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Abstract

Nickel (Ni(I)) toxicity is addressed by many different bacteria, but bacterial responses to nickel stress are still unclear. Therefore,
we studied the effect of Ni(II) toxicity on cell proliferation of o-proteobacterium Caulobacter crescentus. Next, we showed the
mechanism that allows C. crescentus to survive in Ni(Il) stress condition. Our results revealed that the growth of C. crescentus is
severely affected when the bacterium was exposed to different Ni(II) concentrations, 0.003 mM slightly affected the growth,
0.008 mM reduced the growth by 50%, and growth was completely inhibited at 0.015 mM. It was further shown that Ni(II)
toxicity induced mislocalization of major regulatory proteins such as MipZ, FtsZ, ParB, and MreB, resulting in dysregulation of
the cell cycle. GC-MS metabolomics analysis of Ni(I) stressed C. crescentus showed an increased level of nine important
metabolites including TCA cycle intermediates and amino acids. This indicates that changes in central carbon metabolism and
nitrogen metabolism are linked with the disruption of cell division process. Addition of malic acid, citric acid, alanine, proline,
and glutamine to 0.015 mM Ni(Il)-treated C. crescentus restored its growth. Thus, the present work shows a protective effect of
these organic acids and amino acids on Ni(Il) toxicity. Metabolic stimulation through the PutA/GInA pathway, accelerated
degradation of CtrA, and Ni-chelation by organic acids or amino acids are some of the possible mechanisms suggested to be
involved in enhancing C. crescentus’s tolerance. Our results shed light on the mechanism of increased Ni(Il) tolerance in
C. crescentus which may be useful in bioremediation strategies and synthetic biology applications such as the development of
whole cell biosensor.
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Introduction

Bacteria are often exposed to heavy metal ions in their envi-
ronment. Human activities, such as industrial production,
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agriculture, mining, and smelting operations, significantly
contribute to the elevated level of heavy metals in the envi-
ronment (Tchounwou et al. 2012; He et al. 2005; Herawati
et al. 2000). The US Environmental Protection Agency has
placed 13 heavy metals, including nickel (Ni), on its priority
pollutants list of 126 compounds (EPA 2014). Nickel toxicity
in plants, animals, and humans has been widely studied (Yusuf
et al. 2011; Das et al. 2008; Denkhaus and Salnikow 2002).
Nickel toxicity has received a lot of attention due to its role as
a human carcinogen. Conversely, the importance of nickel
toxicosis in microorganisms is less well studied (Macomber
and Hausinger 2011). However, the nickel defense system
(RenA) in E. coli and detection of putative homologs in ar-
chaea and throughout bacteria suggests that excessive nickel is
a routine physiological concern (Rodrigue et al. 2005).
Therefore, it becomes important to understand the effect of
nickel exposure to bacteria. Nickel may support bacterial
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growth when present in trace amounts, but at higher concen-
trations, this metal causes toxic effects to bacteria by
inhibiting iron metalloenzymes like taurine/cK G dioxygenase
(TauD) in E. coli (Kalliri et al. 2005), zinc metalloenzymes
like Trypanosoma cruzi metallocarboxypeptidase 1 (TcMCP-
1) (Niemirowicz et al. 2007) or some other metalloenzymes
such as nitrous oxide reductase from Rhodobacter
sphaeroides (Sato et al. 1998), Cobaltochelatase from
Pseudomonas denitrificans (Debussche et al. 1992). Nickel
is also known to inhibit non-metal enzymes, for example,
Uricase (urate oxidase) from Bacillus fastidiosus (Bongaerts
et al. 1978) and N-carbamoyl-D-amino acid amidohydrolase
from Agrobacterium lose activity in the presence of nickel
(Louwrier and Knowles 1996). Hence, it is essential for cells
to maintain homeostasis by tightly regulating the cellular con-
centration of nickel. When the metal concentration is insuffi-
cient inside the cell, bacteria express metal import systems,
such as NikABCDE which is a part of the ABC transporter
subfamily found in eubacteria and archaea (Navarro et al.
1993; Mulrooney and Hausinger 2003). Conversely, if the
cellular concentration of metal is more than the required limit,
bacteria use several types of metal transport system, such as
the RenA efflux pump in E. coli (Rodrigue et al. 2005), the
RND transport system in C. metallidurans, A. xylosoxidans,
and H. pylori to remove the excess metal ions (Stihler et al.
2006; Macomber and Hausinger 2011) .

