suggested

TABLE 1 | Fourier transform-infrared spectroscopy (FT-IR) spectra of cellular
extract and green silver nanoparticles (G-AgNPs).

Cellular extract
Wavenumber (cm~1)

Type of Bond G-AgNPs

Wavenumber (cm~1)

-OH (hydroxyl group) of 327712

phenolic compounds and

N-H group

asymmetric stretching of a 2923.29 2884.93

methyl group -CHg
C-H stretching of alkanes
or secondary amine

Alkyne group 2114.89, 1980.38

-C=0 stretching vibration in 1635.21
flavonoids and terpenoids,

and carbonyl group (-C=0)

stretching vibration of

proteins or amide )

1633.65, 15637.53

N-H stretching vibration of 1454.58 1430.79
proteins
1393.65

1058.34

C-N aromatic amino groups
Overlapping of C-O, C-N,
C-O-C and C-O-P
stretching modes

C-C deformation

521.75 561.08

that the nucleation and growth process during this period
supported the complete reduction of silver salt into G-AgNPs.
Moreover, the color, ICPMS, and UV-Vis spectrum of G-AgNPs
remained stable for more than 1 year and showed no aggregation
(Singh et al., 2021). FTIR was used as a powerful tool to study
the functional molecular vibrations. The spectrum of freeze-
dried cell-free supernatant of Viridibacillus sp. showed that the
medium contains proteins, reducing sugars, polysaccharides,
various biomolecules, and amino acids, which help reduce and
inhibit further agglomeration of produced G-AgNPs. This is
the most important advantage of using green nano factories to
produce AgNPs. It provides the additional biocompatible layer,
which can keep nanoparticles stable for many years without any
additives, thus enhancing colloidal stability (Belteky et al., 2019).
In contrast, the physically or chemically produced NPs lack the
additional biocompatible layer and require a surplus stabilizer.
Most of the NPs produced by physical or chemical methods
show complete agglomeration with time, even in the presence of
stabilizing agents (Deshmukh A.R. et al., 2019).

Silver nanoparticles effects on pathogenic bacteria are well
known (Figure 1; Liao et al., 2019; Crisan et al, 2021).
The effects of AgNPs on Gram-negative and Gram-positive
bacteria are mainly influenced by the thickness and composition
of the cell wall, which means that Gram-negative bacteria
are more susceptible, and Gram-positive bacteria can show
resistance to some extent. Except for the thin cell membrane,
the lipopolysaccharides (LPS) in the cell membrane promote the
chemical interaction of the membrane with AgNPs (Loo et al,,
2018). Although many studies have reported the antimicrobial
activity and possible action mechanism of biological AgNPs,
strong effects at a very low concentration of AgNPs are rare. The
produced G-AgNPs were explored against two Gram-negative
strains in the current study. Results showed extremely strong
antimicrobial activity, i.e., total killing at 8 pwg/mL for E. coli
and 1 pg/mL for P. aeruginosa. The mentioned concentrations
for total killing are very low compared to other reported green
AgNPs. For instance, recently, Shah et al. (2021) showed that
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FIGURE 7 | Cell viability test at a different concentration range from 0.1 to 16 g/mL for (A) Escherichia coli and (B) Pseudomonas aeruginosa after green silver
nanoparticles (G-AgNPs) treatment. The blue background shows the MBC values of G-AgNPs for respective pathogens.
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FIGURE 8 | Live and dead staining of (A-H) Escherichia coli, and (I-N) Pseudomonas aeruginosa after treatment with green silver nanoparticles (G-AgNPs) at
selected concentrations. E. coli cells: (A,B) control without G-AgNPs; (C,D) 2 wg/mL; (E,F) 4 ng/mL; (G,H) 8 ng/mL of G-AgNPs. P, aeruginosa cells: (1,J) control
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the LD50 dose (concentration of AgNPs causing 50% inhibition)
obtained from Plantago lanceolate against E. coli was 45.54 mg/L,
which is much higher than the G-AgNPs MBC value (kill 100%
bacteria) against E. coli, i.e., 8 pug/mL, in our study. Similarly,
Devanesan and AlSalhi, 2021 demonstrated the antimicrobial

activity of AgNPs originated from flower extract of Abelmoschus
esculentus. The authors showed the MBC value of AgNPs against
E. coli and P. aeruginosa were 110 and 105 pg/mL (Devanesan
and AlSalhi, 2021). Loo et al. (2018) described the MBC value of
extremely small 4 nm AgNPs produced using pu-erh tea leaves
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FIGURE 9 | Scanning electron microscopy (SEM) analysis of Escherichia coli cells after treatment with green silver nanoparticles (G-AgNPs). (A-F) Control E. coli
cells and G-AgNPs treated 4 ng/mL at different scales. (G) Scanned image of treated cells (H) energy dispersive x-ray spectroscopy (EDX) spectrum of choose area
(I,J) elemental mapping of the selected area showing silver element in the treated cells, (K-P) control E. coli cells and G-AgNPs treated cells with 8 pg/mL at
different scales. (Q) Scanned image of treated cells (R) energy dispersive x-ray spectroscopy (EDX) spectrum of choose area (S,T) elemental mapping of the

selected area showing silver element in the treated cells.

against E. coli as 7.8 pg/mL. Ssekatawa et al. (2021) described
the MBC value of two green AgNPs originating from Prunus
africana and Camellia sinensis. The MIC and MBC value of 125
and 250 pg/mL against E. coli (Ssekatawa et al., 2021). Thus, our
G-AgNPs showed MBC at 8 and 1 pg/mL against E. coli and
P. aeruginosa, superior to all the cited examples. The possible
reason for the strong antibacterial ability of G-AgNPs could be
the biological corona, which provides a high negative surface
charge, spherical shape of NPs, which allow them to interact with
pathogens with the maximum surface area available.

We further confirmed the cells' death by SEM. SEM has
revealed that after contact with G-AgNPs, the cell membrane
of E. coli and P. aeruginosa cells is completely ruptured. Thus,
the G-AgNPs attach onto the negatively charged surface of the
cell wall and membrane, which leads to the shrinkage of the
cytoplasm and membrane detachment, finally leading to rupture
of the cell wall. In addition, the interaction of G-AgNPs with the
sulfur-containing proteins present in the cell wall could also affect
the membrane permeability and cause cell leakage. It is reported
that the porins on Gram-negative bacteria are also responsible
for AgNPs uptake. Following penetration, G-AgNPs may interact
with cellular components such as proteins, lipids, and DNA,
corresponding to the damaging effects (Ullah Khan et al,
2018). AgNPs also cause DNA damage, mutations, inhibition of
enzymes and proteins (Singh et al., 2020). It has been found that
Ag (+) ions intercalate between the purine and pyrimidine base

pairs, disrupt the H-bonds between base pairs of the anti-parallel
DNA strands, and thereby disrupt the double-helical structure
(Joshi et al., 2020). Another well-known mechanism of AgNPs
action is their ability to produce ROS and free radical species and
consequent increase in oxidative stress in cells and apoptosis (Loo
et al., 2018; Ullah Khan et al., 2018). All these mechanisms were
presented in Figure 1.

One of the most important physicochemical properties
that affect antimicrobial activity is the size and shape of
NPs (Karade et al., 2021). Typically, smaller NPs have the
larger surface area available to interact and ascend intracellular
penetration (Ginjupalli et al., 2018). We hypothesized that
the bigger G-AgNPs >10 nm could cause membrane damage.
In contrast, the smaller NPs (less than 10 nm) could
enter the cells after adhesion and damage the intracellular
structures, thus affecting vital cellular functioning. Thus,
we believe that the size range of G-AgNPs from 5 to
30 nm offered strong interaction of nanoparticles on the
surface (bigger NPs) and internal organelles (smaller NPs). In
addition, sphere-shaped or quasi-spherical AgNPs are more
susceptible to releasing Ag + ions; thus, G-AgNPs showed
high antimicrobial effects. Moreover, as mentioned above, strong
negative zeta potential and biological corona also play an
important role in providing strong antimicrobial activity and
stability in the biological environment so that NPs won’t
degrade and act with their full potential. Thus, we strongly
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FIGURE 10 | Scanning electron microscopy (SEM) analysis of Pseudomonas aeruginosa cells after treatment with green silver nanoparticles (G-AgNPs). (A-F)
Control P aeruginosa cells and G-AgNPs treated cells with 0.1 wg/mL at different scales. (G) Scanned image of treated cells (H) energy dispersive x-ray
spectroscopy (EDX) spectrum of choose area (I,J) elemental mapping of the selected area showing silver element in the treated cells, (K-P) control P aeruginosa
cells and G-AgNPs treated cells with 1 wg/mL at different scales. (Q) Scanned image of treated cells (R) energy dispersive x-ray spectroscopy (EDX) spectrum of
choose area (S,T) elemental mapping of the selected area showing silver element in the treated cells.
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believe that the strong antimicrobial activity of produced
G-AgNPs is due to the above-discussed mechanism. Exploring
these nanoparticles further against more multidrug-resistant
pathogens will answer the desire for strong antimicrobial agents
in medical fields.

CONCLUSION

Green silver nanoparticles were successfully formed via
a green synthetic method using cell-free supernatant of
Viridibacillus sp., which acted as a reducing and capping agent.
The G-AgNPs production was confirmed by the appearance of
SPR band 430 nm and found to be highly stable, crystalline,
and nearly spherical in size. The G-AgNPs showed excellent
antimicrobial activity against two Gram-negative strains at
very low concentrations. We propose that these nanoparticles
constitute a promising opportunity for developing antimicrobial
weapons with efficient antimicrobial properties, stability,
and recyclability.
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Environmental uranium pollution due to industries producing naturally occurring
radioactive material or nuclear accidents and releases is a global concern. Uranium
is hazardous for ecosystems as well as for humans when accumulated through the
food chain, through contaminated groundwater and potable water sources, or through
inhalation. In particular, uranium pollution pressures microbial communities, which are
essential for healthy ecosystems. In turn, microorganisms can influence the mobility and
toxicity of uranium through processes like biosorption, bioreduction, biomineralization,
and bioaccumulation. These processes were characterized by studying the interaction
of different bacteria with uranium. However, most studies unraveling the underlying
molecular mechanisms originate from the last decade. Molecular mechanisms
help to understand how bacteria interact with radionuclides in the environment.
Furthermore, knowledge on these underlying mechanisms could be exploited to improve
bioremediation technologies. Here, we review the current knowledge on bacterial
uranium resistance and how this could be used for bioremediation applications.

Keywords: reduction, phosphatases, efflux systems, regulation, bioremediation

INTRODUCTION

Controlled and accidental releases by nuclear industries, nuclear weapon tests and nuclear accidents
have globally spread radionuclides in our environment, including synthetic radionuclides like *H,
208y, 1311 137Cs, and 1 Am (UNSCEAR, 1988; Van der Stricht and Janssens, 2010; Taira et al.,
2013; Pravalie, 2014; International Atomic Energy Agency [TAEA], 2018). In addition, human
activities can lead to an increased exposure to naturally occurring radioactive material (NORM),
which primarily include 233U, 232Th, 4°K and their decay products (International Atomic Energy
Agency [IAEA], 2003). Examples of NORM industries are oil and gas production, coal mining
and combustion, metal and uranium mining and processing, geothermal energy production,
groundwater treatment, and phosphate mining for fertilizer production (International Atomic
Energy Agency [IAEA], 2003; UNSCEAR, 2008). Environmental accumulation of natural and
synthetic radionuclides can be hazardous for ecosystems. Transfer of radionuclides to vegetation
mainly occurs through water bodies (Salbu et al., 2013), resulting in cytogenetic damage that
decreases the reproductive ability (Geraskin et al., 2013). Furthermore, contamination of water
bodies, such as lakes, results in a substantial transfer of radionuclides to fish, herbivores and
carnivores (Whicker, 1983; Salbu et al., 2013; Stromman et al., 2013). Humans can be exposed
when radionuclides are accumulated through the food chain, through contaminated potable
water sources, such as groundwater, or through inhalation (Tompson et al., 2002; Tykva, 2004;
Zachara et al., 2013).
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Bacterial Uranium Resistance Mechanisms

Uranium, atomic number 92, is a silvery-white metal
belonging to the actinides that is naturally found in minerals
such as pitchblende, uraninite, carnotite, autunite, uranophane,
davidite and tobernite, but can also occur in phosphate rock,
lignite and monazite sands (Lide, 2003). It is one of the principal
contaminants of concern in NORM and nuclear industry
(NEA/IAEA, 1999; International Atomic Energy Agency [IAEA],
2003). The most common natural isotopes are 2381 (99.27%),
23U (0.72%) and **U (<0.01%). Both ***U and **°U can be
used as nuclear fuel, but 23U is more important as it is able to
self-sustain a fission chain reaction. Therefore, 2*3U with slightly
enriched ?*>U is used for the generation of electricity (Hammond,
2004). 238U, 235U, and 23*U decay by emitting an alpha particle
and have half-lives of 4.5 x 10° years, 700 x 10° years, and
246 x 103 years, respectively. 28U decays 14 times by alpha or
beta emission before reaching stable lead-206 (206pDy),

As uranium accumulation could potentially be harmful
for humans and ecosystems, strict control and monitoring is
essential, and protection and remediation strategies are deployed.
Various physical and chemical methods are available, some more
advanced than others, but each with its own limitations and
drawbacks such as high cost, high complexity and long time
span (Godheja et al., 2016). Consequently, there is a need for
more simple and ecofriendly alternatives, including biologically
based methods. Microorganisms are often found in uranium-
contaminated sites and can influence uranium mobility, toxicity
and distribution (Choudhary and Sar, 2015). Processes such
as biosorption, bioaccumulation, biomineralization and redox
transformations are currently well known (Figure 1; Merroun
and Selenska-Pobell, 2008). In turn, uranium exerts a permanent
pressure on the prevailing microbial population, disrupting
microbial communities and processes (Tapia-Rodriguez et al,
2012; Lopez-Fernandez et al, 2017; Sutcliffe et al, 2017).
Consequently, fundamental understanding of the interaction
between microorganisms and uranium is essential to assess
the microbial impact in contaminated environments correctly.
Moreover, knowledge on the underlying cellular response can be
exploited to improve bioremediation technologies.

The most prevalent oxidation states of uranium in natural
environments are U(VI) and U(IV), although it can also exist

Biosorption
Bioreduction : Gor
) 2
‘o \ e ok Po2 Cop-
uv 4
. N
Bacterium
uo,** L ¢ (MUO,POL 0-PO,
MUOPOD I woro &g
HCO; MUO,PO; 3 0%
Bioaccumulation v
CO;* , UO,CO;
UOZZ‘( Extracellular biomineralization
FIGURE 1 | Bacterial interactions with uranium. Uranium minerals are
presented as UO,COgz or MUO,PO,4 with M indicating a metal ion. Pho,
phosphatase; poly-P, polyphosphate granules.

as U(III) and U(V). Uranium speciation and redox state are
important to consider as they influence the mobility of the
compound and the toxicity toward biological systems. A large
number of factors, such as the aeration state, pH, organic matter,
carbonates and phosphates, are able to influence its mobility
complicating uranium chemistry (reviewed in Cumberland et al.,
2016). In general, the aeration state determines the oxidation state
of uranium. Uranyl (UO,2%) is the main form in oxic systems.
Uranyl ions are more mobile and more toxic compared to the
reduced uraninite (UQO;), which can be formed in anaerobic
conditions and reoxidized with oxygen (Finch and Murakami,
1999; Markich, 2002; Liu et al., 2017). Also pH determines the
solubility of U(VI) and U(IV) complexes. In general, the presence
of carbonates has a positive effect on the solubility of U(VI)
complexes, especially above pH 5.5. On the other hand, U(IV)
is expected to be only slightly soluble in most environmental
pH conditions, except at extreme low pH (pH < 3), which can
be associated with anthropogenic environments such as acid
mine drainage. It is also possible that U(IV) could be mobilized
in a colloidal phase. Furthermore, the presence of other ions
(e.g., PO4>~,0H", SO4%7) and/or organic material can compete
for binding to uranyl ions, thereby influencing the mobility
of uranium and its sorption to mineral surfaces (Cumberland
et al., 2016). Therefore, it is important to consider these factors
when investigating microbial interactions with uranium since
the toxicity, mobility and interaction strongly depend on the
experimental setup.

Although the interaction of microorganisms with uranium
is extensively studied, there is far less information about the
cellular response of microorganisms to uranium exposure.
Data on bacterial uranium resistance mechanisms is rather
exploratory. Therefore, instead of discussing the outcome
of bacterial interaction with uranium, this review focusses
on the different active cellular mechanisms for uranium
processing. Microbial reduction of soluble U(VI) to insoluble
U(IV) is one of the best-studied mechanisms and many
uranium-reducing bacteria have been identified. As such,
different reduction mechanisms are discussed in a first section.
In a following section, several types of phosphatases are
reviewed as metal-phosphate complexation and metal-
phosphate biomineralization are common mechanisms for
metal detoxification. Afterward, the involvement of membrane
proteins, metal efflux and regulatory systems in uranium
resistance is reviewed. Finally, the potential application in
bioremediation is discussed.

URANIUM REDUCTION MECHANISMS

Enzymatic uranium reduction can occur directly or indirectly
in the cytoplasm, periplasm, at the outer membrane or
extracellularly (Figure 2 and Table 1) (reviewed in You
et al,, 2021). It has been investigated particularly in Geobacter
species, which often dominate in anaerobic uranium-reductive
bioremediation setups (Yun-Juan et al, 2005; Shelobolina
et al, 2008; Chandler et al, 2010). In general, cytochromes
are imperative in the reduction process and were found
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FIGURE 2 | Bacterial uranium reduction mechanisms. DH, Dehydrogenase; Q, quinone; cyt, cytochrome; FMN, flavin mononucleotide.
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to be increasingly expressed in Geobacter uraniireducens
when growing in uranium-contaminated subsurface sediments
(Holmes et al., 2009). Moreover, GscA (Geobacter subsurface
c-type cytochrome A) of Geobacter sp. M18 was highly abundant
during in situ uranium bioremediation (Yun et al, 2016). In
addition, the diheme c-type cytochrome peroxidase MacA and
the outer-surface c-type cytochrome OmcZ are essential for
uranium reduction, and the periplasmic cy-type cytochrome
PpcA is an important intermediate electron carrier (in the
absence of hydrogen) in Geobacter sulfurreducens (Lloyd et al.,
2003; Shelobolina et al., 2007; Orellana et al., 2013). On the
other hand, two outer membrane cytochromes, OmcB and
OmcC, showed no or less contribution to U(VI) reduction in
G. sulfurreducens (Shelobolina et al., 2007). Functional c-type
cytochromes were also shown to be essential for uranium
reduction in other bacteria. For instance, a cytochrome c
maturation deficient mutant of Shewanella oneidensis MR-1 was
unable to reduce uranium. However, the precise electron transfer
pathways involved in uranium reduction are not yet clear. It has
been shown that the outer membrane c-type cytochrome MtrC
(also known as OmcB), but not OmcA, can function as a terminal
uranium reductase. In addition, deletion of both genes decreased
the uranium reduction rate and changed the characteristics
of the formed uranium nanoparticles (Marshall et al., 2006).
A decreased uranium reduction rate was also observed for
deletion mutants of mtrA (encoding a periplasmic decaheme
cytochrome involved in metal reduction), mtrB (encoding an
outer membrane protein involved in metal reduction) and
menC (encoding a precursor of menaquinone), which are
involved in the electron transfer. In addition, other Mtr-
independent pathways can exist (Bencheikh-Latmani et al., 2005).
Periplasmic uranium reduction in Desulfovibrio occurs mainly
via cytochrome c3. Deletion of cycA, encoding cytochrome

c3, in Desulfovibrio alaskensis G20 (formerly Desulfovibrio
desulfuricans G20) reduced the uranium reduction rate in the
presence of lactate and pyruvate, and almost completely inhibited
it with hydrogen gas as electron donor in sulfate-reducing
conditions. This indicates that cycA is responsible for uranium
reduction with hydrogen gas as electron donor, but can be
bypassed in the presence of other electron donors (Payne et al.,
2002, 2004).