It is known that bacteria employ different molecular
mechanisms to survive in often unknown and fluctuating
nickel stressed environmental conditions. However, despite
years of research, it is still not fully understood how mi-
crobes detect and cope with nickel stress in their surround-
ings. Furthermore, external environmental conditions (e.g.,
nickel stress) can influence the cellular physiology of micro-
organisms, but it is not entirely clear how the different ex-
ternal signals or cues impinge on fundamental biological
processes, like the cell cycle, in bacteria. Cell cycle regula-
tion has been studied in several model bacteria. One prom-
inent example is the asymmetrically dividing alpha
proteobacterium Caulobacter crescentus. C. crescentus has
been found in many different environments, including
wastewater, seawater, soil, and deep subsurface goldmines
(Hughes et al. 2012). It is particularly noted for its ability to
survive in low nutrient conditions or in habitats that contain
harmful levels of metal contamination. In particular, scien-
tists have found that C. crescentus can tolerate at least up to
2-3 times more uranium stress than E. coli. C. crescentus
could survive at 1 mM of uranium while E. coli was
completely non-viable at 0.5 mM (Hillson et al. 2007). In
addition, C. crescentus is a model organism for understand-
ing the cell cycle regulation, asymmetric cell division, and
cellular differentiation (Jensen et al. 2002; Curtis and Brun
2010). The cell cycle mechanism of C. crescentus has been
studied mostly in ideal laboratory conditions, but it is still
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not understood how natural environmental stresses (e.g.,
heavy metal stress) affect the complex regulatory cascade
of the cell cycle. A deep understanding of bacterial stress
responses is important for the development of antibiotics or
other antimicrobial strategies as well as for synthetic biology
applications such as the development of whole cell biosen-
sors. Previous studies have also shown that C. crescentus
has applications in uranium biosensor and cadmium biore-
mediation (Hillson et al. 2007; Patel et al. 2010).

In this paper, we seek to (1) investigate how Ni(II) stress in
the environment can affect the proliferation of microorgan-
isms, such as C. crescentus, and (2) identify the metabolites
that enhance or reduce C. crescentus’s ability to survive in
Ni(Il) stress condition. This study began with the systematic
analysis of the effect of Ni(Il) stress on C. crescentus growth
and survival. Our analysis revealed that certain Ni(Il) concen-
tration severely affect both cell morphology and cell cycle of
C. crescentus. The diameter of Ni(Il) stressed C. crescentus
cells was increased due to mislocalization of important cyto-
skeleton protein MreB. We also found that mislocalization of
the cell division proteins such as FtsZ, MipZ, and ParB was
responsible for dysregulation in chromosome replication and
cell division process. Next, GC-MS metabolomics analysis
revealed nine important metabolites which were increased in
Ni(Il) stressed C. crescentus. The restoration of growth of
0.015 mM Ni(II)-treated cells upon supplementation of malic
acid, citric acid, glutamine, alanine, and proline confirmed
their role in ameliorating Ni(Il) toxicity in C. crescentus.

Materials and methods
Bacterial strains, media, and growth

The Caulobacter crescentus strain CB15N (ATCC 19089) and
its derivatives cultures were maintained on PYE (peptone-
yeast extract) agar plates containing 0.2% (wt/vol) bacto pep-
tone (Difco), 0.1% (wt/ vol) yeast extract (Difco), 1 mM
MgSO0y, 0.5 mM CaCl,, and 3% (wt/vol) agar (Difco) supple-
mented with appropriate combinations of antibiotics. Broth
cultures used for growth curve, qPCR, and microscopic stud-
ies were PYE and M2G Minimal media contains per liter
[50 mL of 20X M2 salts (34.8 g Na,HPO4, 21.2 g KH,PO4,
10 g NH4CI per liter), 0.5 mM MgSQO,, 10 mL of 20% glu-
cose, | mL 10 mM FeSO,, and 10 mM EDTA (Sigma #F-
0518), 0.5 mM CaCl,]. The overnight culture was inoculated
with colonies from PYE plates, grown at 30 °C, and shaken
continuously at 225 rpm (Hu et al. 2005).

Toxic metal effect on growth and survival

One molar, 0.1 M, and 10 mM stock solutions of Nicl,-6H,0,
COSO4'7H20, KQCI'O4, CdSO4, NazseO3, and CUSO4
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(Sigma-Aldrich) were prepared by dissolving the metal com-
pounds in MilliQ water. All metal stocks were sterilized by
filtration through a 0.2-um membrane. Similarly, 0.5 and
0.25 M stock solutions of glutamine, proline, alanine, valine,
glutamic acid, malic acid, and citric acid (Sigma-Aldrich)
were prepared.

Five-milliliter culture of C. crescentus was grown in PYE
overnight. The PYE culture is diluted 1:50 in minimal media
and grew until bacteria reached mid-log phase. The mid-log
phase culture then diluted again to OD 0.03—0.04 in fresh
minimal media and 5 mL of culture were aliquot into different
14-mL snap cap tubes already containing heavy metals. A
control was also prepared with no heavy metal. The OD was
measured at 660 nm using the spectrophotometer. For spot
dilution test, OD values were normalized for all the cultures
after 24 h, and tenfold serial dilutions were prepared for each.
Four microliters of each dilution was spotted on PYE agar
plates. Plates were kept in 30 °C incubator for 40-48 h; then,
images were taken using Gel doc system (Bio-Rad).

To test the effect of organic acids and amino acids on
growth of 0.015 mM Ni(Il)-treated cells,1 or 10 mM of each
amino acid or organic acid exogenously added to
C. crescentus culture in M2G minimal media containing
0.015 mM Ni(II).

RNA extraction

The overnight C. crescentus culture in PYE was diluted in
minimal media and grew until bacteria reached mid-log phase.
The mid-log phase culture in minimal media was diluted again
to OD 0.03-0.04 in fresh minimal media. When the bacteria
reached exponential phase (OD 0.25-0.30), 10 mL of culture
were aliquot into different 50-mL tubes already containing
Ni(II) concentrations and incubated for 30 min. A control
was also prepared with no heavy metal. After 30 min of heavy
metal shock, samples were centrifuged at 10,000xg for 5 min,
and the supernatant was removed. The cell pellets were stored
at — 80 °C. RNA was first isolated by QiAzol-chloroform ex-
traction. Then, RNeasy mini kit from Qiagen including on-
column DNase digestion was used for further extraction steps.
RNA concentration was measured using Nanodrop.

Quantitative PCR

Quantitative PCR (qPCR) was performed in 96-well plates in
a CFX96 Touch Real-Time PCR Detection System (Bio-Rad).
gScript cDNA SuperMix (Quantabio) was used for reverse
transcription. For quantitation of transcript levels, PerfeCTa
SYBR Green FastMix (Quantabio) was used and
thermocycling conditions were as follows: 3 min at 95 °C,
and 39 cycles (30 s at 95 °C, 45 s at 55 °C, 30 s at 60 °C)
for amplification. Primers used for qPCR are listed in
Table S1.

Fluorescence microscopy

The overnight culture in PYE was diluted in minimal media
and grew until C. crescentus strains reached mid-log phase.
This mid-log phase culture in minimal media was diluted
again to OD 0.03-0.04 in fresh minimal media, and 5 mL of
cultures were aliquot into different 14-mL snap cap tubes al-
ready containing heavy metal concentrations to be tested. A
control was also prepared with no heavy metal. All the strains
were exposed to heavy metal for 12 h. Expression of xylose-
inducible genes or vanillate-inducible genes was induced by
adding 0.3% xylose (Sigma-Aldrich) or 0.5 mM vanillate
(Sigma-Aldrich) for 2-3 h (Heinrich et al. 2016). All samples
were imaged on freshly prepared 1% agarose pad onto micros-
copy slides. Microscopy was performed on a DM6000B
(Leica) upright microscope with Leica Application Suite X
(LAS X) software. An external light source Leica EL6000
was used for enhanced fluorescence imaging. Cell dimensions
were measured using ImageJ (Schindelin et al. 2012). Strains
used in this study are listed in Table S2.