Uranium can also be reduced abiotically by iron (Du et al.,
2011). However, since cytochromes are often involved in iron
reduction pathways (Weber et al, 2006), there could be a
link between uranium reduction and iron metabolism. Indeed,
siderophores have been shown to form stable complexes with
metals and some radionuclides (Bouby et al., 1998; Rajkumar
etal., 2010; Rashmi et al., 2013). Hydroxamate-type siderophores
were shown to chelate uranium better when complexed with
carbonate (Mo et al.,, 2016), and desferrioxamine-B increased
dissolution of uraninite under reducing conditions and could
therefore increase uranium mobility (Frazier et al., 2005). In
addition, uranium stress induced siderophore production in the
cyanobacterium Synechococcus elongatus BDU 130911 (Rashmi
et al., 2013) as well as a large number of proteins related to iron
metabolism in the Chernobyl isolate Microbacterium oleivorans
A9. The latter include components of the siderophore iron uptake
system such as ABC-transport type subunits and siderophore
modification enzymes (Gallois et al., 2018). Moreover, uranium
exposure evokes an iron starvation response, thereby enhancing
the synthesis of iron uptake systems. This is in line with
observations in Desulfotomaculum reducens MI-1, where several
ferrous iron uptake and transport proteins, and a transcriptional
regulator of the Fur family were upregulated in the presence of
U(VI) (Junier et al., 2011). Although the actual link between iron
metabolism and uranium resistance is currently unknown, these
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TABLE 1 | Overview of uranium interaction mechanisms in bacteria.

BACTERIA Conditions/medium [U] (mM) Speciation Key genes/proteins References Comment
Uranium reduction
Geobacter sp. M18 In situ uranium-contaminated aquifer at NA NA GscA? Yun et al., 2016 Metaproteomic community
ORFRC analysis, no protein with
significant similarity to GscA in
the genomes of G.
sulfurreducens, G.
metallireducens, G.
uraniireducens or G. daltonii
G. uraniireducens strain Heat-sterilized uranium-contaminated NA NA c-type cytochromes Holmes et al., 2009 /
RF4 sediments
G. sulfurreducens Fumarate and acetate amended basal 1 A Diheme c-type cytochrome peroxidase Shelobolina et al., Decreased U(VI) reduction rate
bicarbonate buffered medium MacA 2007 by 98%
G. sulfurreducens Modified freshwater medium NA UVl Quter-surface c-type cytochrome OmcZ Orellana et al., Approximately 50% less
2013 reduction compared to the wild
type
G. sulfurreducens Modified freshwater medium NA UVl Periplasmic c7-type cytochrome PpcA Lloyd et al., 2003 Depending on the type of
electron donor provided, a
decrease in reduction is
observed
G. sulfurreducens Fumarate and acetate amended modified 1 A PilA Cologgi et al., Conductive pili
freshwater medium 2011, 2014
S. oneidensis MR-1 Lactate and bicarbonate buffer 0.25 A CemC~ Marshall et al., Mutant lacking the ability to
2006 covalently incorporate heme
into nascent apocytochromes,
no U(VI) reduction
S. oneidensis MR-1 Lactate and bicarbonate buffer 0.1,0.25 A Outer membrane c-type cytochrome Bencheikh-Latmani Terminal uranium reductase,
MtrC/OmcB et al., 2005; reduced U(VI) rate
Marshall et al.,
2006
S. oneidensis MR-1 Lactate and bicarbonate buffer 0.1,0.25 A Outer membrane c-type cytochrome OmcA Bencheikh-Latmani Reduced U(VI) reduction rate
et al., 2005;
Marshall et al.,
2006
S. oneidensis MR-1 Shewanella medium (SM) with lactate and 0.1 A Periplasmic decaheme cytochrome mtrA, Bencheikh-Latmani Reduced U(VI) reduction rate
bicarbonate outer membrane protein mtrB, precursor of et al., 2005
menaquinone menC
D. alaskensis G20 Lactate-Sulfate medium 1 A cytochrome cz CycA Payne et al., 2002, Depending on the electron
2004 donor provided, U(VI) reduction
rates are reduced or completely
inhibited
D. alaskensis G20 Modified Lactate-Sulfate medium 2 A Thioredoxin (MreD), Thioredoxin reductase Li and Krumholz, /

(MreE), Oxidoreductase (MreG)

2009; Lietal., 2014
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TABLE 1 | (Continued)

Bacteria Conditions/medium [U] (mM) Speciation Key genes/proteins References Comment
Iron-related response
S. elongatus BDU ASN Il marine synthetic medium 1 A Siderophores Rashmi et al., 2013 Uranium stress induced
130911 siderophore production,
uranium siderophore
complexation was confirmed
M. oleivorans A9 0.1 M NaCl 0.01 N Siderophore iron uptake system Gallois et al., 2018 Uranium induces an iron
starvation response
D. reducens MI-1 Modified widdel low phosphate (WLP) 0.1 A Ferrous iron uptake and transport proteins, Junier et al., 2011 /
medium and a transcriptional regulator of the Fur
family upregulated
U-phosphate precipitation in acid conditions
Serratia sp. N14 Metal challenge solution; MOPS buffer 1; £ 0.0125 - N PhoN Macaskie et al., /
(purified phosphatase); citrate buffer with 0.3, 1 1994; Jeong and
G2P Macaskie, 1995;
Jeong et al., 1997
E. coli DH5a Citrate, MOPS NaOH, G2P test solution 1 N PhoN Basnakova et al., /
expressing PhoN from 1998
S. typhi
E. coli DH5a Citrate, MOPS NaOH, G2P test solution 1 N PhoC Basnakova et al., /
expressing PhoC from 1998
M. morganii
E. coli DH5a Acetate buffer with G2P 0.8 N PhoN Appukuttan et al., /
expressing PhoN from 2006
a S. Typhi isolate
D. radiodurans R1 Acetate buffer with G2P 0.8 N PhoN Appukuttan et al., /
expressing PhoN from 2006
a S. Typhi isolate
M. oleivorans A9 0.1 M NaCl 0.01 N PhoE Gallois et al., 2018 Expression coincided with
phosphate efflux and showed
uranium-phosphate
precipitation
Caulobacter OR37 M5G minimal medium with B-vitamins and 0.0005 233y / Morrison et al., /

G2P

2021
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TABLE 1 | (Continued)

Bacteria Conditions/medium [U] (mM) Speciation Key genes/proteins References Comment
Arthrobacter sp. X34 Simulated groundwater with G3P 0.2 A / Beazley et al., /
2007; Martinez
etal., 2007
Bacillus sp. Y9-2 Simulated groundwater with G3P 0.2 A / Beazley et al., /
2007; Martinez
et al., 2007
Rahnella sp. Y9602 Simulated groundwater with G3P 0.2 A / Beazley et al., /
2007; Martinez
etal., 2007
Rahnella sp. Y9602 Simulated groundwater with G3P with 0.2 A / Beazley et al., 2009 | /
NOz ™~
U-phosphate precipitation in acid and alkaline conditions
Serratia sp. strain OT I Acetate (pH 5) or MOPS buffer (pH 7 and 9) 1 N, C / Chandwadkar /
7 etal., 2018
Chryseobacterium sp. Acetate (pH 5) or MOPS buffer (pH 7 and 9) 1 N, C / Khare et al., 2020 /
strain PMSZPI
U-phosphate precipitation in alkaline conditions
Sphingomonas sp. Carbonate-bicarbonate buffer with G2P 05-5 C PhoK Nilgiriwala et al., /
BSAR-1 2008
E. coli BL21 expressing Carbonate-bicarbonate buffer with G2P 05-5 C PhoK Nilgiriwala et al., /
PhoK from 2008
Sphingomonas sp.
BSAR-1
E. coli DH5a MOPS buffer with/without carbonate (pH 9 1 N, C PhoK Kulkarni et al., 2016 | /
expressing PhoK from and 6.8, respectively) with G2P
Sphingomonas sp.
BSAR-1
E. coli DH5a MOPS buffer with/without carbonate (pH 9 1 N, C PhoN Kulkarni et al., 2016 | /
expressing PhoN from and 6.8, respectively) with G2P
S. Typhi
D. radiodurans R1 MOPS buffer with G2P 1-10 C PhoK Kulkarni et al., 2013 /
expressing PhoK from
Sphingomonas sp.
BSAR-1
D. radiodurans R1 MOPS buffer with/without carbonate (pH 9 1 N, C PhoK Kulkarni et al., 2016 | /
expressing PhoK from and 6.8, respectively) with G2P
Sphingomonas sp.
BSAR-1
D. radiodurans R1 MOPS buffer with/without carbonate (pH 9 1 N, C PhoN Kulkarni et al., 2016 /
expressing PhoN from and 6.8, respectively) with G2P
S. Typhi
C. crescentus NA1000 PIPES buffer (pH 7) with G2P 0.5 N PhoY Yung and Jiao, /

2014
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TABLE 1 | (Continued)

Bacteria Conditions/medium [U] (mM) Speciation Key genes/proteins References Comment
P, rhodesiae R1.2 + P, Sterilized soil slurries amended with glycerol 0.02 A PhoA Powers et al., 2002 /
veronii /1.2 expressing 3-phosphate
PhoA from E. coli
S. bentonitica BII-R7 Tris minimal medium amended with G2P 0.1;0.25 N Phosphatases? Pinel-Cabello et al., Increased induction of four
2021 phosphatases
Phytases
Microbial communities Sediment slurries NA NA Acid phytase activity Salome et al., 2017 /
from ORFRC
C. crescentus CB15N M2G/M5G minimal medium 0.2-1 N Phytase? Hu et al., 2005; Putative phytase was the most
Yung et al., 2014 highly upregulated protein,
involved in uranium resistance
when phytate is the only
phosphate source
Phosphate release from cellular phosphate sources
P, aeruginosa MOPS minimal medium 1 N Polyphosphate kinase Renninger et al., Phosphate release from
2004 polyphosphate
D. radiodurans 0.1 M NaCl + 0.336 N / Suzuki and Phosphate release during cell
Banfield, 2004 lysis
A. torulosa Nitrogen-supplemented BG-11 medium 0.1 C / Acharya et al., Alkaline phosphatases liberate
lacking phosphate 2017 Pi from organophosphate
substrates
Paenibacillus sp. 0.1 M NaClO4 pH 2 - 6, oxic + anoxic 0.5 (pH 2, 3, N / Reitz et al., 2014 Organic bound uranium at pH 2
JG-TB8 4.5), 0.05 (pH and 3; uranium-phosphate at
6) higher pH and oxic conditions
C. metallidurans NA4 RM medium 0.1 N / Rogiers et al., PHB-associated
2021b uranium-phosphate
Membrane proteins
C. crescentus NA1000 PYE medium with MES buffer 0.25-0.275 N rsaFz and rsaFy Yung et al., 2015 /
B. sphaericus JG-A12 Nutrient broth (8 g/L) 0.9 (pH 4.5) N SIfA Merroun et al., Cells, native and recrystallized
2005 S-layers
B. sphaericus NA 0.9 (pH 4.5) NA SIfB Raff et al., 2002 native and recrystallized
NCTC9602 S-layers
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TABLE 1 | (Continued)

Bacteria Conditions/medium [U] (mM) Speciation Key genes/proteins References Comment
D. radiodurans 20 mM MOPS buffer 1 N Hpi-PhoN Misra et al., 2021 Cell-free protein extract
Microbacterium 0.1 x TSB medium 0.001 N UipA Gallois et al., 2021
S. bentonitica BII-R7 Tris minimal medium amended with glycerol 0.1,0.25 N CreD Pinel-Cabello et al.,
2-phosphate 2021
Metal efflux systems
C. metallidurans NA4 RM medium 0.1 N sil, cop and czc genes Rogiers et al., /
2021b
Chryseobacterium sp. Tris buffered medium 0.5 N CzcA, czcD, cadA Nongkhlaw and /
strain PMSZPI Joshi, 2019
S. bentonitica BII-R7 Tris minimal medium amended with glycerol 0.1,0.25 N czcA/cusA, czeD, renB, mdtAB Pinel-Cabello et al., /
2-phosphate 2021
G. sulfurreducens Fumarate and acetate amended basal 0.1 A Three membrane fusion proteins and two Orellana et al., /
bicarbonate buffered medium (anoxic) outer membrane factors 2014
D. reducens MI-1 Modified widdel low phosphate (WLP) 0.1 A Cadmium- and copper-translocating P-type Junier et al., 2011 /
medium ATPAse
M. oleivorans A9 0.1 M NaCl 0, 0.01, 0.05 N / Theodorakopoulos Evidence for uranium release
etal., 2015
M. oleivorans A9 0.1 M NaCl 0.01 N Upregulation of several cation transporters Gallois et al., 2018 /
H. noricense 3 M NaCl 0.01-0.12 N / Bader et al., 2017 Evidence for uranium release
Regulatory systems
C. crescentus M2G minimal medium/M5G minimal 0.05-1 N UrcA, UzcRS + auxiliary regulators, UrpRS Hu et al., 2005; /
CB15N/NA1000 medium with G2P Park et al., 2017,
2019; Park and
Taffet, 2019
M. oleivorans A9 0.1 M NaCl 0.01 N ArsR Gallois et al., 2018 /
D. alaskensis G20 Modified Lactate-Sulfate medium 1-2 A cyclic AMP receptor protein (CRP) Li and Krumholz, /

2009

NA, Not Available; G2R, glycerol-2-phosphate; G3F, glycerol-3-phosphate; N, urany! nitrate; A, uranyl acetate; C, uranyl carbonate.
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observations indicate that siderophores could protect cells from
uranium stress through sequestration.

In Geobacter species, evidence has also emerged for
U(VI) reduction farther from the cell via extracellular pili.
G. sulfurreducens expressing pili increased the rate and extent of
uranium reduction with carbon ligands outside of the cell, while
pili-deficient strains precipitated U(IV) mainly in the periplasm
(Cologgi et al., 2011). Furthermore, these conductive pili
contributed more to uranium reduction than cytochrome OmcZ
(Cologgi et al., 2014). This could indicate that the extracellular
pili function as a protective mechanism to avoid excessive
precipitation in the periplasm, thereby minimizing cytotoxic
effects. Furthermore, the metal-chelating properties of rough
lipopolysaccharides could complement the extracellular pili
by preventing uranium crossing the outer membrane, thereby
creating a barrier to maximize extracellular reduction (Clark
et al,, 2021). However, detailed knowledge about the mechanism
is currently lacking. Another form of extracellular U(VI)
reduction is through extracellular electron shuttle compounds.
The electron shuttle is able to transfer electrons to an electron
acceptor in the extracellular environment, such as U(VI), without
the direct interaction of cellular compounds with the electron
acceptor. This was shown for Shewanella species that secreted a
flavin mononucleotide, which is able to mediate and accelerate
reduction of U(VI) (Suzuki et al., 2010; Yamasaki et al., 2017).

Most studies demonstrated that reduced U(IV) was
predominantly localized in the periplasm and at the outside
of the cell. Nevertheless, cytoplasmic U(VI) reduction with
thioredoxins as electron donor was also found. Transposon
mutagenesis studies in D. alaskensis G20 showed that the mre
operon, coding for a thioredoxin (MreD), thioredoxin reductase
(MreE) and an additional oxidoreductase (MreG) was essential
for uranium reduction (Li and Krumholz, 2009; Li et al., 2014).

Although much research has been performed to elucidate the
precise uranium reduction pathway, there is currently no general
model that completely explains the electron transport chain
during uranium reduction. Moreover, different mechanisms
seem to exist in different strains. More research is necessary to
reveal the molecular pathways allowing uranium reduction.

PHOSPHATASES

Metal-phosphate complexation and biomineralization are
common mechanisms for limiting metal bioavailability and
toxicity (Gudavalli et al., 2018; Zhang et al., 2021), including
uranium (Table 1; Wufuer et al., 2017). Since phosphorus is
an essential element (Smil, 2000) and soluble phosphate can
be scarce in some environments like soil and water bodies,
many bacteria use phosphatases to liberate phosphate ions
from mineral or organic phosphorus. In fact, organic forms of
phosphorus often constitute 30-50% of the total phosphorus
(Ruttenberg, 2014). The liberated phosphate ions are able to
interact with uranyl, facilitating complexation and precipitation
of uranium. Phosphatases, which are either secreted outside
the cell or membrane-bound, are broadly categorized based
on the pH required for their optimum activity as acid or

alkaline. Different sources of phosphate have been used to study
phosphatase-mediated uranium-phosphate biomineralization,
such as glycerol-2-phosphate (Appukuttan et al., 2006), glycerol-
3-phosphate (Powers et al., 2002), phytate (Li et al., 2019) and
polyphosphate (Renninger et al., 2004). An overview of the
current knowledge of each of these mechanisms is discussed in
the following subsections.

Acid Phosphatase

Enzymatic uranium phosphate precipitation was first observed
in Serratia sp. N14 (Macaskie et al., 1992), originally classified
as Citrobacter sp. N14 (Pattanapipitpaisal et al., 2002). Since
then, uranium phosphate biomineralization has been shown
in different Serratia spp. under diverse conditions, including
anaerobic conditions and even in the presence of high doses
of gamma irradiation (Newsome et al, 2015; Chandwadkar
et al, 2018). The periplasmic acid phosphatase PhoN was
responsible for uranium complexation as a phosphatase deficient
mutant was unable to remove uranium from the growth
medium (Macaskie et al., 1994; Jeong et al., 1997). Fragments
of the purified PhoN were homologous to PhoN of Morganella
morganii, Providencia stuartii, and Salmonella enterica subsp.
enterica serovar Typhimurium (Macaskie et al, 1994; Jeong
et al., 1997). However, uranium removal in those strains was
negligible (Macaskie et al., 1994), indicating that additional
strain-specific characteristics were needed, e.g., suitable sites for
uranium nucleation (Macaskie et al.,, 2000). While the inner
and outer membrane were initially identified as nucleation
sites for biocrystallization, further research also proposed initial
exocellular nucleation within the lipopolysaccharides aided by
supposedly liposome-entrapped acid phosphatases that released
Piin close juxtaposition (Jeong et al., 1997; Macaskie et al., 2000).
Moreover, the presence of phosphate-containing extracellular
polymeric material putatively provided a protective function
and enabled uranium removal (Jeong et al., 1997; Macaskie
et al., 2000). Other studies on PhoN-type acid phosphatases of
Serratia spp. showed that two isoenzymes exhibited a different pH
optimum and glycerol 2-phosphate affinity (Jeong et al., 1998).
Both isoenzymes were also sensitive to uranyl causing a reduction
in their activity (Jeong and Macaskie, 1995).

To explore the role of phosphatases in uranium
biomineralization more in detail, several recombinant strains
expressing phosphatases have been studied (Basnakova et al,
1998). Although E. coli DH5a expressing either phoN from
S. Typhi or the related phoC from M. morganii exhibited acid
phosphatase activity comparable to Serratia sp. N14, different
uranium removal capabilities were observed. E. coli expressing
phoN exhibited increased removal compared to Serratia sp.,
and both were superior to E. coli expressing phoC (Basnakova
et al., 1998), suggesting different in vivo properties of both
phosphatases. Putatively, the tertiary structure of PhoN protects
the sensitive sites of the enzyme for uranyl ions to access
(Basnakova et al., 1998). In addition, heterologous expression
of PhoN from a S. Typhi isolate in Deinococcus radiodurans R1
and in E. coli showed comparable uranium removal although a
higher phosphatase activity was observed in E. coli (Appukuttan
et al,, 2006). Also, in M. oleivorans A9, the expression of a broad
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specificity phosphatase PhoE coincided with phosphate efflux
and showed uranium-phosphate precipitation in different stadia
(Gallois et al., 2018).

Acid phosphatase activity and its involvement in uranium
biomineralization was also observed in multiple isolates
from uranium-contaminated environments. In Jaduguda
(India), nine out of twelve strains isolated from uranium
mine wastes possessed phosphatase activity (Choudhary
et al, 2012). Furthermore, four out of eight isolates from
uranium mill tailings pore waters in the region of Limousin
(France) possessed acid phosphatase activity, while only one,
Microbacterium oxydans Br5, possessed alkaline and acid
phosphatase activity (Sanchez-Castro et al., 2017). Caulobacter
sp. OR37, Rahnella sp. strain Y9602 and Bacillus sp. strain Y9-2
isolated from the Oak Ridge Field Research Center (ORFRC)
were phosphatase-positive and removed uranium from growth
medium supplemented with organic phosphate in different
pH conditions (Beazley et al., 2007; Martinez et al, 2007;
Morrison et al., 2021). Moreover, Rahnella sp. Y9602 was able
to induce uranium phosphate complexation in nitrate-reducing
conditions at pH 5.5, albeit with some differences in initial
precipitation rates. The same uranium mineral was formed in
both aerobic and anaerobic conditions and this was similar
to uranium precipitated with free orthophosphate, suggesting
that the precipitation is purely chemical through the liberation
of Pi from organophosphate by phosphatases (Beazley et al.,
2009). This further supports the hypothesis that cells govern
nucleation sites for uranium phosphate complexation. Indeed,
Morrison et al. (2021) indicated that abiotic precipitation
does not occur at uranium concentrations below 1 pM
with 500 pM Pi and below pH 5. However, introducing
Caulobacter sp. strain OR37 resulted in uranium precipitation
and the formation of intracellular polyphosphate granules.
Presumably, the cells concentrated uranium at the membrane
by sorption, which lowered the activation energy required for
nucleation and mineralization that prevented abiotic uranium-
phosphate mineralization. While most studies investigate
uranium biomineralization at uranium concentrations higher
than 20 @M, where uranium-phosphate precipitates will
inevitable form if Pi is released, many contaminated sites
have lower uranium concentrations (Morrison et al., 2021).
Moreover, limitations for uranium in drinking water are
often below 1 wM (Nolan and Weber, 2015). Therefore,
studies investigating microbial interactions with low uranium
concentrations are essential.