Collection of samples and extraction of metabolites

The overnight C. crescentus culture in PYE was diluted in min-
imal media and grew until bacteria reached mid-log phase. This
mid-log phase culture in minimal media was diluted again to
OD 0.03-0.04 in fresh minimal media. When the bacteria
reached mid-log phase (OD 0.25-0.30), 5 mL of culture were
aliquot into different 14-mL tubes already containing 0.003,
0.008, and 0.015 mM of Ni(Il) concentrations. A control was
also prepared with no heavy metal. Three separate sets of sam-
ples were collected after 30 min, 2 h, and 4 h of heavy metal
shock, respectively. Samples were centrifuged at 10,000xg for
5 min, and the supernatant was removed. The cell pellets were
stored at — 80 °C. Metabolites were extracted after collecting all
the samples. Nine hundred microliters of 2:1 methanol/
chloroform solution was added to frozen cell pellets for extrac-
tion. Samples were then lysed using glass beads and a bead
grinder. Five microliters of 4 mg/mL ribitol dissolved in
MilliQ water was added to each sample as an internal standard
to correct for any loss of metabolite during the extraction pro-
cess. After this, 200 pL of water and chloroform solution was
added to each sample. Samples were centrifuged for 10 min at
24,000 RPM, and supernatant was transferred to a fresh
Eppendorf tube (Booth et al. 2015). The supernatant was air-
dried using a heat block set at 37 °C for 24 h. Fifty microliters of
2% methoxyamine HCL in pyridine (ThermoFisher Scientific)
was added to all the samples and incubated for 1 h at 37 °C.
Next, 100 puL of N,0-bis(trimethylsilyl)trifluoroacetamide with
1% trimethylchlorosilane (BSTFA+1%TMCS, Sigma-Aldrich)
was added to all samples and incubated for 30 min at 70 °C.
Samples were centrifuged for 1 h at room temperature and then
transferred to GC-MS glass vials (Wang et al. 2010).
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GC-MS analysis

The samples were analyzed using an Agilent Technologies
7890B GC and 5977A GC-MSD system. Metabolites were
isolated through a HP-5MS capillary 54 column (30 m x

0.250 mm i.d.; 0.25-um film thickness; Agilent J&W
Scientific). One microliter of each sample was injected into
the system by autosampler and separated using the column in
splitless mode. Helium was used as carrier gas with a flow rate
of 1.1 mL/min. Temperatures for inlets and MS source were
set at 250 and 230 °C, respectively. The oven temperature was
kept at 75 °C for 4 min and increased to 280 °C with a rate of
4 °C/min then held for 1.56 min. Mass spectrum was recorded
from 40 to 600 m/z with a scan time of 0.2 s.

Metabolites detection and quantification

Acquisition of the total ion chromatogram and identification
of mass spectra were done by GC-MS solution software (GC/
MSD Chemstation Data Analysis, Agilent). NIST14 mass
spectral library (National Institute of Standards and
Technology) was used to identify the detected metabolite
peaks. Peak area of compounds was compared to internal
control for normalization. Peaks with a similarity index of
more than 80% were extracted to name the candidate com-
pounds. Partial least square discriminant analysis using
MetaboAnalyst 3.0(Xia et al. 2015) was performed to see
the difference between metabolite profiles of untreated
Caulobacter and Caulobacter cells treated with different con-
centrations of Ni(II).

Results

Ni(ll) toxicity inhibits cell growth and proliferation
of C. crescentus

The effect of Ni(I) toxicity on cell growth was compared with
five other heavy metals (Co(Il), Cr(VI), Cu(Il), Se(1V),
Cd(I)) which are listed as priority pollutants (EPA 2014).
ICsq values of all the heavy metals are presented in Table 1.
ICsq value refers to the concentration of heavy metal respon-
sible for 50% reduction in the growth of bacteria during
mid-log phase.

The results obtained show that relatively lower concentra-
tions of NiCl, and CdCl, were sufficient to inhibit the growth
of C. crescentus (Table 1, Figs. 1a and S1). We found firstly
that 0.003 mM slightly affected the cell growth, secondly, that
0.008 mM reduced the cell growth by 50%, and thirdly that
0.015 mM of Ni(Il) completely inhibited the growth. Next,
spot dilution test results confirmed that the cells did not only
stop proliferating but were also killed by 0.015 mM of Ni(Il)
(Fig. 1b). This is in contrast to the effect seen using 0.008 mM
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Table 1 ICso (mM) values of heavy metals
Metal Ni(ll) Cddr) Cu(l) Co(l) Cr(VI)  Se(V)
ICso mmy  0.008  0.004 0.02 0.02 0.04 0.08

concentration of Ni(II), whereby cells only stopped prolifera-
tion but were still viable (Fig. 1b). On the other hand, growth
reduced by half at 0.004 mM Cd(Il), and the cells stopped
proliferating when treated with 0.1 mM Cd(Il) (Fig. S1).
However, spot dilution test results showed that cells were
viable even after exposure to 0.2 mM Cd(II) concentration
(Fig. S1). Thus, our results showed that out of all six metals
tested, Ni(Il) produced the most toxic effect on cell growth
and survival.

Mislocalization of MreB leads to a severe cell shape
defect in Ni(ll)-treated C. crescentus

The morphology of Ni(Il)-treated C. crescentus cells was se-
verely affected. It has been shown that different stress condi-
tions affect the C. crescentus morphology in different ways.
The cell size of C. crescentus was largely maintained during
carbon starvation, growth in stationary phase and acute heat
shock (Jonas et al. 2013; Boutte et al. 2012; Leslie et al. 2015).
In another study, C. crescentus cells grew into long filaments
after treatment with 100 mM NaCl or 4% ethanol (Heinrich
et al. 2016). However, we observed a different cell morphol-
ogy when C. crescentus treated with Ni(Il). The diameter of
0.015 mM Ni(II)-stressed cells was significantly increased at
the mid cell as compared to untreated or 0.003 mM Ni(Il)-
treated cells (Fig. 2a). The cells showed different morphol-
ogies when treated with 0.008 and 0.015 mM concentrations
of Ni(Il), as shown in Fig. 2a. The expanded predivisional
cells with constriction at mid-cell were dominant in the pres-
ence of 0.008 mM Ni(Il), whereas large lemon-shaped cells
were observed at 0.015 mM concentration of Ni(Il) (Fig. 2a).
The cells were also found to be increased in length in both the
cases. A comparison of cell size under different Ni(Il) stress
conditions is presented in Table 2.

The bacterial actin homolog MreB is required to maintain
the rod shape of the cell in C. crescentus, E. coli, and Bacillus
(Gitai et al. 2004). The lemon shape or expanded predivisional
morphology of Ni(Il)-treated cell was similar to what ob-
served in the C. crescentus cell with malfunctioning MreB
protein (Figge et al. 2004). This led us to examine the locali-
zation of MreB using fluorescence microscopy. We found that
Ni(Il) stress disrupted the localization pattern of MreB in
C. crescentus. In the case of untreated or 0.003 mM Ni(I)-
treated cells, MreB bands were concentrated to the mid-cell
region, whereas at 0.008 and 0.015 mM concentrations of
Ni(Il), MreB was distributed throughout the cells or some-
times accumulated at the poles (Fig. 2b).
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Fig. 1 Ni(II) stress severely affected growth and survival of C. crescentus