Results discussed above are mainly from acidic or near neutral
environments. However, different observations could be made in
alkaline conditions. Serratia sp. strain OT II 7, isolated from the
acidic sub-surface soil of a uranium ore deposit, exhibited much
higher phosphatase activity at pH 5 compared to pH 7 and 9 in
the absence of uranium. However, this strain removed uranium
much faster at pH 9 and pH 7, than at pH 5 (Chandwadkar
et al., 2018). Moreover, for Serratia sp. strain OT II 7 as
well as Chryseobacterium PMSPZI uranium precipitates were
formed at a different cellular location depending on the pH.
At pH 9, uranyl precipitated always extracellular. At pH 7,
extracellular and cell-bound uranium precipitates were formed.

Whereas, at pH 5, uranyl precipitates were mainly cell surface-
associated or intracellular, which also decreased phosphatase
activity and negatively impacted cell viability (Chandwadkar
et al,, 2018; Khare et al., 2020). It is clear that acid phosphatases
play a prominent role in the precipitation of uranium and
enable bacteria to withstand high uranium concentrations.
Furthermore, uranium-contaminated environments are often
acidic, also evidenced by mainly acidic phosphatase activity of
environmental isolates.

Alkaline Phosphatases

Industrial processes can also lead to alkaline uranium waste
(Seidel, 1981), for example by using carbonate-based reagents to
recover uranium from historical mine waste (Santos and Ladeira,
2011) via soluble and stable uranium-carbonate complexes
(Duff et al., 2004). In those environments, uranium phosphate
mineralization is not expected, which indicates the need to
study the physicochemical conditions to determine possible
uranium-phosphate complexation. Uranium precipitation is
possible at pH 9 in the presence of excess carbonate if
log(HPO42’/HCO3’) > —3 (Zheng et al, 2006). Indeed,
the secreted alkaline phosphatase PhoK from Sphingomonas
sp. BSAR-1 precipitated the supplemented uranyl-carbonate
at pH 9 as uranium-phosphate through glycerol-2-phosphate
cleavage. The precipitation was even more rapidly at higher
uranium concentrations when PhoK was over-expressed in
Escherichia coli BL21 (Nilgiriwala et al., 2008). This PhoK has also
been used to create the recombinant Deinococcus radiodurans
Deino-PhoK strain, resulting in efficient extracellular uranium-
phosphate precipitation in planktonic and alginate-encapsulated
state. Precipitation occurred also during high doses of ionizing
radiation and in the presence of cesium and strontium,
which are often present in intermediate and low level liquid
radioactive waste (Kulkarni et al., 2013). The advantages of
using D. radiodurans in treating radioactive waste have recently
been reviewed in Li et al. (2021). Uranium precipitation with
PhoK-expressing recombinant E. coli DH5a and D. radiodurans
was also examined in a carbonate-deficient condition at pH
6.8 (GC 1) versus a carbonate-abundant condition at pH 9
(GC2). Uranium toxicity was clearly higher in GC 1 coinciding
with more uranium adsorption to the biomass. Consequently,
uranium precipitation was cell-associated in GC 1 for both
E. coli and D. radiodurans, whereas precipitates were located
more distant from cells in GC 2 (Kulkarni et al., 2016). These
observations corroborate that uranium speciation and toxicity
depend on the environmental conditions.

C. crescentus NA1000 forms uranium-phosphate precipitates
extracellularly or on the cell surface by releasing Pi in modified
M5G medium. The periplasmic alkaline phosphatase PhoY,
related to the secreted PhoK from Sphingomonas sp. BSAR-1
(39% amino acid identity and 51% similarity), was identified
as essential in this process and consequently also for uranium
resistance (Yung and Jiao, 2014). Furthermore, heterologous
expression of the E. coli alkaline periplasmic phosphatase PhoA
in three Pseudomonas subsurface isolates released sufficient Pi
in sterilized soil slurries to remove uranium from the cell-
free supernatant (up to 69% of 20 WM uranyl acetate) for
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P. rhodesiae R1.2 and P. veronii V1.2, but not P. fluorescens
F1.2 (Powers et al, 2002). In Stenotrophomonas bentonitica
BII-R7, isolated from Spanish bentonite clay formations, four
phosphatases were upregulated in the presences of uranium
and facilitated the formation of extracellular uranium-phosphate
precipitates (Pinel-Cabello et al., 2021). Overall, bacterial alkaline
phosphatases are present in a wide range of species and could
result in the precipitation of uranium. In the studies presented
here, organophosphate was often provided as glycerol-2- or
glycerol-3-phosphate. However, in natural environments, other
forms of organophosphate can be present such as phytate, which
requires specialized phosphatases to release inorganic phosphate.

Phytases

Phytate, or inositol hexaphosphate, is a naturally occurring
organic phosphate that can be abundant in soils and is the
main form of phosphorous storage in plants (Turner, 2006).
Depending on the pH, on the amount of phytate present and
on the available carbonates, abiotic uranium precipitation is
not expected and thus phosphate needs to be released for
uranium immobilization (Langmuir, 1978; Oh et al., 2004;
Salome et al, 2017; Li et al, 2019). Phytases are a special
class of phosphatases that catalyze the sequential hydrolysis
of phytate to less phosphorylated myo-inositol derivatives and
inorganic phosphate (Wyss et al, 1999). Although distinct
phytate types exist, histidine acid phytases are mostly identified
in microorganisms. Acidic, but not alkaline phytase activity was
shown to be present in microbial communities from the uranium
contaminated ORFRC. Experiments with sediment slurries at
pH 5.5 indicated that uranium enhanced phytase activity but
also resulted in the production of intermediate inositol phosphate
species, probably due to the inactivation of other phosphatases,
with a decrease in uranium solubility (Salome et al, 2017).
C. crescentus CB15N is able to form calcium-uranium-phosphate
precipitates in oligotrophic medium in the presence of inorganic
phosphate. Interestingly, a putative phytase was the most highly
upregulated protein in response to uranium in these conditions
(Hu et al, 2005). The phytase is not essential for uranium
resistance in M2G medium nor in rich PYE medium but does
seem to enhance survival in the presence of uranium when
phytate is provided as sole phosphate source. Furthermore, since
the phytase-deficient mutant already showed reduced growth in
the absence of uranium, it seems essential for growth but not
necessarily for uranium biomineralization (Yung et al., 2014).

Phosphate Release From Cellular

Phosphate Sources

Whereas most studies investigated bacterial uranium-phosphate
precipitation by supplementing organic or inorganic phosphate,
the possibility of phosphate release from innate phosphate
sources for uranium biomineralization is also being scrutinized.
In P. aeruginosa, overexpression of a polyphosphate kinase
resulted in 100 times more accumulated polyphosphate. In
the presence of uranyl nitrate, it was shown that uranyl
adsorbed initially to the cells and was consecutively precipitated
as uranyl phosphate mediated by the release of phosphate

from polyphosphate (Renninger et al, 2004). In addition,
D. radiodurans was shown to precipitate uranium in non-growth
conditions at pH 4 without any supplemented phosphate source.
Therefore, phosphate had to come from cellular material, such
as polyphosphate, which was released during cell lysis (Suzuki
and Banfield, 2004). Acharya et al. (2017) also hypothesized that
in the cyanobacterium Anabaena torulosa alkaline phosphatases
liberate Pi from organophosphate substrates released during
the decomposition or degradation of cells by uranium. For
Paenibacillus sp. JG-TB8, uranium was bound by organic
phosphate at pH 2 and pH 3 independent on aeration conditions
(Reitz et al., 2014). However, uranium seemed to precipitate more
as meta-autunite-like uranyl phosphate at higher pH and in oxic
conditions, while under anaerobic conditions no mineralization
was observed due to decreased Pi release. Nonetheless, the only
phosphate sources during the experiment were organic substrates
from damaged cells (Reitz et al., 2014).

MEMBRANE PROTEINS

The outer surface of many bacteria and archaea is covered
by a proteinaceous surface layer (S-layer) that serves multiple
functions, including survival in specific niches. Although its
precise role in many organisms has not yet been identified (Fagan
and Fairweather, 2014), its involvement in uranium biosorption
has been shown in multiple bacteria (Table 1; Pollmann et al,,
2006; Yung et al,, 2015). This is mostly considered to be a passive
process, but evidence emerged that bacteria might modulate
their cell envelope to become more resistant. In C. crescentus
NA1000, transposon mutagenesis revealed that the rsaF, and
rsaFy, genes encoding outer membrane transporters conferred
uranium tolerance. While RsaF, and RsaF, are known for
exporting the highly abundant S-layer protein RsaA, a role
for the S-layer itself and other S-layer transport systems in
uranium resistance was excluded. However, RsaF was found to
be homologous to TolC and mutation resulted in a decreased
resistance to cadmium and tetracycline, suggesting that resistance
could be governed by interacting with other translocases/pumps.
Furthermore, contrary to deletion of rsaF, and rsaA, deletion
of rsaF, and rsaF,FyrsaA increased uranium accumulation.
However, a role for RsaF in outer membrane integrity, which
could have increased uranium accumulation, could not be
excluded. Nevertheless, RsaF plays an important role in uranium
resistance either via uranium efflux or via protection of the
outer membrane integrity (Yung et al,, 2015). The SIfB S-layer
protein of B. sphaericus JG-A12, isolated from a uranium mining
waste pile is much more effective in uranium binding than
the SIfA S-layer protein of the reference strain B. sphaericus
NCTC 9602. The different affinity for uranium could be
explained by a distinct C-terminal region of both proteins. The
C-terminal region of SIfB harbors significantly more serine and
threonine residues, which are potential phosphorylation sites.
Notably, analysis of the downstream region of slfA and sIfB
and comparison with S-layer proteins from other B. sphaericus
strains indicated the involvement of horizontal gene transfer and
genomic rearrangements (Pollmann et al., 2005). Interestingly,
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S-layer proteins can also be utilized to increase uranium removal.  instance, Arthrobacter sp. X34, isolated from the ORFRC, did not
A protein fusion of the S-layer protein Hpi of D. radiodurans  exhibit phosphatase activity and did not precipitate any uranium,
with PhoN displayed efficient uranium removal (Misra et al., but was equally and even more resistant to uranium than the
2021). Furthermore, a uranyl specific biosensor based on uranium-biomineralizing Bacillus sp. strain Y9-2 and Rahnella
the S-layer proteins of B. sphaericus JG-Al12 was developed sp. strain Y9602, respectively (Beazley et al, 2007; Martinez
(Conroy et al., 2010). et al., 2007). Another example is the association of uranium-
The involvement of other membrane proteins in uranium phosphate minerals with polyhydroxybutyrate in Cupriavidus
binding and resistance has also been shown recently. Comparison  metallidurans NA4 (Rogiers et al., 2021b), which is resistant to
of four Microbacterium species revealed that protein UipA uranium independent of the presence of phaCl, encoding the
was only present in uranium-tolerant strains and was the poly(3-hydroxyalkanoate) polymerase subunit PhaC (Rogiers,
most upregulated protein after uranium induction. Moreover, 2022). Therefore, other mechanisms could mediate resistance,
the C-terminal part of this single-pass transmembrane protein  including metal efflux systems as uranium toxicity is mainly
has a high uranyl binding affinity. The crystal structure of exerted through its chemical metal-related properties.
UipA displayed a tandem of PepSY domains in a swapped Metal efflux is a common detoxification strategy employed
dimer with a negatively charged face, responsible for uranium by bacteria. Although multiple systems exist, three systems
binding (Gallois et al., 2021). In addition, the production of are most common (Figure 3; Table 1; Nies, 2003). First, the
carboxymethyl cellulose modified iron sulfide complex (CMC-  resistance-nodulation-cell division (RND) superfamily includes
FeS) by sulfate reducing bacteria was shown to have increased seven protein families involved in several functions such as
U(VI) removal capacity compared to chemically produced transportof hydrophobic compounds and nodulation factors, but
CMC-FeS because of the presence of extracellular polymeric also heavy metal efflux (HME-RND). The HME-RND protein
substances (EPS) containing tryptophan and tyrosine residues (A) is usually combined with a membrane fusion protein (MFP,
(He et al, 2021). Finally, increased expression of CreD, an B) and an outer membrane factor (OME C) to form a protein
inner membrane protein from S. bentonitica BII-R7, decreased  efflux complex that can transport substrates from the cytoplasm,
membrane permeability and prevented uranium from entering cytoplasmic membrane or periplasm to the outside (Nies, 2003).
the cytoplasm, thereby increasing uranium resistance during the  Typical examples are CzcCBA conferring resistance toward
lag phase (Pinel-Cabello et al., 2021). Cd?*, Zn?T, and Co?* (Mergeay et al., 1985), and CusCBA
and SilCBA providing resistance toward Cut, Cu?*, and Ag*
ions (Munson et al.,, 2000; Mijnendonckx et al., 2013; Randall
METAL EFFLUX SYSTEMS etal., 2014). A second export mechanism comprises efflux pumps
driven by the proton motive force or potassium gradient known
As evidenced in the previous sections, it is clear that bacteria are s cation diffusion facilitators (CDF) (Nies, 2003), such as CzcD
able to detoxify uranium via different mechanisms. Nevertheless, ~mediating a small degree of Cd**, Zn®*, and Co** resistance
in some cases the actual process is not directly deducible. For ~ (Nies, 1992; Anton et al., 1999). Lastly, P-type ATPases are able

Extracellular space

Cytoplasm
M+

ATP ADP + P
H* H* H* M

M?*  HME-RND CDF P-type ATPase

FIGURE 3 | Overview of bacterial efflux systems HME-RND, CDF, and P-type ATPase.
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to import and export cations through the hydrolysis of ATP
(Nies, 2003). Import is important for essential metals, such as
MgtA for Mgt (Snavely et al., 1989), but ATPases can also
detoxify metals through export. Several examples are CadA for
Cd?7 resistance (Nucifora et al., 1989), ZntA for Zn2* resistance
(Beard et al, 1997), and CzcP for Cd?t, Zn?t, and Co?t
resistance (Scherer and Nies, 2009).

Although efflux systems are often upregulated after uranium
exposure, a designated efflux system for uranium has not yet
been identified. For instance, in C. metallidurans NA4 almost all
genes (from nine different clusters) involved in the response to
and detoxification of silver and copper were upregulated after
uranium exposure (Rogiers et al., 2021b). In Chryseobacterium sp.
strain PMSZPI, isolated from a uranium-enriched environment
and in S. bentonitica BII-R7 czcA and czcA/cusA genes were
upregulated after uranium exposure, respectively (Nongkhlaw
and Joshi, 2019; Pinel-Cabello et al., 2021). The expression of one
of the two czc gene clusters present in C. metallidurans NA4 was
also induced after exposure to uranium (Rogiers et al., 2021b).
Three membrane fusion proteins and two outer membrane
factors assisting HME-RND pumps were also upregulated in
G. sulfurreducens after uranium induction, amongst which CzcC
(Orellana et al., 2014). The expression of another czc gene,
namely of the CDF encoding czcD, was found upregulated in
both Chryseobacterium sp. strain PMSZPI and S. bentonitica
BII-R7 (Nongkhlaw and Joshi, 2019; Pinel-Cabello et al., 2021).
Furthermore, P-type ATPases are also often found upregulated
after uranium exposure, such as cadA in Chryseobacterium sp.
strain PMSZPI (Nongkhlaw and Joshi, 2019) and a cadmium-
and copper-translocating P-type ATPAse in Desulfotomaculum
reducens MI-1 (Junier et al., 2011). Altogether, these results
suggest that uranium efflux, if active, occurs through systems
conferring resistance to Cd*>*, Zn?*, Co?’* or Cu?*, and
Ag™. Other efflux-related genes are sometimes upregulated as
well, such as the nickel and cobalt efflux regulator rcnB and
antibiotic resistance efflux genes (mdtAB) in S. bentonitica BII-R7
(Pinel-Cabello et al., 2021).

In M. oleivorans A9, a fast initial biotic removal of
uranium was followed by an active release of U(VI), which
was accompanied with phosphate efflux for uranium-phosphate
biomineralization. However, this release was only seen at a
concentration of 10 pM but not at 50 WM uranyl nitrate. It
was therefore hypothesized that higher concentrations of U(VI)
could inhibit efflux-mediated resistance or that the influx of
uranium into the cell would mask the efflux (Theodorakopoulos
et al., 2015). In a follow-up proteomic study, the upregulation
of several cation transporters (K*, Mn?*, Zn?*, Mg?*, and
Co?") and an ABC-type transport system co-occurred with
uranium efflux (Gallois et al., 2018). A similar release of
uranium after initial biosorption was observed for Halobacterium
noricense (Bader et al.,, 2017). The studies on M. oleivorans
A9 and H. noricense could indicate that uranium efflux is
possible, but that uranium resistance is a complex process
mediated by a combination of different mechanisms. This could
explain why, although efflux systems are often upregulated,
proof of essential efflux systems for uranium resistance is still
lacking. Uranium efflux could contribute to limit uranium entry,

but detoxification seems to be mediated by biomineralization,
bioreduction or biosorption.

REGULATORY SYSTEMS

To sense and respond to environmental changes bacteria deploy
different regulatory systems, including two-component systems
(TCSs) that are often involved in the response to metals
(Chang and Stewart, 1998; Mergeay and Van Houdt, 2015).
Typically, the sensor histidine kinase (HK) senses the metal
ion, uses ATP to autophosphorylate a conserved histidine
residue and transfers the phosphate group to a conserved
aspartate residue on the corresponding response regulator (RR)
(Chang and Stewart, 1998). On its turn, the phosphorylated
RR regulates the expression of metal resistance genes, but often
also autoregulates the expression of the TCS. In C. crescentus
NA1000, two uranium-responsive TCSs have been identified
by analyzing transcriptomic and proteomic data after exposure
to non-toxic uranium concentrations (Hu et al., 2005; Yung
et al., 2014; Park et al., 2017; Park and Taffet, 2019). UrpRS
(uranium responsive phytase regulator and sensor, respectively,
CCNA_01362 + 01363) was found to regulate a phytase gene
(CCNA_01353) that confers uranium resistance when phytate
is provided as the sole phosphate source (Yung et al., 2014;
Park and Taffet, 2019). UzcRS (CCNA_02842 + 02845), also
responsive toward zinc and copper, regulates the expression of
urcA (uranium response in caulobacter, CC3302), the highest
uranium-specific induced gene encoding a periplasmic protein
with unknown function (Hu et al., 2005; Park et al., 2017). The
promoter region of urcA contains two m_5 motives specific for
uranium induction that are nearly identical to the 18-bp UzcR
recognition motif (Hillson et al., 2007). This site contains the
partially palindromic half sites 5'-CATTAC-Ng-TTAA-3" found
in 44 of 57 UzcR binding regions determined by ChIP-seq (Park
et al.,, 2017). Furthermore, deleting uzcR or uzcS prevented the
Zn-, U- and Cu-dependent induction of the promoter region
of urcA (Pyrca). UzcR is thus presumably the regulator of the
m_5 motif and could be involved in the direct recruitment
of the RNA polymerase holoenzyme since the m_5 motif is
located at a common binding site for transcriptional activators,
43 or 53 bp upstream of the transcription start site (Lee et al.,
2012). In general, UzcR binds extensively throughout the genome
mainly activating genes encoding proteins with a putative
signal secretion signal and/or transmembrane domains (52 of
66 genes) such as metallopeptidases, multidrug-resistant efflux
(MDR) pumps, TonB-dependent receptors and many proteins of
unknown function (Park et al., 2017). The expression of uzcRS
is modulated by auxiliary regulators and the TCS is part of a
complex signaling network (Park et al., 2019). However, deletion
mutants of uzcRS disputed an essential role in uranium resistance
and the manner of uranium sensing is still unclear since U052,
Zn®>T, and Cu®* displayed different coordination preferences
(Haas and Franz, 2009; Park et al, 2017). It is hypothesized
that expression of uzcRS and urpRS is induced indirectly by
uranium. Nevertheless, the combination of both TCS systems has
been used to develop a whole-cell biosensor for uranium that
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showed a highly improved selectivity toward uranium compared
to the previously designed whole-cell biosensor based on the urcA
promoter (Hillson et al., 2007; Park et al., 2019; Park and Taffet,
2019).