CBI5N. a C. crescentus was grown in M2G minimal media in presence

of 0.005 to 0.03 mM Ni(Il), and the effect on growth with respect to

control (without metal) is measured in terms of cell optical density at

In the present study, we have also compared the ef-
fects of five other metals with Ni(II) stress on the mor-
phology of C. crescentus (Fig. S2). C. crescentus cells
had shown different morphological patterns when ex-
posed to various heavy metals. Cells were found to be
slightly longer and more crescent shaped when exposed
to 0.02 mM Co(Il) and 0.05 mM Cr(VI), while 0.1 mM
Cd(I) stress produced longer cells. An increase in width

(a)

m_/ 2028 0.003 mm Nign) 8
\ ~ “fy
! 7,

~ .
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/. .»\ — ' N
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0.008 mM Ni(ll
| 0.008 mh i) RGN
——
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Fig. 2 Mislocalization of MreB affected cell morphology in Ni(Il)-
treated C. crescentus. a Differential interference contrast (DIC) micros-
copy images of C. crescentus cells treated with different Ni(Il)

C
Proliferation stopped but cells
0.008 were viable
Cells started dying at 0.01 mM of
0.01 . vina
Ni(Il)
0.015
0.02

660 nm. b Spot dilution test confirms the detrimental effect of Ni(Il) on
the growth of C. crescentus . The results are shown in the presence of
0.008 to 0.02 mM Ni(II) .All the results are representative of at least three
experiments. *C control without metal

and length of the cells was observed in the presence of
0.02 mM Cu(Il). On the other hand, Se(IV) did not
affect the morphology of C. crescentus cells and were
similar to the untreated cells. It can be concluded that
the lemon-shaped or expanded predivisional phenotype
of cells under Ni(Il) stress condition is not a common
pattern under heavy metal stress condition but a unique
effect specifically produced in Ni(II)-treated cells.

(b)

Ni(ll) (mM)

No Ni

0.003 0.008 0.015

GFP-MreB

DIC

concentrations. b Representative DIC and fluorescence microscopy im-
ages from cell expressing MreB-GFP. Shown are untreated cells, cells
treated with 0.003, 0.008, or 0.015 mM Ni(II)
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Table 2  Cell size under different Ni(II) stress conditions

Ni(II) (mM) Length (um) Width (pm)
No Ni(II) 2-2.2 0.45-0.49
0.003 2-23 0.45-0.49
0.008 3.7-43 1-1.2
0.015 2.8-3.3 0.85-1.1

Ni(ll)-stressed C. crescentus cells show altered
expression of master cell cycle regulatory genes
and abnormal localization of major cell division
proteins

It was previously observed that the cell cycle master reg-
ulator CtrA was differentially expressed upon exposure of
C. crescentus to ethanol and salt stress condition, but FtsZ
expression or localization pattern was found to be normal
(Heinrich et al. 2016). In another study, carbon starvation
in C. crescentus altered expression of important cell cycle
proteins such as CtrA, DnaA, GcrA, and cell division
protein FtsZ (Britos et al. 2011). Therefore, it was of
interest to investigate if the expression of genes regulating
the cell cycle is affected in Ni(Il)-stressed C. crescentus
cells. qPCR results showed that the cell cycle regulatory
genes dnaA, gcrA, and crA and gene responsible for cy-
tokinesis, fisZ, were upregulated in all three concentrations
(0.003,0.008, 0.015 mM) of Ni{I)-treated C. crescentus
cells (Fig. 3). The altered expression of ctrA, dndA,
gcrA, and fisZ is consistent with the slowing down of
the cell cycle in presence of Ni(Il). The transcription of
ccrM gene is dependent on CtrA protein, but interestingly,
ccrM expression level was not found to be affected in
Ni(Il)-stressed C. crescentus cells. CtrA regulates the ex-
pression of ccrM only in phosphorylated state and phos-
phorylation of CtrA depends on hybrid membrane kinase
CckA and the histidine phosphotransferase ChpT

| Wi II,
JI il | I

dnaA gerA ctrA
B No Ni{i) ¥ 0.003 mM

w
"

Relative Expression
- ~

-1

mipZ

i

0.008 mM © 0.015 mM

Fig.3 Ni(lI) stress altered expression of major cell cycle regulatory genes
in C. crescentus: relative expression levels of four key master regulatory
genes (dnaA, gcrA, ctrA, ccrM) and cell division genes (fisZ, mipZ), under
different Ni(II) stress conditions. The error bars indicate the SD of three
biological replicates
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(Mohapatra et al. 2014). It could be hypothesized that
dysregulation in CtrA phosphorylation pathway results in
unchanged expression of ccrM.

In our previous experiments, we have observed that Ni(Il)
affected cell growth and morphology. The difference in
C. crescentus cell morphology in 0.008 and 0.015 mM
Ni(Il)-stressed cells suggests that different concentrations of
Ni(IT) affected the cell cycle at different stages. At 0.008 mM
Ni(Il) treatment, most of the C. crescentus cells were at the
predivisional stage which shows that the cells were capable of
replicating initially but were arrested at the G2 phase later and
unable to divide. On the other hand, 0.015 mM Ni(Il)-treated
C. crescentus cell phenotype, lemon-shaped cells without
mid-cell septa, suggested that both replication and cell divi-
sion process were affected. This led us to hypothesize that the
cell cycle is dysregulated. To better understand the underlying
molecular mechanism, we proceeded to test the localization
pattern of key proteins implicated in cell division like MipZ,
FtsZ, and chromosome partitioning protein ParB in the pres-
ence of Ni(II).

The localization of FtsZ-mCherry, MipZ-YFP, and
ParB-mCherry fusion proteins was examined in Ni(II)-
treated C. crescentus cells (Fig. 4). It was found that at
Ni(IT) concentrations of 0.003 and 0.008 mM, the local-
ization pattern of these proteins was similar to untreated
cells. But in the case of 0.015 mM Ni(Il)-treated cells
multiple 3—4 abnormal MipZ, FtsZ, and ParB foci were
observed (Fig. 4). Multiple MipZ and ParB foci suggest
that there are multiple origins of replication. We con-
firmed by using a fluorescent repressor-operator system
(FROS), which marks the origins of replication (Viollier
et al. 2004), that 0.015 mM Ni(II)-treated lemon-shaped
cells contained multiple three to four well-segregated
origins (Fig. S3).

The FtsZ-mCherry and MipZ-YFP localization patterns
were also analyzed in the other five heavy metals stress. It
was found that the FtsZ and MipZ had normal localization.
However, mislocalization of MipZ was observed in 0.02 mM
Cu(Il)-treated cells (data not shown). These results confirmed
that different heavy metal stresses affected the cell cycle of
C. crescentus at different stages. Additionally, 0.015 mM
Ni(Il) stress produced the most severe effect by disturbing
the localization of important cell division protein such as
FtsZ, MipZ, and ParB.

Fluorescence microscopy has shed light onto the mecha-
nism of how Ni(Il) toxicity affects cell morphology and cell
cycle process in C. crescentus. Now, as the second part of this
paper, we aspire to unveil the cellular metabolism involved in
alleviating the Ni(Il) toxicity in C. crescentus. Therefore, in
our next section, we have described the GC-MS metabolomics
performed on C. crescentus cells to identify the important
metabolites which enhance or reduce its capability to survive
in Ni(II) stress condition.
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Ni(I1) (mM)
No Ni 0.003

0.008 0015

ftsZ-mCherry

DIC

mCherry-ParB

DIC

MipZ-YFP

Fig. 4 Ni(Il) stress induced abnormal localization pattern of FtsZ, MipZ,
and ParB: representative DIC and fluorescence microscopy images from
cell expressing ftsZ-mCherry, mCherry-ParB, and MipZ-YFP. Shown are
untreated cells, cells treated with 0.003, 0.008, or 0.015 mM Ni(II)

Comparison of metabolite profiles of C. crescentus
treated with different Ni(ll) concentrations