Upregulation of regulatory systems after uranium induction
has also been observed in other bacteria. A negative regulator of
stress-induced operons, ArsR (Silver and Phung, 2005), seemed
to be less abundant when uranium is internally biomineralized
in M. oleivorans A9 but more abundant as long as uranium
remains extracellularly (Gallois et al., 2018). Interestingly, the
TCS UipRS is located upstream the uranium binding protein
UipA in multiple Microbacterium species, but a role in uranium
sensing and resistance has not yet been shown (Gallois et al,
2021). In D. alaskensis G20, a cyclic AMP receptor protein (CRP)
was found to possibly regulate expression of the mre operon
for metal reduction, facilitating uranium reduction through
thioredoxin (Li and Krumholz, 2009). Finally, ten TCSs are
upregulated in C. metallidurans after uranium induction of which
five are known to be involved in metal resistance (Rogiers et al.,
2021b). While extensive work has only been done in C. crescentus,
there is currently little known on how uranium is sensed and how
this results in the transcription of target genes. Further research
is therefore necessary, also in other bacteria, to unravel the
underlying regulatory mechanisms. An overview of the current
knowledge on the different molecular interaction mechanisms is
presented in Table 1.

GENERAL IMPLICATIONS FOR
TECHNOLOGICAL APPLICATIONS

The toxic characteristics of wuranium urged researchers
to investigate possible remediation strategies. This led
to the discovery that bacteria could be used for uranium
bioremediation, which is now one of the most promising bio-
based approaches for the remediation of uranium-contaminated
sites (Newsome et al., 2014). Uranium reduction is one of the
most studied processes. Although the extensive research has
already elucidated large parts of the uranium reduction pathway,
it is not yet completely clarified. Further research on these
pathways could be useful to understand the uranium reduction
mechanism completely, but it could also enable full exploitation
and modulation of the reduction process for bioremediation
applications. However, one of the disadvantages of uranium
reduction for bioremediation purposes is that it depends
highly on environmental factors as it necessitates reducing
conditions and often requires removal of soil compounds
(e.g., nitrate) before it can be applied. In addition, one of the
remaining problems for in situ bioremediation is that reduced
uranium is more or less prone to reoxidation depending on
the minerals formed. Moreover, the addition of cadmium, a
known inhibitor of thioredoxin, showed complete inhibition
of uranium reduction in some conditions, which is important
to take into account for bioremediation purposes as uranium
contaminated soils are very often co-contaminated with metals
such as cadmium, zinc and copper (Li and Krumholz, 2009;
Bigalke et al., 2017; Lu and Liu, 2018). Furthermore, zinc and
copper were also found to completely inhibit uranium reduction

when concentrations reached 25 and 15 mg/L, respectively, due
to their toxic effects on sulfate-reducing bacteria (Yi et al., 2007).
A more extensive screening of different metals can be useful
to identify key inhibitors of uranium reduction. Besides metal
ions, also uranyl speciation and concentration, pH, temperature,
electron donors and acceptors can affect uranium reduction rates
(recently reviewed by You et al., 2021). Nevertheless, uranium
reduction can still be an asset in several conditions. For example,
if in situ conditions are anaerobic, providing electron donors
could quickly immobilize uranyl by forming uraninite. Also, if
the recovery of uranium is necessary during ex situ remediation,
reduction in column or batch setups could be more favorable,
since U(IV) is easily remobilized.

To overcome a number of the limitations for long-term
processes, the research focus shifted in recent years to other
uranium interaction mechanisms, such as uranium phosphate
biomineralization. For instance, if long-term immobilization is
preferential or if the removal of uranium without recovery is the
main goal, uranium-phosphate precipitation could be the best
option. Uranium-phosphate minerals, such as autunite or meta-
autunite, have generally low aqueous solubility (Lobeck et al.,
2020), are stable over a wide temperature and pH range (Dzik
et al., 2017; Wufuer et al., 2017; Gudavalli et al., 2018) and are
not prone to remobilization through reoxidation (Williamson
et al., 2014; Romanchuk et al., 2020). Abiotic remediation with
Pi has been tested, but resulted rapidly in phosphate mineral
precipitation not linked with uranium and clogged pore spaces
that inhibited further diffusion, which was alleviated by using
microbial activity to release Pi continuously from polyphosphates
or phytate (Wellman et al, 2006). Phytate has been shown
to be more recalcitrant to degradation than other organic
phosphates, which may facilitate its migration in contaminated
soils and can be advantages for bioremediation purposes
(Wellman et al, 2006). However, also uranium phosphate
biomineralization still depends on the environmental conditions.
Partial protonation of inorganic phosphate starting below
pH 4 could hamper abiotic uranyl phosphate mineralization
(Hinsinger, 2001). Above circumneutral pH and in the presence
of high (bi)carbonate concentrations, highly soluble uranium-
carbonate complexes are formed, which can prevent uranyl
phosphate precipitation or can solubilize autunite minerals
(Pablo et al, 1999; Gudavalli et al., 2018). On the other
hand, uranyl-hydroxide formation could allow precipitation
(Chandwadkar et al., 2018). Furthermore, strong organic acids,
such as oxalate and citrate, interact directly with uranyl and
could affect uranium-phosphate biomineralization. However,
organic ligands could also promote the conversion of colloidal
particles UO,(OH); to free UO,2%, which could facilitate uranyl
phosphate biomineralization. Nonetheless, uranium-phosphate
biomineralization was completely inhibited when organic ligands
compete with biotic PO4>~ (Tu et al, 2019). Moreover, in
anaerobic nitrate-reducing conditions, the combined toxicity of
uranium and produced nitrite after nitrate reduction suppressed
growth (Beazley et al, 2009). Even though uranium was
still precipitated, presumably due to the early release of Pi
before uranium addition or the continued activity of the
phosphatases, nitrite accumulation might have implications on
the sustainability of the process. Knowledge on compounds
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preventing uranium-phosphate biomineralization is currently
limited to metals. Chromium was able to interfere with uranium
biomineralization by PhoN-expressing D. radiodurans cells.
Furthermore, introducing YieF, which is able to convert Cr(VI)
to the less toxic Cr(III), alleviated this problem (Xu et al., 2018).
Cd?* and Hg?* are known to affect soil acid phosphatase activity
and Hg?*, Cu?*, and Cd?* are able to inhibit E. coli alkaline
phosphatase activity (Alnuaimi et al., 2012; Zheng et al., 2019).
In general, since phosphatases are known to play a pivotal role,
one can hypothesize that inhibition of phosphatase activity also
inhibits uranium-phosphate biomineralization.

Overall, it is clear that the physico-chemical environment
imposes restrictions on the applied method, especially for
in situ processes. Since uranium-contaminated sites or often co-
contaminated with toxic metals (Sitte et al., 2015; Boteva et al.,
2016; Rogiers et al., 2021a), in situ bioremediation necessitates
the presence of multiple metal resistance mechanisms, which are
often present in the indigenous microbial communities thriving
in such contaminated sites (Choudhary and Sar, 2015; Agarwal
et al., 2020; Rogiers et al., 2021a).
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Most studies on metal removal or tolerance by fungi or bacteria focus on single
isolates, without taking into consideration that some fungi in nature may be colonized
by endobacteria. To address this knowledge gap, we investigated the tolerance and
removal of diverse metals with two fungal species: Linnemannia elongata containing
Burkholderia-related endobacteria and Benniella erionia containing Mollicute-related
endobacteria. Isogenic lines of both species were generated with antibiotic treatments
to remove their respective endobacteria. Experiments involved comparing the isogenic
lines and wild type fungi in relation to the minimum inhibitory concentration for the
metals, the fungal ability to remove these different metals via atomic adsorption
spectroscopy, and the interaction of the metals with specific functional groups of
the fungi and fungi-bacteria to determine the role of the bacteria via attenuated
total reflection fourier transformed infrared (ATR-FTIR). Finally, we determined the
influence of different metal concentrations, associated with moderate and high fungal
growth inhibition, on the presence of the endobacteria inside the fungal mycelium via
quantitative real-time PCR. Results showed that the presence of the endosymbiont
increased B. erionia resistance to Mn?*t and increased the removal of Fe?t compared
to isogenic lines. The absence of the endosymbiont in L. elongata increased the fungal
resistance toward Fe?t and improved the removal of Fe?*. Furthermore, when the
bacterial endosymbiont was present in L. elongata, a decrease in the fungal resistance
to Ca?t, Fe?t, and Crf+was noticeable. In the ATR-FTIR analysis, we determined that
C-H and C = O were the major functional groups affected by the presence of Cu?t,
Mn?+, and Fe?* for L. elongata and in the presence of Cu?* and Ca?* for B. eronia. It is
noteworthy that the highest concentration of Pb?* led to the loss of endobacteria in both
L. elongata and B. eronia, while the other metals generally increased the concentration
of endosymbionts inside the fungal mycelium. From these results, we concluded that
bacterial endosymbionts of fungi can play a fundamental role in fungal resistance to
metals. This study provides the first step toward a greater understanding of symbiotic
interactions between bacteria and fungi in relation to metal tolerance and remediation.
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INTRODUCTION

Fungi and bacteria are known for their resistance toward
metals (Zafar et al, 2007; Aguirre and Culotta, 2012; Lisher
and Giedroc, 2013; Kumar and Dwivedi, 2021). However, most
studies regarding the ability of fungi and bacteria to resist and
remove metals from the environment are still focused on pure
cultures and do not take into consideration the impacts of
symbionts. In the environment, fungi and bacteria take part in a
wide range of biogeochemical cycles, with consequent formation
of intimate relationships. In fact, in recent years fungi have
also been characterized for their capacity to harbor bacteria
in their microbiome, both inside and outside (Robinson et al.,
2021). However, little is known about the functionalities of
these relationships, or how the external environment impacts
these interactions.

Metals are important elements in the environment that can
directly impact the survival of diverse organisms. Metals can be
classified as non-essential or essential based on their positive
or negative interactions with living organisms (Gadd, 1994)
and their long-term effects on biological systems (Rainbow,
1995; Appenroth, 2010). Essential and non-essential metals at
different concentrations can be found depending on the location,
e.g., proximity to mining (Navarro et al, 2008), agriculture
(Vaalgamaa and Conley, 2008), or other industries (Cortes et al.,
2003). Furthermore, metals do not biodegrade; they can only be
extracted or transformed (ul Hassan et al., 2017).

Non-essential metals, commonly called heavy metals, are
among the environmental contaminants most affecting the
balance of ecosystems (Smejkalova et al., 2003). Unlike essential
metals (including Ca2*, Mn?*, and Fe 2%), which take part

in various biological processes as micronutrients and co-
factors of enzymes (Tebo et al., 2005), heavy metals (including
Cu?*, Cr®*, and Pb**) are characterized by a broad range
of cytotoxicity. In general, all metals, essential or not, can be
toxic to microorganisms depending on their concentration. For
this reason, different biological systems have evolved different
mechanisms to mitigate their toxicity (Temple and Le Roux,
1964; Bitton and Freihofer, 1977; Cervantes and Gutierrez-
Corona, 1994). Fungi tend to be the most resistant to metals
compared to bacteria and other microorganisms (Mejias Carpio
et al,, 2018). The innate ability of fungi to resist heavy metals
has been studied and is considered a sustainable approach for
remediation processes (Johnson and Choudhary, 2016; Cecchi
et al., 2019; Qin et al., 2020; Gunjal, 2021; Kumar and Dwivedi,
2021; Neogi et al., 2021; Tomer et al, 2021). However, the
possibility that fungal resistance to metals may be influenced by
the presence of endobacteria has not been considered previously.

This study aimed to determine whether the presence of
intracellular bacterial symbionts of fungi influence the response
of their host to different types and concentrations of metals.
For this purpose, two fungi, Linnemannia elongata (NVP64) and
Benniella erionia (GBAus27b), previously determined to harbor
endobacteria, were selected as candidates in this present study
(Uehling et al., 2017; Desiro et al., 2018). Isogenic lines of both
species were generated with antibiotic treatments to remove
their respective endobacteria and serve as control treatments.
We tested the innate metal tolerance and capacity to remove
the metals by these two fungal species with and without
endosymbionts through Minimum Inhibitory Concentration,
Tolerance Index, Atomic Absorption Spectroscopy (AAS), and
Fourier Infrared Spectroscopy. This study offers a broader view
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of the impact of impending metal contamination on the tolerance
and survival of fungi, the role of bacterial endosymbionts in fungi
on the metal resistance, and the part that diverse types of metals
may exert, as environmental stressors, to fungal microbiomes.

MATERIALS AND METHODS

Media and Solution Preparations

Separate metal stock solutions containing 0.1 M of Cu?™, Cr™,
Ca?*, Pb**t, Mn?*, and Fe?™ were prepared by dissolving
the following salts in distilled water (DIW) followed by filter
sterilization [0.2 pm Polyethersulfone membrane filter (Thermo
Fisher Scientific)], e.g., copper sulfate (CuSO4), chromium oxide
(CrO3), lead nitrate [Pb (NOj3),], calcium chloride (CaCl,),
manganese sulfate (MnSQOj), and iron sulfate (FeSO4). The media
used to grow the fungi were Potato Dextrose Broth (PDB) and
Potato Dextrose Agar (PDA); both were purchased from Sigma-
Aldrich. The pH of the media was adjusted to pH 5.6 with
either 1 M NaOH or 1 M HCI (Hitchins et al., 1998), and
autoclaved at 121°C for 15 min. The sterilized media was then
supplemented with the sterile metal stock solution to obtain the
appropriate final concentration of the metal (Zhang et al., 2020).
All the reagents were purchased from Sigma Aldrich and were
used as received.

Fungal Isolates and Growing Conditions
The fungal cultures used in this study were Linnemannia
elongata (NVP64), previously characterized for the presence
of Burkholderia-related endosymbiont (BRE) (Uehling et al,
2017), and Benniella erionia (GBAus27b), characterized for
Mollicute-related endosymbiont (MRE) (Desiro et al., 2018).
Both species were investigated with cultures containing their
respective endobacteria, denoted as wild-type, and isogenic lines
that were “cured” from their endobacteria through antibiotic
treatments (Uehling et al., 2017).

The successful removal of MRE and BRE with antibiotics to
generate endobacterial-free isogenic fungal lines was confirmed
by TEM and qPCR in previous publications (Uehling et al.,
2017; Desiro et al., 2018). We used these same isogenic lines.
All isolates are maintained on antibiotic-free media, and have
been for years, and experiments were carried out in antibiotic-
free media. Thus, it is unlikely that antibiotic treatments
impacted the presented data. For simplification, in the present
study, we will refer to L. elongata NVP64 as Linnemannia and
B. erionia GBAus27b as Benniella. Also, the wild-type (WT)
strains will be named as either Linnemannia+ or Benniella 4, and
control isogenic fungi lacking endobacteria will be abbreviated
as Linnemannia - or Benniella —. The isogenic lines were
also tested for the presence/absence of the bacteria signal
prior to the start of the experiments in the present study
(data not shown).

Minimum Inhibitory Concentration and

Tolerance Index
The tolerance of chosen fungal isolates toward heavy metals
was tested by assessing the minimum inhibitory concentration

(MIC) (Zafar et al., 2007). Different amounts of each metal
stock (Cu?T, Cr®t, Ca’?t, Pb?*t, Mn?T, and Fe?t) were
added to the PDA culture media, to obtain the desired final
concentrations in the range of 0.1-20 mM. Each plate was
prepared in triplicate and subsequently divided into four sections
of equal size. For each of the four isolates, an 8-mm agar
plug with mycelium was taken from a 7-day-old pre-grown
PDA plate and placed in the center of test plates under sterile
conditions. The plates were incubated at 25°C between 2 and
5 days, based on the fungal growth. Three different plates
were used for each concentration of the different metals. The
diameter of each fungus was monitored for 5 days. The MIC
value for each metal was defined as the minimum metal
concentration at which no fungal growth was observed on all
the replicates (Zafar et al., 2007). As a control, the growth of
the fungi was also monitored in the presence of PDA media, not
supplemented with metals.

Once determined the MIC value for each metal, the
fungi were grown in PDA plates amended with the metal
at a final concentration corresponding to a visible inhibition
(slightly lower than the MIC value) (0.5 mM Cu?T, 0.1 mM
Cr°*, 20 mM Ca’*, 0.5 mM Pb**, 20 mM Mn’", and
2 mM Fe’") and incubated at 25°C. After 3 days of
growth, the diameter of the fungal mycelium was measured
to determine the tolerance index (TI). The TI can be
defined as the ratio between the diameter of the fungus in
the presence of metals and its control without any metals
(Joo and Hussein, 2012).

Endobacteria Quantification: DNA
Extraction and Quantitative Polymerase

Chain Reaction

The quantification of endobacteria was determined via
quantitative polymerase chain reaction (qPCR) after the
exposure to two different metal concentrations, e.g., visible
inhibition and non-visible inhibition (Uehling et al., 2017;
Desiro et al.,, 2018). In the present study, visible inhibition was
defined as the concentration, below the MIC value, at which the
growth of the fungus was still possible. Non-visible inhibition
was defined as an intermediate concentration of metals between
MIC and the absence of metal, characterized by a negligible
inhibition of the fungal growth compared to the control. These
conditions have been chosen to determine if, at different degrees
of fungal growth inhibition by the metals, there were changes
in the endobacteria concentration. To investigate that, 8-mm
agar plugs containing 7-day-old fungal mycelium were added
to flasks containing 100 ml of PDB media supplemented or not
with metals (Cu?*: 0.5 and 0.01 mM; Cr®*:0.1 and 0.05 mM;
Ca?*:20 and 10 mM; Pb?*:0.5 and 0.01 mM; Fe?*: 2 and 1 mM;
and Mn?*: 20 and 10 mM). The flasks were kept for 5 days at
25°C at constant shaking. Then, the biomass was separated from
the supernatant and weighted, and 100 mg of grown biomass
was added in a tube. The extraction was carried using the Zymo
extraction kit (Zymo Quick-DNA Fungal/Bacterial Kit, D6005).
The extracted DNA was checked for quality control with a
microplate reader (Take3, BioTek Instruments, Winooski, VT,
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United States) to evaluate the DNA concentration and degree of
purity (260/280 nm ratio).

The PCR mix was prepared following the protocol for the
PowerUp SYBR Green Master Mix (Applied Biosystems) (Mix,
2011). The primers used for this study were E8-F and E533-
R (Nguyen et al., 2017). The quantification of the bacteria in
the fungal isolates was performed on a StepOnePlus (Applied
Biosystems) qPCR machine using the following protocol: enzyme
activation at 95°C for 10 min, followed by 40 cycles of denaturing
at 95°C for 15 s, and annealing at 60°C for 1 min. The
melting curve was also monitored to determine non-specific
amplification. The endobacterial quantification was estimated
by comparing the C; value with the standard curve obtained
from serial dilutions of E. coli K12 genomic DNA (R? = 0.9948,
Supporting information Supplementary Figures 1, 2) as
previously described (Lee et al,, 2008). The gene copy was
normalized by nanograms of DNA and grams of biomass.

Quantification of Metal Removal via

Flame Atomic Adsorption Spectroscopy

To investigate the metal removal, 8-mm agar plugs containing
the fungal mycelium were transferred to flasks containing 100 ml
of PDB media supplemented with the metals, e.g., 0.5 mM
Cu’*, 0.1 mM Cr*, 20 mM Ca?*, 0.5 mM Pb**, 20 mM
Mn2*, and 2 mM Fe?*. Positive and negative controls for this
experiment were also evaluated and included sterile metal-free
medium, sterile metal-added medium, and fungus grown in
absence of metal. The flasks were kept for 5 days at 25°C at
constant shaking at 125 rpm. The supernatant and biomass were
separated by filtration using a 0.45 pm PES (Polyethersulfone)
membrane filter (Thermo Scientific), and then the supernatant
was transferred to a clean sterile tube for further analysis. The
quantification of metal biosorption by the different fungi was
evaluated using flame atomic absorption spectroscopy (AAS)
(AAnalyst 200, Perkin Elmer) with Cu?*, Cr®*, Ca2*, Pb**,
Mn2*, and Fe?T lamps from Perkin Elmer. To determine if
the removal was due to metabolic processes, the adsorption
of the metals to the mycelium was also performed using dead
fungal biomass. For the dead fungal biomass assay, the fungi
were grown for 5 days in liquid culture and subsequently
autoclaved for 30 min at 121°C and 103 kPa. The same
weight of mycelium obtained in the previous experiment was
introduced as dead biomass to reduce the variability between
the two experiments. Then, the culture obtained was incubated
for 1 day at 25°C in the presence and absence of metals
(0.5 mM Cu?**, 0.1 mM Cr%*, 20 mM Ca’**, 0.5 mM Pb*T,
20 mM Mn?7, and 2 mM Fe?t). After that, the supernatant
obtained from the liquid culture was filtered using 0.2 wm PES
(Polyethersulfone) syringe filters (Thermo Scientific), diluted
based on the range of optimal concentrations for the lamps
(0.03-2 ppm for Cu?*, 0.1-5 ppm for Cr®*, 0.1-5 ppm for
Ca?*, 0.2-10 ppm for Pb?*, 0.2-7 ppm for Mn?™, and 0.01-
3 ppm for Fe?%). The solutions relative to each experiment
were amended with HNOj3 to obtain a 2% final concentration
of the acid before being analyzed. A seven-point standard
curve was prepared for each of the elements analyzed. For

Cu?*, we used seven different concentrations in the range 0.5-
15 ppm, for Cr®* from 0.5 to 10 ppm, for Pb?>* from 0.02
to 30 ppm, for Ca?* from 0.5 to 10 ppm, for Fe>* from 0.5
to 20 ppm, and for Mn 2% from 0.5 to 20 ppm. Then, the
absorbance of each of the different metals was interpolated in the
calibration curve to determine the residual metal concentrations
in the solution.

Each experiment was conducted in triplicates, and the
obtained mean for each condition was compared to the respective
control metal-containing media to determine the percentage of
removal. A Student’s t-test was also performed to determine if the
means of the values were statistically significant.

Morphological Analysis of the Functional
Groups With Fourier Transformed

Infrared Spectroscopy

The effect of the biosorption of the different metals toward
the physiochemical properties of the fungi was evaluated
via Fourier Infrared Spectroscopy (FTIR) Digilab FTS 7000
equipped with an HgCdTe detector analysis and combined
with Attenuated Total Reflection (ATR). For the analysis, the
biomass obtained after the incubation (5 days at 25°C at
constant shaking) of flasks containing 100 ml of PDB media
supplemented with metals (0.5 mM Cu?*, 0.1 mM Cro7,
20 mM Ca’*, 0.5 mM Pb**, 20 mM Mn?*, and 2 mM
Fe?T) with 8-mm agar plugs of the fungal mycelium grown
for 7 days on a plate was separated by filtration using a 0.45-
pm PES (Polyethersulfone) membrane filter (Thermo Fisher
Scientific) from the supernatant. A control was also prepared
by inoculating the media without any metals. Approximately,
0.5 g of biomass obtained from the liquid culture was collected,
transferred to a petri dish, and dried at room temperature
under the biohood until completely dry. The dry mycelium
was transferred using tweezers with the mycelium facing down
and scanned in the medium range (4,000-670 cm~!) with
a 4 cm™! resolution. The data from the ATR-FTIR was
processed using the R package Chemospec (Lucas, 2006; Hanson,
2014).

Statistical and Data Analysis

All the experiments reported were carried out in triplicate. The
averages and standard deviations of triplicate measurements
were reported for all the experiments. Statistical analysis was
carried out using Excel (Microsoft Corporation, Redmond, WA,
United States), R studio, and Origin (OriginLab Corporation,
Northampton, MA, United States).

The ATR-FTIR spectra were normalized based on the most
intense peak (1,030 cm~!) and loaded in R-Studio. Using the
R-package ChemoSpec (Hanson, 2014), the region with no
peaks was removed (1,900-2,600 cm™!) using the command
“removeFreq” to reduce the noise. After the removal of the
regions with no interest, the hcaSpectra command was used to
obtain the Euclidean distance between the samples and plot the
Principal Component Analysis (PCA) and Hierarchical Cluster
Analysis (HCA) results (Varmuza and Filzmoser, 2016).
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FIGURE 1 | MIC of heavy metals of the WT strains (+) and cured (-) fungi
Benniella - and Linnemannia -. The fungi were grown in PDA plates
supplemented with different metal concentrations (range, 0.1-20 mM). The
growth at 25°C was monitored for up to 5 days to determine the minimum
concentration of the metal that completely inhibited the fungal growth.
Statistically significant differences between WT strains (+) and cured (-) were
evaluated using the Student’s t-test. No statistically significant difference was
found between the different isogenic fungi.

RESULTS

Determination of Minimum Inhibitory

Concentration

The resistance against six different metal ions of the two fungi,
L. elongata (Linnemannia) and B. erionia (Benniella) is reported
as MICs in Figure 1. In the presence of concentrations as high as
5mM for Cu?t, Cr®*, and Pb2T, both fungi displayed a complete
inhibition, while for Fe?™, the maximum MIC concentration
was 10 mM. The presence of Ca?* and Mn?* in the media did
not inhibit the fungal growth, even at concentrations as high
as 20 mM. From the comparison of the MIC between cured
and the wild type, the absence of the endobacteria seemed to
have promoted the resistance of L. elongata toward Pb?>*, Cr®*,
and Fe?* while an inverted trend was observed for the fungus
B. erionia. Clearly, the presence of endobacteria had different
effects on different fungi.

Tolerance Index

The tolerance index, calculated as the ratio between the radial
growth of the treated fungus to their respective control, was
determined based on the concentrations obtained through the
MIC assays, as shown in Figure 2. The percentage reduction
of the tolerance index was calculated based on the control
without metal. In the presence of Cu?*, the fungus Benniella
exhibited a decrease in tolerance of approximately 40% with
no statistically significant difference between Benniella+ and
Benniella —. The occurrence of the endobacteria for the fungus
L. elongata was beneficial regarding the presence of Cu?* in the
media. Compared to the control, L. elongata — had a reduction

in the tolerance index of 45%, while Linnemannia+ had 35%.
When exposed to Cr®* the fungus Benniella showed a reduction
of the tolerance index of approximately 25%, for both Benniella
- and Benniella+, with no statistical significance between the
fungi with or without endobacteria. For the Linnemannia fungus,
in the presence of Cr®", a reduction of approximately 15%
with no statistically significant difference was observed for both
Linnemannia + and Linnemannia -. The presence of Pb>*
displayed a greater inhibitory effect in the Benniella fungi with
a reduction of the tolerance index of 15-37% for Benniella 4+ and
Benniella -, respectively. Opposite results were noticed for the
fungus Linnemannia in the presence of lead, where the tolerance
index of Linnemannia+ decreased by 42% while Linnemannia -
17%. In the presence of Ca’*, both Benniella and Linnemannia
performed better than their control media without this metal
supplement, with an average increase tolerance index of 12%.
Fe?" led to a tolerance index reduction of about 60% for
both Benniella — and Benniella+, with no statistical significance
between the two. For Linnemannia, the presence of Fe?* in the
media reduced the tolerance index by 54% for Linnemannia+
and by 29% for Linnemannia -. Furthermore, both Benniella
- and Benniella+ were affected by the presence of Mn?*,
with a respective tolerance reduction of 11 and 34%, while
the growth of Linnemannia was improved by about 35%. The
comparison between Benniella+ and Benniella — showed that
the presence of the endobacteria improved the tolerance of the
fungus toward the metals and, particularly, toward Pb** and
Mn?*. For Linnemannia+ and Linnemannia -, the presence
of the endobacteria enhanced the fungal resistance only in the
presence of Cu?™, but not for the other metals.

Metal Removal Quantification by Flame
Atomic Absorption Spectroscopy

The metal removal by the fungal biomass was investigated
as shown in Figures 3, 4. The figures represent the residual
metal concentrations in the solution for each metal evaluated.
In relation to the toxic metals, we observed different removal
patterns for the different fungi. In the presence of Cu’*, the
Benniella - exhibited almost three times more metal removal
than Benniella+ (3.6% for Benniella — and 10% for Benniella+),
while the dead fungi were able to adsorb 9 and 13% of
Cu*, respectively. Linnemannia also exhibited the ability to
remove Cu’™, approximately 20% for both Linnemannia+ and
Linnemannia -, while the dead mycelium removed roughly 9%
with no statistical significance between cured and non-cured
strains. The fungus Benniella displayed no removal for Cré™,
while the dead mycelium, for both Benniella+ and Benniella -,
removed less than 10%. A similar trend was also observed for the
fungus Linnemannia in the presence of Cr®™,

Regarding essential metals, we also observed different
behaviors in relation to metal removal for the different fungi
investigated. When the fungi were inoculated with Ca’*, the
results showed that Benniella - removed approximately two
times more compared to Benniella+ (4% for Benniella+, 8%
for Benniella -, 3% for dead Benniella+, 9% dead Benniella -).
The highest removal for the fungus Linnemannia coincided with
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FIGURE 2 | Tolerance index of (A) Benniella and (B) Linnemannia in the presence of different metals. The fungi were grown in PDA plates supplemented with
different metals (0.5 mM Cu2+, 1 mM Cr8+, 20 mM Ca?*t, 0.5 mM Pb2*, 20 mM Mn2*, and 2 mM Fe2*). The diameter of the fungal mycelium after 3 days was
compared to the control (PDA) without metal. Statistically significant differences between WT strains (+) and cured (-) fungi were evaluated using the Student’s t-test.
The significance among the samples was assessed using the Student’s t-test and reported as alphabet letters. Same letters were attributed for p-values > 0.05,
while different letters were attributed to p-values < 0.05. The lack of letters means that the results were not statistically significant.

the dead mycelium, with a percentage removal of over 11%.
Furthermore, the living Linnemannia + removed only 7% of
the Ca?*, while Linnemannia - had no difference compared to
the control. In the presence of Fe?™, no removal was observed
for Benniella —. On the other hand, for Benniella +, this fungus
adsorbed 6% when dead, while the removal for both Benniella -
and Benniella + was over 15%. Linnemannia in the presence of
Fe?*, showed an inverted trend, compared to Benniella. Around
5% more removal was observed when Linnemannia - was used,
compared to Linnemannia+. In the presence of Mn?*, the
supernatant of both Linnemannia and Benniella, dead and alive,
was characterized by having a higher concentration compared to
the control, probably due to the release of the manganese from
the biomass to the supernatant.

From the comparison between Benniella+ and Benniella —, the
absence of the endobacteria did not appear to affect the overall

capacity of the fungus to remove the metals, apart from Fe?™,
where the presence of the endobacteria enhanced the removal of
the metals. A different trend was seen from the comparison of
Linnemannia+ and Linnemannia -, where the presence of the
endobacteria did not improve the removal of the metals, except
for Ca?*. The effect of the inactivation of the fungi was associated
with an overall improved metal removal, especially evident in the
presence of Pb?* for both Benniella and Linnemannia.

Effect on the Abundance of Bacterial
Endosymbionts Presence on the Fungal
Host Exposure to Metals

The effect of different concentrations of metals on the
endobacteria presence in the mycelium was evaluated by
comparing the relative quantity of the bacterial 16S rRNA gene
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FIGURE 3 | Residual metal concentration by dead and live Benniella + and Benniella - in the presence of different metals: (A) Cu?*, (B) Cr°, (C) Pb?*, (D) Ca?t,
(E) Fe2™, and (F) Mn2™. The living fungi were grown on PDB supplemented with different metal concentrations (0.5 mM Cu2*, 1 mM Cr®+, 20 mM Ca?*, 0.5 mM
Pb2+, 20 mM M2+, and 2 mM Fe2*) and incubated for 5 days at 25°C under constant shaking. The dead fungus was added after sterilization and incubated for 1
day at 25°C under constant shaking. Controls for this experiment included metal-free medium, metal-added medium, and fungus grown in the absence of metal.
The significance among the samples was assessed using the Student’s t-test and reported as alphabet letters. Same letters were attributed for p-values > 0.05,
while different letters were attributed to p-values < 0.05. No letters mean that they were not statistically significant at all. Following the gPCR analysis, it emerged
that in presence of Pb?* at 0.5 mM, the presence of the endobacterium was no longer detectable inside the host at the end of the experiment.

at the visible inhibition in the MIC, non-visible inhibition, and
the media without the metal, as control (Figure 5). For Benniella,
the presence of essential metals, i.e., Ca’t, Fe?*, and Mn??, led
to a higher relative abundance of the 16S rRNA gene compared

to the control at both visible and non-visible inhibitions. The
only exception was for Fe?*, in which the highest relative
abundance of the 16S rRNA gene coincided (Figure 5A) with the
highest metal concentration. Different endobacterial abundance
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FIGURE 4 | Residual metal concentration by dead and live Linnemannia + and Linnemannia - in the presence of different metals: (A) Cu2t, (B) Cr®*, (C) Pb2™,

(D) Ca?™, (E) Fe?t, and (F) Mn2+. The living fungi were grown on PDB supplemented with different metal concentrations (0.5 mM Cu?+, 1 mM Cr8+, 20 mM Ca?*,
0.5 mM Pb?*, 20 mM Mn2+, and 2 mM Fe?*) and incubated for 5 days at 25°C under constant shaking. The dead fungus was added after sterilization and
incubated in the same conditions as the samples. Controls for this experiment included metal-free medium, metal-added medium, and fungus grown in the absence
of metal. The significance among the samples was assessed using the Student’s t-test and reported as alphabet letters. Same letters were attributed for

p-values > 0.05, while different letters were attributed to p-values < 0.05. No letters mean that they were not statistically significant at all. Following the gPCR
analysis, it emerged that in presence of Pb2* at 0.5 mM, the presence of the endobacterium was no longer detectable inside the host.
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was observed for Linnemannia (Figure 5B), where only in the
presence of Cu?*, Cr®*, and Mn?™, the bacterial load was
higher compared to the control at both visible and non-visible
inhibitions. We also noticed that the presence of Cu?>*, Cr®*, and
Pb2* at a lower metal concentration in the media coincided with
a higher relative abundance of endobacteria. Interestingly, for
both Benniella and Linnemannia, we did not detect any bacterial
amplification at the highest concentration of Pb2t(0.5 mM).

Interactions of the Metals With the
Surface Functional Groups (Attenuated
Total Reflection-Fourier Transformed
Infrared) of the Fungi

The characterization of the interactions of different metals
with the functional groups present on the fungal mycelium
was conducted via ATR-FTIR analysis. The comparisons of
the spectra for Benniella and Linnemannia are presented
in Figures 6, 7, respectively (complete ATR-FTIR spectra
of Benniella and Linnemannia, Supplementary Figures 3, 4,
Relative peak intensities, Supplementary Table 1). Both fungi,
Benniella and Linnemannia, showed spectra containing the
main functional groups related to proteins and lipids. The
spectra showed a broad band in the range 3,000-3,550 cm~!,
which correspond to the hydroxyl and amino groups (Rao,
1963) present in proteins (Park et al., 2005; Bombalska et al.,
2011), followed by two distinct peaks at 2,924 and 2,853 cm™!
relative to the asymmetric and symmetric stretching vibration of
the -CH present in the lipids (Solomons, 2016). Furthermore,
the spectra showed the presence of peaks related to the
protein at 1,743, 1,643.6, and 1,546 cm™!, associated with
the C = O stretching, protein amide I, and protein amide II
(Kaushik et al., 2010).

The changes observed in the ATR-FTIR for the different fungi
were attributed depending on whether they were cured from
the bacteria or were exposed to different metals. The ATR-FTIR
spectra of the fungus Benniella + in the presence of Cu?*, Cro+,
and Ca?T showed an increased intensity in the C-H stretching
from the lipids (2,924 and 2,853 cm™ 1), and the amide from
the protein (1,742 cm™!). For Benniella + in the presence of
Pb?* and Fe™, we observed a noticeably decrease in intensity
of the peaks associated with the amide group of the protein
(1,742, 1,637, and 1,544 cm~!) and the C-H of the lipid (2,924
and 2,853 cm~!). When the same fungus was grown in the
presence of Mn?*, a slight decrease in the symmetrical and
asymmetrical stretching of PO?~ and P (OH), at 1,150, 1,077,
and 1,026 cm™! was observed (Amann et al., 1990; Bombalska
etal., 2011) compared to the control without the metal.

In the case of Benniella -, when it was in contact with Cu?*
Cr®T,and Ca?", an increase in the intensity of the C-H stretching
from the lipids (2,924 and 2,853 cm™!) and the amide from
proteins (1,742 cm~!) were observed. Especially, the increase in
intensity was more notable in the presence of Ca>*. However,
from Supplementary Table 1, we can see that in the presence of
Pb2*, Mn2™, and Fe?™, there was a decrease in intensity of the
C-H stretching from the lipids (2,924 and 2,853 cm™!), and the
amide from the protein (1,742 cm™!). The comparison between
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FIGURE 5 | Relative abundance of the bacterial 16S rRNA gene in the fungus
(A) Benniella and (B) Linnemannia in response to metal presence. The fungi
WT were grown in PDB supplemented with two metal concentrations, where
visible and non-visible inhibition growth was observed. The fungi were
incubated for 5 days at 25°C under constant shaking. An equal amount of
mycelium was processed for DNA extraction and gPCR amplification. The
significance among the samples was assessed using the Student’s t-test and
reported as alphabet letters. Same letters were attributed for p-values > 0.05,
while different letters were attributed to p-values < 0.05. No letters mean that
they were not statistically significant at all.

Benniella+ and Benniella — showed that the previously discussed
peaks, i.e., lipidic, protein, and phosphate functional groups are
enhanced in the presence of endobacteria, indicating that the
presence of endobacteria is playing an important role in the
presence of those functional groups when the metals are present.

In the case of the fungus Linnemannia, the spectra of
Linnemannia+ in the presence of Cr® showed a decreased
intensity of the amide functional group of the protein (1,742 and
1,544 cm™!) compared to the Linnemannia without the metal.
In the presence of Ca®*, an increase of the C-H stretching from
the lipids was noticeable when compared to the control with
no metal (2,924 and 2,853 cm™!) followed by the amide peak
of the protein (1,742 cm™!). Furthermore, the amide group of
the protein was slightly shifted from 1,747 to 1,743 cm~! when
Linnemannia + was incubated with Ca?™. Moreover, in the
presence of Fe>and Mn?™, the lipidic peak also shifted to higher
wavenumbers, from 2,924 to 2,980 cm™ L.

For Linnemannia -, a sharp increase in peaks associated with
the C-H stretching from the lipids (2,924 and 2,853 cm~!) and
amide functional group from the proteins (1,742 cm™!) was
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FIGURE 6 | ATR-FTIR spectra of Benniella + and Benniella - for Ca®*, Cu?*, and PDB media (control). The spectra of metals Cr®*, P2+, Fe?*, and Mn?* had
identical peaks; hence, they were merged into “Other metals.” The fungi were grown in PDB added with different metals (0.5 mM Cu2+, 1 mM Cr8+, 20 mM Ca?™,
0.5 mM Pb2+, 20 mM Mn2+, and 2 mM Fe?™) for 5 days at 25°C under constant shaking.

N-H bending in amide Il and C-N stretching in -CO-NH-
Phosphate and sulfide groups
C=0 stretching and N-H deformation (amide | region)
C-C, C=C,
C-0-C,
C=0 stretching of estel C-O-P of saccharides

— C-H asymmetric stretching,

=]

\g Linnemannia + PDB > i

> . -_PDB e _,\/\’\,_/\__,_\/' N
=

‘@ |bmmemanniat Cut ———u N~ N
S |Linnemannia- Cu¥ ———  AA_ _/\/\/\ﬁ-—fJM
2 Li ia+ Cré* ™ /\

= innemannia r _ : A
= ILinnemannia - Cr% _ ———— M//\M,

Other Metals Linnemannia + \_‘ _/\/\/\»—\,—\/// N\
/L
T T Y T r & T v T .
4000 3500 3000 1500 1000

Wavenumber (cm™)

FIGURE 7 | ATR-FTIR spectra of Linnemannia + and Linnemannia - with PDB, Cu2*, Crf+, Fe?*, and Mn2™. The spectra of metals Pb?*and Ca?*were identical;
hence, they were merged into “Other Metals.” The fungi were grown in PDB added with different metals (0.5 mM Cu2*, 1 mM Cr®+, 20 mM Ca2*, 0.5 mM P2+,
20 mM Mn?*, and 2 mM Fe? ™) for 5 days at 25°C under constant shaking.

noticeable when the fungus was in the presence of Cu?>*, Fe?, with the amide functional group of the protein (1,637 and
and Mn?". However, in the presence of Cr®", a significant 1,544 cm™!) was reduced. Overall, the comparison between
reduction in the functional groups was observed. Furthermore, Linnemannia + and Linnemannia - showed that the presence
in the presence of Ca’*, the intensity of the peaks associated of endobacteria led to stronger intensity and interactions of the
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FIGURE 9 | Hierarchical cluster analysis of the ATR-FTIR spectra of the Linnemannia + and Linnemannia —. The Euclidean method was used to determine the

functional groups associated with the lipids and proteins with
the metals, indicating again that the presence of endobacteria is
playing an important role in the presence of lipids and proteins
when the metals were present.

Statistical tools, such as HCA and PCA as shown in
Figures 8, 9 and Supplementary Figures 5, 6, were used to
assess the interaction between the different functional groups
of the fungi and the metals evaluated. The analysis of the
Benniella+ and Benniella - fungi in combination with all the
metals evaluated i.e, Mn?*, Fe?T, Ca?*, Cu®™, Pb>", and Cr™,
showed two different clusters (Figure 8). Those clusters, i.e.,
Mn?t, Fe2t, and Ca’?t (essential metals), and Cu®™, Pb2t,
and Cr®t (non-essential metals) indicated that the differences
observed in the spectra are not related to the presence or absence
of endobacteria, but to the type of metal. The type of metals seems
to play an important role in the interaction strength between the
functional groups and the metals. However, the HCA analysis
for Linnemannia - and Linnemannia+ (shown in Figure 9)
indicated that the presence or absence of endobacteria plays a

major role in the interaction between the microorganism and
the metals. The clusters are clearly based on the presence of
endobacteria rather than on the type of metal.

DISCUSSION

The metals in diverse environments can be classified as essential
(e.g., Ca®T, Fe**, and Mn?%) or non-essential (e.g., Cr®*, Cu?*,
and Pb?*) based on their interaction with living organisms
(Gadd, 1994). Fungi and bacteria are both important in the
biological cycles of metals; however, the effect that the fungal
endobacteria can have on resistance and uptake of essential
and non-essential metals by the fungal host has not yet
been demonstrated.

This study was focused on determining the effects of
endohyphal bacteria on the response of fungal hosts to
essential and non-essential metals. The fungi L. elongata
(NVP64) and B. erionia (GBAus27b) were selected as candidates
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for this study for their capacity to harbor BRE and MRE
endobacteria, respectively, and for their ability to be cured of
their endosymbionts.

The results showed that the two fungal species have different
susceptibilities toward certain metals, with Cr®T presenting
the highest toxicity toward both fungi, with MIC 0.2 mM
for Benniella and 0.5 mM for Linnemannia - and 0.2 mM
Linnemannia+, followed by Cu?*, 1 mM for both Benniella
and Linnemannia, and Pb?>*, 2 mM for Benniella+, 1 mM
for Benniella -, 0.5 mM for Linnemannia+, and 1 mM for
Linnemannia -. Regarding the susceptibility of both fungi,
independently from the endobacterial presence, non-essential
metals such as Cu?™, Cr®*, and Pb?* had a greater inhibitory
effect compared to the other three metals, Ca®*, Fe?+, and Mn2 ™+,
For these non-essential metals, the level of inhibition followed
this order: Cr®* > Cu?* > Pb?*. This result validates the non-
essentiality characteristics of Cr®* and Pb2™ since these metals
are known for their antimicrobial activities, and Cu?™, which,
although essential, is toxic at high concentrations (Lemire et al.,
2013; Mejias Carpio et al., 2018).

Regarding the general performance toward different metals,
we observed that the fungus Linnemannia, both cured and WT,
had an overall higher metal removal capacity than Benniella. In
fact, although the two fungi are closely related, the associated
endosymbionts are phylogenetically distant. Both endosymbionts
have a major effect on the metabolism and growth of the fungal
host (Li et al, 2017; Uehling et al., 2017), especially in the
presence of metals. This was particularly evident for CuT,
Fe?T, and Mn?™. This result is aligned with the results of the
tolerance test, where the Linnemannia had a higher tolerance to
these metals than Benniella (Figure 2). The relationship between
the tolerance and the metal removal was further confirmed by
linear correlation analysis (Pearson’s R = 0.72) for the fungus
Linnemannia (Figure 10).

Endosymbionts Can Affect Differently

Fungal Metal Resistance

In the present study, the fungal candidates have been chosen to
gain a better understanding of the functionality of the fungal
microbiomes in relation to metal tolerance and removal and
also to determine the importance of inter-Kingdom cooperation
in metal-stressed environments. This work also evaluates the
role that endobacteria have on the innate resistance of the
fungus for metals known for their toxicity (Cr®*, Cu®T, and
Pb2t) and metals, such as Ca?t, Fe?t, and Mn2t which,
although considered essential, can be potentially toxic at
high concentrations.

To further gain an understanding of the increase in metal
resistance due to the presence of endobacteria, we analyzed
the data obtained from the MIC and tolerance index of the
two fungi and compared it to the performance of the WT and
the fungi cured from the bacteria. Our results show that the
metal resistance is influenced by the type of endosymbiont,
BRE vs. MRE, as well as the type of metals. In the case of
the type of endosymbiont, for instance, the presence of the
endobacteria in the fungus Benniella was clearly beneficial for the
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FIGURE 10 | Linear fit of the percentage of removal and metal tolerance of
the fungus Linnemannia.

fungus with respect to metal tolerance, whether the metal was
essential or not. The fungus Linnemannia, when cured from its
endosymbiont, was more resistant to Fe>*, while for the other
metals no statistically significant difference was found. This result
is surprising since Burkholderia species have been described to
be resistant to different metals (Caballero-Mellado et al., 2007;
Jiang et al., 2008; Schwager et al., 2012; Mullins et al., 2019).
In fact, for Linnemannia, the presence of this group of bacteria
does not appear to be beneficial to the fungi to improve the
MIC or the tolerance index toward the presence of metals. This
result could be linked to the fact that the maintenance of the
endosymbiont leads to a metabolic cost to the host, previously
reported to be around 30% (Uechling et al., 2017). Therefore,
in the case of Linnemannia, the presence of the endobacteria
and toxic concentrations of metals might have exacerbated the
metabolic cost incurred to the fungus by the endosymbiont.
Hence, we conclude that the type of endosymbiont in the fungus
can have a direct effect on the tolerance of the fungi to metals.

In the case of the effects of types of metals, for non-essential
metals (such as Cr®F, Cu?*, and Pb?*), compared to essential
metals (Ca?t, Fe?*, and Mn2"), the former was responsible for
greater fungal inhibition. The inhibitory effect of these metals was
particularly evident when we considered Cu?* and Cr®*. For
both Linnemannia and Benniella with or without endobacteria,
for the concentrations tested, the presence of Cu?* (0.5 mM)
and Cr®* (1 mM) did not affect the metal tolerance index. This
demonstrates that the endosymbionts will not always benefit
the host for all types of toxic metals. Hence the toxicity can
be related to the type of metal, not necessarily to the presence
or absence of the endosymbiont. On the other hand, when
the metal is less toxic or beneficial (essential metal) for the
microorganisms, the effect due to the presence of the bacteria
will be more visible, increasing, in the case of Benniella, or
lowering, in the case of Linnemannia, the tolerance toward the
metals. For instance, for both Linnemannia and Benniella with
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or without endobacteria, in the presence of Ca?™, the growth
increased compared to the control, i.e., the fungi without the
metal. This result might be explained by the fact that an increased
concentration of calcium in the cytosol was associated with
fungal growth through hyphal elongation (Juvvadi et al., 2011;
Hu et al,, 2014) and cell cycle progression (Nanthakumar et al,,
1996; Miyakawa and Mizunuma, 2007). A similar result was
also noticed for Linnemannia in the presence of Mn2*, where
both Linnemannia + and Linnemannia -, with no statistically
significant difference between the two, had a noticeable increase
in growth compared to the control without the metal. This
can be explained by the fact that Mn?t can be a limiting
factor for the fungal metabolism (Manikan et al,, 2014), and
an increased concentration available for the fungus could have
increased fungal growth.

Our results show that in the case of highly toxic metals, such
as Cu** and Cr®*, the influence on MIC and tolerance index
due to the presence of the endobacterium was negligible. On
the other hand, when the toxicity of the metal decreased, the
contribution of the endobacterium toward the fungus resistance
became more evident and therefore dependent on the type of
interaction existing between the host and the symbiont.

The Effect of Endosymbiont on the
Fungal Metal Biosorption Properties

Fungi and bacteria, in recent years, have been considered for their
ability to remove metals as a sustainable alternative for metal
remediation (Fan et al, 2014; Mejias Carpio et al., 2018). To
verify whether the metal removal was attributable to adsorption
or active metabolic processes, experiments were carried out on
dead and live fungi. Fungi are in fact capable of uptake metal ions
through transport channels (Ohsumi and Anraku, 1981; White
and Gadd, 1987; Cohen et al., 2000), low-affinity permeases of
divalent metal ions (Nelissen et al., 1997; Kosman, 2003), or non-
specific metalloreductase (Kosman, 2020) and also of carrying out
metabolic activities aimed at reducing the toxicity of the metals
present, e.g., chelation or translocation of the metal (Ahmad et al.,
2005). Unlike living mycelium, the dead biomass can only carry
out adsorption on the surface of the mycelium.

In general, we have noticed that the presence of endobacteria,
both for Benniella and Linnemannia, was not linked to greater
removal of metals. Both dead Benniella+ and dead Benniella -
removed high concentrations of Cu?*, Cr®*, Pb?*, and Fe?™
compared to living mycelium, which suggests that adsorption
can be happening. In the case of dead Linnemannia + and
dead Linnemannia -, a greater removal of Cr®T, Pb2*, Ca’™,
and Fe?* was observed compared to live biomass. These results
demonstrate that the removal of non-essential metals (e.g.,
Cr®F, Pb?*) and essential metals (e.g., Ca?*, and Fe?T), for
both Linnemannia and Benniella, can be largely attributed to
adsorption (Lilly et al, 1992; Butter et al, 1998) and that
the live fungi are actively putting in place mechanisms aimed
at reducing the uptake of the metal. Furthermore, we also
observed that the metal removal performed by the dead fungus
was less affected by the presence or absence of bacteria when
compared to the respective live fungus. This result might

indicate that the bacteria, when present in the fungus, could
also influence the metal uptake activity once the metal ions have
entered the fungus.

In addition to the comparison between the metal removal
performed by dead and live biomass, we determined whether
the presence of endobacteria could affect metal removal in
the live biomass. In general, we observed that the presence of
endobacteria, both BRE and MRE, was not linked to higher
removal of metals except for Fe?T for the fungus Benniella+
and Ca?* for the fungus Linnemannia+. These results could
be because the endosymbionts, localized in the vicinity of lipid
bodies, were responsible for a reduction in the number of these
lipid-rich organelles compared to the cured fungus (Uehling
et al., 2017; Desiro et al., 2018). A reduction in lipid bodies,
which can be used as storage for potentially toxic compounds,
such as heavy metals (Clark and Zeto, 2000; Fayeulle et al., 2014),
could explain how the cured fungi led to a generally greater
removal of metals.

Therefore, these results demonstrate that for non-metal
resistant fungi, such as those selected in this study, the main
method of metal removal is due to adsorption by the hypha.
Additionally, the presence of endobacteria, which affect the
composition of the lipid bodies associated with the fungus, may
have reduced the metal uptake by the host.

Effect of Different Metals on the

Abundance of Endosymbionts

Bacteria are known for their ability to resist and accumulate
metals present in the external environment. Currently, there is
still a vast knowledge gap regarding how this ability is maintained
when the bacterium has established a symbiotic interaction
within the fungal hypha. To shed light on this knowledge gap,
different concentrations of essential and non-essential metals
were tested in this study to determine their influence on the
presence of endobacteria.

Our results show that, although not statistically significant, the
abundance of BRE and MRE are characterized by two different
trends. In the case of Benniella+, the relative abundance of the
bacterium increased when the fungus was exposed to a higher
concentration of the metal (Cu®T, Cr®t, Ca?t, Mn?T), while
for Linnemannia+, an increase in the concentration of the metal
coincided with a reduction in the abundance of the endobacteria
(Cu?™, Cr®t, Pb%T, Fe?T, Mn?™1). This result could be linked
to the fact that, as noticed by the tolerance index, in the case
of Benniella +, the endobacteria contributes to facilitating the
resistance of the host to different metals. Also, in the case of
this fungus, for metals in which the presence of the endobacteria
increased the tolerance index (Cr®*t, Ca?t, and Mn?1), we found
a linear correlation between the metal removal ratio between
Benniella+ and Benniella —, and the relative abundance of 16S
rRNA gene (Supplementary Figure 7).

As for the fungus Linnemannia+, as observed from the MIC
and tolerance index results, increasing concentration of the
endobacteria did not coincide with an increase in the metal
removal ratio in Linnemannia+ compared to Linnemannia —.
This result could be explained by the fact that, because of the
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stress ratio to which the fungus is subjected, this has led to
exacerbating the energy deficit sustained for the maintenance
of the bacterium (Wernegreen, 2012; Bastias et al., 2020). It
is in fact suspected that in symbiotic relationships, there may
be a modulation of the flow of nutrients from the host to the
symbiont to consequently control the growth rate of the latter
(Gonzalez-Guerrero et al., 2016). Interestingly, for both fungi,
we determined that the relative abundance of the bacteria in
the presence of the metal was in general higher compared to
the control. This result could be explained by the fact that the
endobacteria is subjected only to a portion of metals that cross the
fungal cell wall, leading to a change in the growth ratio between
the host and symbiont.

The results show that depending on the type of host-symbiont
system, the fungus can perform a potential modulation of the
endobacteria and, in the case of Benniella+, there is a dependency
between the abundance of the symbiont and metal removal.

Interactions of the Fungal and
Bacterial-Fungal Functional Groups With

Different Metals

The uptake of heavy metals by fungi may impact complex
metabolic processes, which can cause various morphological
modifications, including the reduction of growth, alteration
of the structure of the mycelium (Baldrian, 2003), and the
modification of the composition of the membrane (Howlett and
Avery, 1997). These effects are caused by the powerful inhibitory
action of heavy metals against enzymes, cell membranes, and
organelles (Vallee and Ulmer, 1972), which can lead to oxidative
stress (Stohs and Bagchi, 1995). Fungi are able, through the use
of different methods (e.g., valence transformation, intra- and
extracellular precipitation, uptake and translocation into lipid
bodies, complexation with chelators, and low molecular weight
peptides), to reduce the metal toxicity and improve tolerance
(Tomsett, 1993; Clark and Zeto, 2000; Zafar et al., 2007; Fayeulle
etal., 2014).

The variation in the functional groups associated with
essential and non-essential metal treatments in the presence
or not of endobacteria was determined by ATR-FTIR analysis.
This analysis has allowed us to determine the possible structural
modification that could be occurring in the two fungi studied,
which can be associated to the presence of metals or the
endobacteria. HCA was used as a tool to determine the distances
between the samples spectra and determine possible clusters
attributable to the presence/absence of endobacteria and the
type of metal. In order to determine which single or multiple
functional groups may have been influenced by the presence
of the metal treatment and presence/absence of endobacteria,
the different peaks were analyzed individually (Figures 6, 7 and
Supplementary Table 1).

Based on the comparison of the spectra obtained from
the controls and the metal-exposed fungi, we noticed that
the difference between the individual functional groups of
Benniella+ and Benniella — was mainly attributable to the type
of metal. The results were also confirmed by HCA (Figure 8)
where we could observe that the distance calculated between the

samples shows how the different isogenic lines, Benniella+ and
Benniella —, are strongly similar to each other while they differ
based on the type of metal exposure. We also noticed that there
were two separate clusters for Benniella splitting essential metals
(Fe2t, Ca?t, and Mn?™T) from non-essential metals (Cu?t, Cro™,
Pb?T). Demonstrating that the types of metals can play a more
important role in the functional groups expressed in the fungi.

Regarding the effect induced by the treatment with metals, we
can see that Benniella -, when compared to Benniella+ in the
presence of Ca?™ and Cu?™, triggered an increase in the intensity
of the peaks related to the C-H asymmetric stretching (2,924
and 2,853 cm™!) and carbonyl group (1,745 cm™!) (Figure 6).
Previous study has shown that the curation of the fungus from
its endosymbiont could lead to an increase in the number of
lipidic bodies compared to the WT fungus (Uehling et al., 2017).
The increase of these functional groups could also be caused
by oxidative stress on the cell membrane wall, as evidenced by
the peak at 1,742 cm™! related to the carbonyl group from
the ester. This particular peak is typically generated after the
peroxidation of fatty acids (Fuchs et al., 2011; Oleszko et al,
2015). The oxidation of lipids is known to increase in the presence
of transition metals (Cu?™, Cr®*, Fe?*, and Mn2") (Zschornig
et al., 2004) and post-transitional metal (Adonaylo and Oteiza,
1999). Moreover in the presence of reactive oxygen species
(ROS), it is hypothesized that these metals can also act as catalysts
in the decomposition process of hydrogen peroxide (Fenton
reaction) (Oteiza et al., 2004; Repetto et al., 2010). Additionally, in
the presence of Fe?™ and Mn?™, the Benniella+ fungus appears
to have a reduction in the intensity of the same peaks, suggesting
a lower susceptibility to these metals. This hypothesis is also
sustained by the tolerance index (Figure 2) where, except for
Fe?T, it is evident that the Benniella + is less inhibited by the
presence of these metals.

Linnemannia elongata, on the other hand, from the HCA
(Figure 9) results, shows the importance of the presence of
endobacteria rather than the type of metal, since two clusters were
formed. One of the clusters contained the fungi with the presence
of endobacteria and the other one was the cured fungi. The
presence of endobacteria caused clear changes in the functional
groups present on the surface of the fungus. From the ATR-FTIR
data, it emerged that in the presence or not of the different metals,
the fungus Linnemannia —, when compared to Linnemannia+,
presented a marked increase in the peaks related to lipidic (2,924
and 2,853 cm~!) and protein (1,742 and 1,544 cm™!) regions.
As previously described, the endobacteria elimination from the
fungal host led to an increased number of lipidic bodies compared
to the WT fungus (Uehling et al,, 2017). These lipid bodies
are used for the compartmentalization of pollutants as a form
of defense mechanism (Lenoir et al., 2016). In addition to the
increase in lipidic and protein-related peaks, in the presence of
Cu?*, Fe?*, and Mn?™ for Linnemannia -, it was also observed
that there was an increase in the intensity of the peaks at 1,150
and 1,077 cm ™! corresponding to phosphate and sulfide groups.
These negatively charged functional groups are known to take
part in the physicochemical process of cell adsorption (Dhankhar
and Hooda, 2011; Pugazhendhi et al., 2018; Chen et al., 2019).
These results appear to agree with the data related to the tolerance
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index (Figure 2), MIC (Figure 1), and metal removal (Figure 4),
where we were able to notice not only an overall higher tolerance
of Linnemannia — compared to Linnemannia+, especially toward
Fe?* and Mn?™, but also an increase in metal removal.

In general, the functional groups that exhibited intensity
changes could potentially be involved in the adsorption process
of the metals by these fungi. In this study, the major functional
group changes were the C-H stretching from the lipids (2,924
and 2,853 cm~!), amide functional group from the proteins
(1,742 cm™1), and to a lesser extent the symmetrical and
asymmetrical stretching of PO, and P (OH); at 1,150, 1,077,
and 1,026 cm™ L.

In conclusion, through this research, we have characterized
the impact of endosymbiotic bacteria on the response and uptake
of essential and non-essential metals by non-metal-resistance
in early diverging fungi in Mortierellaceae. The results showed
that the response toward essential and non-essential metals
is mainly driven by the type of endobacteria colonizing the
fungal mycelium. For L. elongata (Linnemannia), the presence of
Burkholderia-related endobacterial symbiont was detrimental; in
fact, curation of the fungi from the endobacteria led to increasing
fungal tolerance to different metals. Curing L. elongata also
influenced the physicochemical composition of the functional
groups present on the mycelium to allow the fungus to tolerate
different metals (Cr®*, Pb®*, Ca?*, and Fe?t). Furthermore,
the presence of the endosymbiont did not lead to an appreciable
increase in uptake of the metals.

On the other hand, B. eronia (Benniella) benefited from the
presence of the endobacteria by increasing the fungal tolerance
to Cr®*, Pb?T, Ca?", and Mn?*, which was demonstrated
by a positive correlation between endobacterium abundance
and relative metal removal. This study provides a broad
view on how the response toward different metals, whether
essential or non-essential, is influenced by the type of fungus-
bacterium association and, more specifically, by the fact that
the maintenance of the endobacteria can have a metabolic cost
for the host in certain cases. It is also possible that lipids
play an important role in the fungal defense against metal
pollutants and that the endobacteria in the fungal microbiome
can potentially affect their composition and consequently affect
the host resistance to metals. This study, therefore, informs future
studies on fungal endobacteria and underlying mechanisms in the
resistance and uptake of different metals from the environment.

To answer this question, various metals were selected based on
their known cell toxicity (Cu?™, Cr®T, and Pb?T) and essentiality
for biological processes (Ca>*, Mn?*, and Fe?*). This question
was addressed using an interdisciplinary approach, to evaluate
the biological and physicochemical aspects associated with the
presence of the endobacterium within the fungus.

Adonaylo, V., and Oteiza, P. 1. (1999). Pb2+ promotes lipid
oxidation = and  alterations in  membrane  physical  properties.
Toxicology 132, 19-32. doi: 10.1016/50300-483x(98)00
134-6

The results show that the type of host-symbiont association
can alter the resistance of the fungal host and modulate the
functional groups expressed and exposed on the hyphae in
the presence of metals. This study is, therefore, an initial
step in evaluating the potential functionalities of endobacteria
associated with fungi.
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Salmonella enterica sv. Typhimurium modulates the expression of factors essential for
virulence, contributing to its survival against the surge of copper (Cu) in the Salmonella-
containing vacuole. This bactericidal host innate immune component primarily targets
the bacterial envelope, where most cuproproteins are localized. While in most enteric
species periplasmic Cu homeostasis is maintained by the CusR/CusS-controlled
CusCFBA efflux system encoded in the cus locus, we noticed that these genes were
lost from the Salmonella-core genome. At the same time, Salmonella acquired cueP,
coding for a periplasmic Cu chaperone. As cus, cueP was shown to be essential for
bacterial survival in a copper-rich environment under anaerobiosis, suggesting that it can
functionally substitute the CusCFBA system. In the present study, the whole Escherichia
coli cus locus was reintroduced to the chromosome of the Salmonella wild-type or the
AcueP strain. While the integrated cus locus did not affect Cu resistance under aerobic
conditions, it increases Cu tolerance under anaerobiosis, irrespective of the presence
or absence of cueP. In contrast to the Cus system, CueP expression is higher at high
copper concentrations and persisted over time, suggesting separate functions. Finally,
we observed that, regardless of the presence or absence of cus, a mutant deleted
of cueP shows a deficiency in replication inside macrophages compared to the wild-
type strain. Our results demonstrate that CueP and CusCFBA exert redundant functions
for metal resistance, but not for intracellular survival, and therefore for the virulence of
this pathogen.

Keywords: copper, bacterial envelope, CueP, CusCFBA, host-pathogen interaction

INTRODUCTION

Salmonella enterica encompasses a zoonotic group of pathogens divided into seven subspecies and
more than 2,600 serotypes (Alikhan et al., 2018). It is the causative agent of a variety of clinical
ailments (from gastroenteritis to more serious systemic diseases) in both humans and animals,
including those of economic relevance (Eng et al., 2015). The pathogen is acquired by ingestion of
contaminated water or food and more rarely by direct contact with infected individuals (Branchu
et al,, 2018). Annually, almost 94 million cases of enteric salmonellosis and more than 150,000
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deaths are reported worldwide. Most of the cases are self-
limited and respond well to antimicrobial therapy. However, in
young children, older adults, or immune-compromised patients,
non-typhoid Salmonella can cause severe infections and sepsis
(Eng et al, 2015; Branchu et al, 2018). This pathogen has
a remarkable ability to adapt and survive to different harsh
conditions, including the host environment. This is reflected
by the versatility of its genetic repertoire (Alikhan et al., 2018;
Branchu et al., 2018). Recent reports indicate that Salmonella
detects the surge of copper (Cu) inside the Salmonella-containing
vacuole (SCV) in infected macrophages, and mutants affected
in terms of Cu resistance have a reduced intracellular survival
compared to the wild-type strain (Achard et al.,, 2012; Osman
etal., 2013; Fenlon and Slauch, 2017; Ladomersky et al., 2017).
Cu is not only an essential micronutrient but also a potent
microbicidal agent (Borkow and Gabbay, 2005; Grass et al,
2011; Djoko and McEwan, 2013; Tan et al., 2017). Because of
its ability to donate or accept one electron during Cu(I)/Cu(II)
interconversion at a life-compatible redox potential, it was
incorporated as a prosthetic group of many redox enzymes,
being essential for aerobic growth, such as in cytochrome
oxidases or superoxide dismutases (Rubino and Franz, 2012;
Stewart et al., 2019). At the same time, the redox activity of
the Cu(I)/Cu(II) pair contributes to its toxicity by catalyzing
the generation of reactive oxygen species. Also, Cu ions bind
with high affinity to S and N groups, affecting the structure
and function of macromolecules as well as displacing other
transition metals, such as Fe, from their binding sites, which
exacerbates the redox stress (Macomber and Imlay, 2009; Djoko
and McEwan, 2013; Le Brun, 2014; Tan et al, 2017). The
toxicity of Cu has been exploited by eukaryotic cells to limit
the growth of invading microorganisms, such as Salmonella
(Besold et al., 2016). As part of their innate immunity, bacteria-
infected macrophages increase the expression of membrane
Cu transporters and their coupled chaperones to drive Cu
trafficking and influx into the pathogen-containing phagosomes
(Achard et al, 2012; Ladomersky et al, 2017). The ability
to resist high Cu concentrations is crucial for virulence and
involves factors localized to the cell envelope, the primary target
of Cu toxicity. Various studies have shown that mutation of
the two Salmonella Cu(I)-ATPases, CopA, and GolT, decreases
survival inside RAW264.7 macrophages as well as in isolated
peritoneal myeloid cells from C57BL/6] mice (Osman et al.,
2010; Ladomersky et al., 2017). Interestingly, deletion of the gene
coding for the Salmonella-specific periplasmic Cu chaperone,
cueP, in Salmonella enterica sv. Typhimurium (S. Typhimurium
hereafter) SL1344 strain also decreases its intracellular survival
in macrophages (Yoon et al., 2014). The attenuated phenotype
exhibited by these mutants depends on the functionality of the
host Cu(I) ATPase ATP7A that delivers cytoplasmic Cu into
the Salmonella-containing phagolysosomes (Ladomersky et al.,
2017). Besides Cu-dependent redox imbalance, the ability of
Salmonella to overcome the phagosomal oxidative burst also
affects virulence (Negrea et al., 2009; Achard et al., 2010; Fenlon
and Slauch, 2017; Yucel et al., 2020). This likely involves the redox
activity of envelope cuproenzymes such as SodCI, SodClII, and
CueO and the ScsABCD system of thioredoxins. Cells lacking

SodCI or SodClII are less virulent (Fang et al., 1999), and virulence
attenuation was also noticed for the AcueO or the AscsC strains
(Achard et al., 2010; Yucel et al., 2020).

Most known bacterial cuproproteins localize to the cell
envelope, making this compartment the main target of Cu
toxicity (Rubino and Franz, 2012; Pontel et al., 2015; Giachino
and Waldron, 2020; Checa et al., 2021). While most enteric
species rely on CueO, the multicopper oxidase controlled by the
cytoplasmic sensor/regulator CueR, to maintain periplasmic Cu
homeostasis under aerobic conditions and on the CusR/CusS-
controlled CusCFBA efflux system under anaerobic conditions,
the cus locus is absent in the Salmonella genome (Checa
et al., 2021). An in silico analysis revealed the presence of
variable remnants of the outmost cus genes in most Salmonella
strains, suggesting different deletion events during this species
evolution (Checa et al., 2021). At the same time or probably
before cus deletion, Salmonella acquired cueP (Pontel and
Soncini, 2009). Interestingly, cueP transcription depends on
the coordinated action of CueR, the ancestral Cu-responsive
CueR regulator that also controls the expression of copA
and cueO and of CpxR/CpxA, a main two-component system
responding to multiple envelope stresses, including Cu and
redox oxidative species (Pezza et al., 2016). Thus, CueP-induced
expression occurs only under conditions of Cu stress that affect
envelope homeostasis. Previously, we showed that, expressed
from a multicopy plasmid, CueP can partially complement a
Acus Escherichia coli strain for Cu resistance under anaerobic
conditions (Pontel and Soncini, 2009), although these Cu
resistance determinants are not structurally or functionally
related. CusCFBA is a Cu-specific envelope detoxification pump
(Franke et al., 2003), while CueP is the major periplasmic
cuproprotein, with a putative Cu?* reductase activity (Osman
et al.,, 2010, 2013; Yoon et al., 2013, 2014; Abriata et al., 2014).
The phenotype analyses of a S. Typhimurium AcueP strain also
mimics the E. coli cus deletion mutant in (i) its requirement for
Cu resistance under anaerobic condition, (ii) the absence of an
appreciable phenotype in aerobiosis, (iii) their delayed expression
compared to the canonical CueR-regulated copA gene, and (iv)
their coordinated transcriptional control to specifically respond
to a cell-envelope-toxic Cu surge (Outten et al., 2001; Pontel
and Soncini, 2009; Pontel et al., 2010; Fung et al., 2013; Pezza
et al., 2016). Considering these observations and the proposed
functional redundancy between CueP and the CusCFBA system,
here we tested the hypothesis that the cus locus was selectively lost
from Salmonella because either it is not required for intracellular
survival or it interferes with virulence.

In this study, we reintroduced the E. coli cus locus in the
identified cus scar present in the S. Typhimurium genome and
evaluated its transcriptional profile and its role in Cu resistance
and in virulence, both in the presence and absence of cueP.
Although the Cus system is expressed in response to Cu in
Salmonella and conferred high levels of Cu tolerance particularly
under anaerobic conditions, we found that, in contrast to CueP,
it did not contribute to intracellular survival in macrophages.
These results indicate that, although CueP and CusCFBA exert
redundant functions for Cu resistance, they are not exchangeable
for macrophage survival and therefore for Salmonella virulence.
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MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The E. coli and S. Typhimurium strains and plasmids are listed in
Supplementary Table 1. The cells were grown overnight at 37°C
in Luria-Bertani broth (LB) with shaking or in LB agar plates.
Kanamycin (Km) was used at 25 ug ml~!, chloramphenicol
(Cm) at 10 wg ml~!, spectinomycin (Sp) at 50 g ml~!,
and ampicillin (Amp) at 100 pug ml~!. Bacterial stocks were
stored at —80°C with 15% glycerol. A final concentration
of 0.1 mM isopropyl p-D-1-thiogalactopyranoside was added
when indicated to express CueP from a plasmid. The culture
media was from Difco, whereas the rest of the reagents and
chemicals were from Merck and affiliates. The copper salt
used was of ACS analytical grade at >98.0% purity. The
oligonucleotides were provided by Life Technology and are listed
in Supplementary Table 2.

Genetic and Molecular Biology

Techniques
Insertion of the cus locus into the S. Typhimurium chromosome
was carried out after two sequential steps of Red-mediated
recombination protocol (Karlinsey, 2007). Briefly, a ~4,900-
bp fragment containing a CmR®-cusRS—cusCF region (product
I) was amplified from the chromosome of the recombinant
E. coli strain PB1179 (Supplementary Table 1) using the
Q5® High-Fidelity DNA polymerase (New England Biolabs)
and the oligonucleotides Cus SF P1 Fw and Cus SF P2
Rv (Supplementary Table 2). The purified final product
was introduced by electroporation into S. Typhimurium
14028s carrying the pKD46 plasmid (Supplementary Table 1).
After selection of chloramphenicol-resistant colonies, proper
insertion of product I was verified by colony PCR using the
oligonucleotides detailed in Supplementary Table 2 in order
to select strain PB13957 (Supplementary Table 1). In parallel,
a second ~6,100-bp fragment containing the final portion of
cusF and the cusBA:3xFLAG-Km® region (product IT) was PCR-
amplified from E. coli PB1179 (Supplementary Table 1) using
the oligonucleotides P1 Fwd CusA Flag Km and Cus FA P2 Rv
(Supplementary Table 2). After purification, product IT was used
to transform the PB13957 strain carrying pKD46. Kanamycin-
and chloramphenicol-resistant colonies were selected to verify
proper product II insertion following product I through colony
PCR using the oligonucleotides detailed in Supplementary
Table 2. After selecting one clone, the presence of the whole
E. coli cusRS-cusCFBA locus into the Salmonella chromosome
was verified by DNA sequencing at Macrogen Inc. P22-mediated
transduction (Checa et al., 2007) was used to move the whole
cus locus into the chromosome of the wild-type 14028s to obtain
the PB14006 strain or to the chromosome of strains carrying
the cueP:3xFLAG gene or the AcueP, AcueO, AcueOAcueP, or
AgolT AcopA mutant strains (Supplementary Table 1).
Reporter  plasmids pPcueP-gfp and  pPcusCFBA-gfp
(Supplementary Table 1) were constructed as follows: The
cueP or the cusABFC promoter region was amplified by
PCR from the chromosome of the PB14006 strain using the
oligonucleotides listed in Supplementary Table 2. The product

containing the cueP promoter was Smal-digested and cloned
into pPROBE-OT’ (Supplementary Table 1) digested with this
enzyme. Similarly, the cusCFBA Inc., Hercules, CA, United States
promoter was digested with HindIII/EcoRI enzymes and cloned
into HindIII/EcoRI-digested pPROBE-OT’.

Fluorescence Determination

A 100-pl aliquot of 1/100 overnight culture of the indicated
strains grown in 96-well microplates in LB supplemented
without or with 1, 2, 3, or 4 mM CuSO4 was incubated
overnight at 37°C with regular shaking. Fluorescence (485-
nm excitation/508-nm emission) and optical density (ODgoonm)
were determined from pPcueP-gfp or pPcusCFBA-gfp harboring
Salmonella strains using a BioTek™ Sinergy™ HT Microplate
reader every 1 h for a period of 16 h and used to calculate the
normalized fluorescence expressed as arbitrary units. To prevent
dehydration, the perimeter wells were filled with sterile water.
Wells containing only culture media with/without CuSO4 were
included as controls of background fluorescence.

Western Blot Analysis

Western blot analysis of 3xFLAG-tagged proteins, IgaA or
GroEL, were carried out as described previously (Pontel and
Soncini, 2009; Pérez Audero et al, 2010). Briefly, cells were
grown in the presence of 2 mM CuSOy4 until ODgggpsm of 0.5,
harvested by centrifugation at 3,500 g for 10 min, washed,
and resuspended in 1 ml of Tris-EDTA buffer solution (pH
8) supplemented with 1 mM phenylmethylsulfonyl fluoride.
The cell suspensions were sonicated (30% amplitude) on
ice for 2 min, with on/off intervals of 2 s. The mixtures
were then centrifuged at 12,000 g for 30 min at 4°C to
separate soluble and insoluble (membrane) fractions and
determine the protein concentration. Aliquots of the soluble
or insoluble fraction containing 20 or 10 pg of total proteins
were analyzed in 15% (w/v) and 10% (w/v) sodium dodecyl
sulfate polyacrylamide gels, respectively, and transferred to
nitrocellulose membranes. Both the soluble CueP-3xFLAG and
the membrane-bound CusA-3xFLAG proteins were detected
using mouse anti-FLAG monoclonal antibodies (Sigma-
Aldrich) and mouse secondary antibody conjugated with
horseradish peroxidase (HRP). In parallel, rabbit polyclonal
anti-GroEL or anti-IgaA antibodies and the specific secondary
antibody conjugated with HRP were employed to detect the
loading controls in the soluble and insoluble cell fractions,
respectively. Immunoreactive bands were revealed using
SuperSignal® West Femto Maximum Sensitivity Western
Blotting Substrate (Thermo Fisher Scientific Inc., Waltham, MA,
United States) and registered in ChemiDoc™ XRS Imaging
System (Bio-Rad Laboratories Inc., Hercules, CA, United States).
A densitometric analysis of each band was done using the
Gel-Pro software and used to estimate the amount of CueP-
3xFLAG or CusA3xFLAG in the samples after normalization
against the soluble and insoluble loading controls, GroEL or
IgaA, respectively.

Copper Resistance Assays
Minimum inhibitory concentrations (MICs) were determined
in LB agar plates supplemented with CuSOy4 at the indicated
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concentrations as previously described (Pontel and Soncini,
2009). Plates were incubated for 24 h at 37°C under aerobic
condition or for 72 h at 37°C under anaerobiosis inside a
jar containing Oxoid™ AnaeroGen™ System and Oxoid™
Anaerobic Indicator (Thermo Scientific). After incubation, the
plates were photographically recorded, and the MIC values
were registered.

Intramacrophage Proliferation Assays
Salmonella proliferation in RAW 264.7 macrophages was tested
as described (Echarren et al., 2021). Briefly, macrophages were
cultured in 24-well plates containing Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum. Each
S. Typhimurium strain tested was grown overnight, harvested,
and washed with 1x phosphate-buffered saline (PBS). These
bacterial pellets were resuspended in DMEM media and used for
cell infection assay at a multiplicity of infection of 10 bacteria per
cell at 37°C for 30 min. Afterward, fresh DMEM and 10% FBS
medium supplemented with gentamicin (100 png/ml) was added.
After 1 hat 37°C, the infected cells were incubated with a medium
containing gentamicin at a concentration of 30 jLg/ml for a total
of 18 h. At the indicated time points, the cells were washed and
lysed with 0.1% Triton X-100 in PBS. Lysates were recovered,
serially diluted, and spread on LB agar plates. After overnight
incubation at 37°C, colony-forming units were counted and
used to calculate the intracellular proliferation relative to the
wild-type strain.

RESULTS

The Escherichia coli cus Locus Is
Transcriptionally Induced by Copper in

Salmonella Typhimurium

Early in evolution, S. enterica acquired cueP. This probably
accompanied or presided by different cus locus deletion events,
resulting in variable remnants of the outmost cus genes among
different S. enterica serovars (Checa et al., 2021). As an example,
the S. Typhimurium 14028s genome harbors a 619-bp DNA
fragment, including sequences coding for the last 137 amino acids
of CusS (with 65% identity) and the last 83 residues of CusA
(with 83% identity) between nucleotides 619898 and 619287
(Figure 1), that is, only the C-terminal portion of both gene
products, encoded in opposite directions in the ancient E. coli
cus locus, remains in the S. Typhimurium genome. Interestingly,
the residual fragments of cusS and cusA overlap (Figure 1),
suggesting a site-specific recombination event.

To analyze whether the E. coli CusCBA efflux pump and
its associated CusF Cu chaperone can substitute CueP for Cu
resistance and virulence in the Salmonella envelope, the E. coli
cus locus was inserted into the S. Typhimurium 14028s cus
scar (Supplementary Figure 1). We included a 3xFLAG-tag
coding sequence at the cusA 3’ end to determine its CusR/CusS-
dependent expression in response to Cu ions and, in parallel, to
verify if the fusion protein is directed into the S. Typhimurium
inner membrane. As expected, CusA-3xFLAG was detected in the

insoluble cell fraction of the cus+ strain and only after CuSOy4
addition to the culture medium, as occurs in E. coli, included as
a control (Figure 2). No immunoreactive bands were detected in
cell extracts from the wild-type S. Typhimurium strain.

Copper-Dependent Transcriptional
Induction of cueP and the cusCFBA
Operon Occurs at Different Stages of
Growth

To compare cueP and cusCFBA transcription in S. Typhimurium,
the wild-type, its AcueP derivative, or the transgenic cus+ or
cus+ AcueP strains were transformed with pPcueP-gfp or
pPcusC-gfp, and fluorescence was recorded every hour during
16 h after the addition of different concentrations of Cu to
the culture. After a lag period of ~1 h, fluorescence increased
in cultures from the wild-type strain harboring the pPcueP-gfp
reporter plasmid supplemented with CuSO4 (Figure 3A). At low
or intermediate Cu concentrations (1-2 mM CuSQ,), PcueP-
dependent GFP expression increased for about 4 h, reaching a
plateau that persisted for another hour. After that, a new increase
in fluorescence was observed, which continued at least during
the 16 h that the experiment was recorded (Figure 3A). The
plateau was less evident at 3 mM CuSO4 and disappeared at
4 mM CuSOy, the higher concentration tested. This expression
profile could reflect the need for CueP in conditions of persistent
Cu stress and/or at the stationary phase when other toxic
species are expected to accumulate. At 1 or 2 mM CuSOy, no
significant differences in emitted fluorescence were perceived
between cells harboring cueP or the transgenic cus locus or not,
although a lower PcueP-gfp promoter expression was evident
from cus+ cells exposed to 3-4 mM CuSOy (Figure 3A).

In contrast to the abovementioned observations, the
CusR/CusS-dependent GFP expression from the cusC promoter
was evident in the cus+ strain during exponential growth and
particularly at low or intermediate CuSO4 concentrations, but it
decreased at the stationary phase (Figure 3A). Interestingly, less
induction from PcusC was observed at higher Cu concentrations,
while this was the condition for maximal fluorescence from the
PcueP-gfp-expressing strain. As with PcueP-gfp, we did observe
any significant differences in PcusC-gfp expression between the
strains bearing cueP and those not (Figure 3A). As expected,
no fluorescence was detected from the wild-type strain or its
AcueP derivative carrying the pPcusC-gfp reporter but lacking
the whole cus locus in their chromosomes, indicating that
Cu-dependent induction of the cusCFBA promoter requires
CusR/CusS (Supplementary Figure 2). On the other hand
and irrespective of the presence or absence of a functional
cueP and/or cus, no differences in growth were detected in
these strains even at 4 mM CuSO4 (Supplementary Figure 3),
suggesting that the stress caused by the metal ion is managed
by the innate aerobic Cu resistance apparatus primarily
composed of the CueR- and GolS-dependent CopA, GolT, and
CueO factors (Espariz et al., 2007; Pontel and Soncini, 2009;
Pontel et al., 2010, 2014).

In view of these results, we decided to analyze the
accumulation of CueP-3xFLAG and CusA-3xFLAG in the
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cus+ strain at different time points after Cu exposure to
evaluate the effect of the simultaneous presence of both Cu
resistance determinants on their reciprocal expression (Figure 3B
and Supplementary Figure 4). Both the wild-type and the
cus+ AcueP strain were included as controls. An increased
accumulation of CueP-3xFLAG was detected in the otherwise
wild-type strain for the first 3-4 h in cells exposed to 2 mM
CuSOy4 (Figure 3B). The maximal concentration reached during
that period persisted at least up to 18 h. Interestingly, the tagged

protein accumulated to similar levels in cells harboring the
cus locus during the first 3 h, but a significant reduction was
observed at longer times (Figure 3B). By contrast, CusA-3xFLAG
increased its concentration in the membrane fraction of the
recombinant cus+ AcueP strain and reached a maximal level
at 3 h. This was followed by a decrease of the immunoreactive
band, probably due to degradation of the membrane protein
(Figure 3B and Supplementary Figure 4). Similar to CueP-
3xFLAG, a consistent reduction of CusA-3xFLAG was visualized
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FIGURE 2 | The cus+ Salmonella Typhimurium strain expresses
CusA-3xFLAG in the presence of copper. Western blot analysis of soluble (S)
and pellet cell fractions (P) of the transgenic cus+ S. Typhimurium strain grown
overnight in the presence (+Cu) and absence (—) of 2 MM CuSOg4. The pellet
fraction of the W3110 cusS-CmPR cusA:3xFLAG-KmP Escherichia coli strain
and the soluble fraction of the cueO:3xFLAG S. Typhimurium strain were used
as positive controls, while the parental S. Typhimurium 14028s soluble and
insoluble cell fractions were included as negative control. Anti-mouse FLAG
monoclonal antibodies were used for the 3xFLAG immunodetection.

in cells also expressing CueP-3xFLAG. This clearly indicates
that, at least at the protein level, the simultaneous presence of
both components favors a reduction in the quantity of each
individual system. In other words, these results are consistent
with a functional redundance between the Cus system and the
innate Salmonella CueP chaperone.

The CusCFBA System Confers Higher
Copper Resistance Levels Than CueP in

Anaerobiosis

As reported in E. coli (Outten et al., 2001), the presence of
the cus locus in Salmonella did not affect Cu resistance under
aerobic conditions, even in cells lacking cueP (Supplementary
Figure 5 and Supplementary Table 3). Because CueO is the main
Cu(I) cell envelope detoxification factor when O, is available
(Espariz et al., 2007), the effect of cusRS-CFBA acquisition in
Salmonella was tested in the AcueO background, both in the
presence and absence of cueP. As previously reported for this
genetic background (Pontel and Soncini, 2009; Pontel et al,
2010), CueP had only a minimal contribution to Cu tolerance
under these conditions (Supplementary Figure 5). Surprisingly,
the AcueO cus+ transgenic strain showed an increased resistance
to the metal compared to the AcueO strain (Supplementary
Table 3). A similar resistance phenotype with the AcueO
cus+ strain was observed for the AcuePAcueO cus+ strain
(Supplementary Figure 5), indicating that CueP has no impact

A 25000
] -@ Wt/pPcueP-gfp

3 20000 W cus+ipPcueP-gfp

<

g 15000 @ AcuePlpPcueP-gfp

c

3 AcueP cus+lpPcueP-gff
g 10000 * 4 g’
5 LI cus+/pPcusC-gfp

S

i 5000

-\ AcueP cus+/pPcusC-gfp

0
0 2 4 6 8 10121416
Incubation time (h)

25000 250001
1mM Cu 2mM Cu
3 20000 ’D‘ 20000
< <
o 15000 8
g g
1] 8
@ 100001 3
9_) =
S E
i 5000+ L.

T T T T T T T T
02 4 6 8 10121416
Incubation time (h)

A
024 6 810121416
Incubation time (h)

250001 250001

4 mM Cu
20000 ~ 20000+
> 2
< <
< 15000 @ 15000
8 2
@
& 10000+ 3 100001
[ =
S S
Z 50004 & 5000
0 o 2EEEE
0 2 46 810121416 02 4 6 810121416
Incubation time (h) Incubation time (h)
B
CueP-3xFLAG CusA-3xFLAG
_ ig & Wt 16 I} AcueP
o - cus+ < 4 2\ cus+
o 40 S 12
G 35 <
L2 30 = 10
g 25 T 3
° 20 £
T 15 <
[\
S 10 s
S 5 = 2
om 0
0o 4 8 12 16 0 4 8 12 16

Incubation time (h) Incubation time (h)

FIGURE 3 | Comparative analysis of the Cu-induced expression of the cus
locus and cueP. (A) Kinetic analysis of the Cu-induced fluorescence from the
wild type, the cus+, the AcueP, or the AcueP cus+, harboring gfp
transcriptional fusions to either PcueP or the PcusC promoter, as indicated.
Either O, 1, 2, 3, or 4 mM CuSO,4 was added to cells exponentially grown in
Luria—Bertani broth (LB), and both fluorescence and ODgoonm (See
Supplementary Figure 3) were recorded for 16 h and used to calculate the
normalized fluorescence expressed as arbitrary units. The data correspond to
mean values of at least three independent experiments performed in
duplicate. Error bars represent SD. (B) Kinetic analysis of the Cu-induced
CueP-3xFLAG or CusA-3xFLAG expression from the cueP-3xFLAG (Wt), the
cus+ cueP-3xFLAG cusA-3xFLAG (cus+), or the cus+ cusA-3xFLAG AcueP
(AcueP) strains. Soluble or insoluble extracts from cells grown in LB with the
addition of 2 mM CuSQ,4 were analyzed by SDS/PAGE, followed by transfer to
nitrocellulose, and developed using monoclonal anti-FLAG antibodies as
described in the Materials and Methods Section. CueP or CusA relative levels
were normalized to GroEL or IgaA, respectively. The data correspond to mean
values of three independent experiments. Error bars represent SD.

A representative western blot is shown in Supplementary Figure 4.

on Cu resistance under these conditions. On the other hand,
the presence of cus did not increase the Cu tolerance of a
Salmonella strain deleted of both inner membrane-associated
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FIGURE 4 | The Escherichia coli cus locus increases Salmonella tolerance to
Cu under anaerobic conditions. Comparative Cu MIC values of wild type (Wt),
transgenic cus+, AcueP, or AcueP cus+ Salmonella strains on Luria-Bertani
broth plates containing increasing amounts of CuSO, in anaerobic conditions.
The figure also shows the same strains harboring the vector plasmid
pUH21-2/acl (EV) or pUH21-2 Jacl9-based pCueP plasmid (pCueP). After
incubation at 37°C for 24 h, the plates were photographed. The data
correspond to representative images of at least three independent
experiments done in duplicate.

Cu(I) transporters copA and golT-coding genes (Supplementary
Figure 5 and Supplementary Table 3), indicating that CusCFBA
cannot alleviate the cytoplasmic toxic effect of Cu (Espariz et al,,
2007). These results suggest that, despite its low expression under
aerobiosis (Figure 3), CusCFBA can alleviate the toxic effects of
Cu from the cell envelope in cells lacking the main Cu resistance
determinant, CueO.

As both CueP and CusCFBA were reported to contribute to
Cu resistance under anaerobic conditions (Outten et al., 2001;
Pontel and Soncini, 2009), we compared the tolerance to Cu of
the transgenic S. Typhimurium cus+ strain, both in the presence
and absence of cueP (Figure 4 and Supplementary Table 3).
The presence of a functional CusCFBA system increased the
Cu tolerance in these conditions up to 1 mM CuSOy, even in
the AcueP strain. These strains were at least three times or six
times more resistant than the wild-type strain or the AcueP
mutant (Figure 4).

Not only is the CusCFBA system more efficient than CueP
to eliminate toxic Cu ions, but also, in its presence, CueP
turns non-essential even when it is overexpressed in the cells
(Figure 4). Thus, why has Salmonella lost the beneficial cus
locus while preserving cueP? We can speculate that niches

1.25+

1.00+

0.75-

0.50+

Intracellular proliferation
(relative to Wt)

0.25-

FIGURE 5 | Cus cannot substitute cueP for intramacrophage proliferation.
Replication of wild type (WT), AcueP, cus+, or AcueP cus+ Salmonella
Typhimurium strains in RAW 264.7 macrophages at 18 h after infection. The
virulence-defective AphoP strain was included as control. Complementation
of AcueP or AcueP cus+ strains with pCueP is also shown. The values
correspond to the average of at least three independent experiments carried
out in duplicate, and the error bars represent SD. The asterisks denote
statistical significance between means or with respect to WT. n.s., not
significant; ***P < 0.001.

normally encountered by this species would not simultaneously
contain such a high Cu concentration and the absence of O,.
Otherwise, the pathogen would retain the ancestral Cu-envelope
homeostasis system. The acquired cueP gene product could
fulfill the necessary metal resistance encountered by Salmonella
in those particular niches. In this sense, the required co-
regulation of cueP transcription, recruiting simultaneously the
cytoplasmic Cu sensor CueR and the non-specific CpxR/CpxA
envelope stress system, integrates different envelope stress
signals, such as Cu and redox stress (Pezza et al, 2016;
Cerminati et al., 2017; Grabowicz and Silhavy, 2017; Lopez et al,,
2018; Subramaniam et al., 2019), that could also be beneficial
in these niches.

The Ancestral Cus System Does Not
Contribute to Salmonella Intracellular
Macrophage Proliferation

The SCV is known to be enriched in Cu ions and other toxic
compounds, such as reactive oxygen/nitrogen species, that are
actively delivered or produced by the host cell to eliminate
invading pathogen (Negrea et al, 2009; Achard et al., 2010,
2012; Fenlon and Slauch, 2017; Ladomersky et al., 2017; Yucel
et al., 2020). Knowing that a mutant deleted in cueP has a
defect in macrophage proliferation (Yoon et al., 2014) and
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in view of the increased tolerance to Cu of the transgenic
S. Typhimurium cus+ strain, we compared the intracellular
proliferation of the latter strain with its AcueP derivative
inside RAW 264.7 macrophages (Figure 5). As expected, the
AcueP strain exhibited an attenuated phenotype compared
to the wild type inside these professional phagocytes, while
wild-type proliferation was reestablished by providing cueP in
trans. The S. Typhimurium cus+ strain show wild-type levels
of macrophage proliferation, indicating that its presence does
not provide any advantage for survival in this environment
(Figure 5) (It is worth noting that this strain harbors its wild-type
chromosomal copy of cueP).

Surprisingly, the cus+ AcueP strain was as defective as the
AcueP strain to proliferate inside this cell line, indicating that the
Cus system cannot substitute CueP for Salmonella proliferation
inside macrophages (Figure 5).

These results altogether indicate that the acquisition of cueP
by Salmonella provides this pathogen with the ability to better
replicate inside macrophages, and at the same time, it allows this
species to tolerate moderate levels of Cu when facing oxygen
limitation and other toxic species, whereas the Cus system
cannot. These results indicate that CueP and CusCFBA exert
redundant functions for metal resistance, but not for macrophage
survival, and therefore for Salmonella virulence.

DISCUSSION

It is increasingly evident that, in Gram-negative species,
the cell envelope is the primary target for Cu toxicity
(Giachino and Waldron, 2020; Checa et al., 2021). It is in
this compartment where all known Cu-requiring enzymes,
such as multi-copper oxidases, amine oxidases, Cu-dependent
superoxide dismutases, and terminal respiratory oxidases, are
localized and where Cu-dependent metabolism occurs (Rubino
and Franz, 2012; Stewart et al., 2019). Most enteric species rely
on the periplasmic multicopper oxidase CueO, controlled by the
cytoplasmic sensor/regulator CueR, to maintain the envelope-
Cu homeostasis under aerobiosis and on the CusR/CusS-
controlled CusCFBA efflux system to get rid of the Cu excess
from this compartment when oxygen is absent, a condition
in which the oxidase is not active (Outten et al, 2001;
Quintana et al., 2017; Checa et al., 2021). We showed that
Salmonella CueP fulfils similar roles than the E. coli CusCFBA
system in alleviating Cu stress under anaerobic conditions
in their innate bacterial hosts (Pontel and Soncini, 2009;
Pontel et al., 2010; Pezza et al., 2016). When overexpressed
in E. coli, CueP partially complements a Acus mutant (Pontel
and Soncini, 2009), although this periplasmic Cu chaperone
with a putative Cu?® reductase activity seems not to be a
structural homolog of the CusCFBA system. The transcriptional
activation of these Cu resistance determinants also differs
but has some common features. The expression of CusCFBA
occurs after the detection of surplus Cu by the metal-specific
periplasmic sensor, CusS, which, in turn, phosphorylates its
coupled cytoplasmic regulator CusR, both encoded within the
cus locus (Affandi and McEvoy, 2019). cueP transcription

depends on the simultaneous activation of the cytoplasmic
Cu sensor CueR and the envelope stress sensory system
CpxR/CpxA that perceives the stress caused by Cu at the
bacterial cell envelope (Pezza et al., 2016), mimicking the E. coli
CusR/CusS-controlled cusCFBA induction. We recently showed
that Salmonella lost the cus locus and, at the same time or
probably before of that, it gained cueP (Checa et al., 2021).
However, the reasons that lead to this genetic rearrangement
remains unknown.

In this work, we re-introduced the E. coli cus locus into the
genomic place where ancestral Salmonella cus remnants were
detected and demonstrated that the cusCFBA operon is expressed
in response to Cu and provides resistance to this metal to
the recombinant strain (Figures 1-4). The expression of this
operon requires the presence of the CusR/CusS two-component
system because no Cu-driven transcriptional induction was
detected using the pPcusC-gfp plasmid carrying the gfp reporter
gene under the control of the cusC promoter (Supplementary
Figure 2). Both the indigenous cueP gene and the transgenic
CusR/CusS-controlled cusCFBA operon were transcriptionally
induced in response to Cu (Figures 2, 3). However, transcription
from the cueP promoter remained active over time, even when
the bacteria were well into the stationary phase, while the PcusC
promoter was only transiently induced during the exponential
phase (Figure 3). In fact, a reduction in expression of both the
GFP reporter from the PcusC-gfp promoter or CusA-3xFLAG
from the chromosomal cusA-3xFLAG fusion gene was evident
when the bacteria reached the stationary phase. Furthermore,
its Cu activation is reduced as the concentration of the metal
ion increases in the culture medium. These differences could
be attributed by the outcome of the metal ion, although
much work is necessary to understand the role of CueP in
Salmonella. Importantly, the simultaneous presence of both
systems influenced the expression of each other (Figure 3B),
demonstrating that both contribute to alleviate the toxicity
caused by the metal ion in the cell envelope when bacteria grow
under standard laboratory conditions.

The cus+ Salmonella transgenic strain shows wild-type
resistance to Cu under aerobic conditions and an increased
resistance to Cu under anaerobic conditions (Supplementary
Table 3), where the multicopper oxidase CueO is inactive
(Espariz et al., 2007; Pontel et al., 2010). A similar phenotype
was observed in AcueO cells grown aerobically (Supplementary
Figure 5) that are highly sensitive to Cu, with an exacerbated
envelope stress under these conditions (Pontel et al., 2010). This
is in agreement with recent Salmonella isolates from Cu rich
environments that harbor accessory Cu resistance determinants
such as Cus-like efflux pumps as well as P-type ATPases and/or
periplasmic copper binding proteins encoded in plasmids as
well as in other mobile genetic platforms (Mourdo et al., 2016;
Mastrorilli et al., 2018; Murase et al., 2018; Zhao et al., 2018;
Arai et al, 2019; Branchu et al, 2019). Among them, an
extrachromosomally encoded cus locus was present in clinic
isolates (Wiesner et al., 2016). The plasmid harboring this locus
also contains genes for tolerance/resistance to mercury, arsenic,
and other metals and antimicrobials, indicating a link between
metal and antibiotic resistance as well. The importance of these
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accessory Cu resistance determinants to ameliorate Salmonella
fitness in animals that are exposed to large amounts of copper as
feed supplement is clear (Mourio et al., 2015, 2016; Branchu et al.,
2019). However, their relevance for virulence and, in particular,
for intracellular replication of the pathogen is elusive and a matter
of current investigation in different laboratories.

In contrast to the conserved arrangement of inner membrane
P-type transporters and cytoplasmic Cu chaperones present in all
proteobacteria to cope with Cu toxicity in the cytoplasm, different
species/strains evolved specific traits to control envelope-Cu
homeostasis (Giachino and Waldron, 2020). Particularly for
Salmonella, this compartment is the main receptor for all
the recent horizontally acquired genetic elements encoding
Cu resistance factors (Checa et al., 2021). In this work, we
showed that, at least for macrophage survival, cueP acquisition
into the Salmonella genome cannot be substituted by the
ancestral cus locus (Figure 5). Although the contribution of
the efflux pump to Cu resistance in abiotic environments is
clear, particularly under anaerobic conditions (Figure 4), it
does not favor fitness in the Cu-rich, oxidative intracellular
niche (Figure 5). Based on these, it can be speculated that
the loss of cus from this pathogen occurred because there was
no selection pressure to keep it, as Salmonella would rarely
encounter high levels of Cu in an anoxygenic environment.
Alternatively, the presence of an efflux pump in the confined
space of the SCV is disfavored because the expelled toxic Cu
ions rapidly re-enter the bacterial cell, resulting in a futile
cycle. Therefore, in this intracellular niche, CueP Cu?* binding
(Osman et al., 2010) or its proposed Cu?™ reductase activity
(Yoon et al,, 2014) limits the availability of free Cu ions to
exacerbate redox stress in the periplasm (Checa et al., 2021).
In this context, the role of CueP as a Cu chaperone providing
the metal ion to other ROS-detoxifying enzymes like SodCI and
SodCII (Ladomersky et al., 2017) would be also important. In
either case, it is clear that the cueP gene product was preserved
during the evolution of Salmonella. Therefore, it emerges as a
putative target for anti-virulence therapies to control animal and
human salmonellosis.
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