The role of amino acids and central metabolism in cell growth
and division has been explored (Ron et al. 1977; Monahan
et al. 2014). The toxic effect on cell growth and division in-
duced by Ni(Il) stress suggests that Ni(Il) might affect the
C. crescentus metabolome. To investigate this possibility, we
performed untargeted GC-MS metabolomics to compare un-
treated C. crescentus with C. crescentus cells treated with
three different NI(I) concentrations. The changes in metabo-
lome would help shed light on the mechanism for
C. crescentus’s ability to cope with Ni(Il) toxicity. In total,
42 metabolites including amino acids, sugar, and organic acids
were identified (Table S3). The GC-MS spectra of untreated
and 0.015 mM Ni(Il)-treated C. crescentus was overlaid, as
illustrated in Fig. 5. The visual inspection shows the differ-
ences in metabolite profiles between untreated and 0.015 mM
Ni(II)-treated cells. Multivariate analysis using partial least

square discriminant analysis was used to accurately describe
the variations between GC-MS metabolite profiles. As shown
in Fig. 6, PLS-DA analysis clearly separated untreated
C. crescentus cells from Ni(II)-treated cells. Ni(Il)-treated
cells (0.003 and 0.008 mM) were grouped close to each other
and clearly separated apart from 0.015 mM Ni(II) cells. Nine
important differential metabolites were identified and the
changes in their levels are shown in Fig. 7. Citric acid and
glutamine could be detected only when cells were exposed to
0.015 mM of Ni(II) for 4 h. The metabolites can be classified
into amino acids (alanine, proline, glutamic acid, glutamine,
valine, aminomalonic acid), TCA cycle intermediates (malic
acid, citric acid), and 3,4,5-trihydroxypentanoic acid. We
mapped the metabolomic changes in relation to biochemical
pathways (Fig. 8). This gives a view of metabolite changes in
presence of different Ni(Il) concentrations in comparison to
untreated C. crescentus cells which help us understand (1) the
connection of carbon and nitrogen metabolism with cell cycle
dysregulation and (2) the cellular metabolism to ameliorate
Ni(Il) toxicity.

Exogenous addition of malic acid, citric acid, proline,
glutamine, and alanine enhanced the Ni(ll) tolerance
of C. crescentus

GC-MS metabolomics revealed nine differential metabolites
in Ni(Il) stressed C. crescentus cells. Aminomalonic acid and
3,4,5-trihydroxypentanoic acid are generated as a product of
stress damage. We have added 1 or 10 mM concentration of
the remaining six metabolites (malic acid, citric acid, alanine,
proline, glutamic acid, glutamine, valine) to 0.015 mM Ni(Il)-
treated cells to test whether they have a direct role in Ni(Il)
tolerance in C. crescentus. Interestingly, we found that the
growth of 0.015 mM Ni(I)-stressed cells was significantly
improved after the addition of 10 mM of malic acid or proline
or alanine or glutamine or 1 mM of citric acid (Fig. 9). The
growth was slightly improved in presence of 1 mM of malic
acid or proline. There was no restoration of growth observed
when glutamic acid or valine added to 0.015 mM Ni(II)-treat-
ed C. crescentus cells (Fig. 9). The observation from this ex-
periment and GC-MS metabolomics combinedly confirmed
the role of malic acid, citric acid, proline, glutamine, and ala-
nine in conferring the resistance against Ni(I) toxicity in
C. crescentus.

Discussion

Comparison of the effect of different Ni(ll)
concentrations on C. crescentus cell cycle

MipZ, amember of ParA superfamily of P loop ATPases, is an
essential protein for chromosome segregation and cell
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Fig. 5 The GC-MS spectra of x108 |+TIC Scan 4H 015110
untreated (black) and 0.015 mM
Ni(Il)-treated (blue)

C. crescentus. The observable
differences are shown with red 094
blocks or arrows 084
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division in C. crescentus. The localization of MipZ is
parallel to the origin of replication during the cell cycle
(Thanbichler and Shapiro 2006). The MipZ protein inter-
acts with the DNA partitioning protein, ParB. The MipZ-
ParB complex and the origin of replication occupy the
same position in the cell and share a similar pattern of
localization over the cell cycle (Figge et al. 2003; Mohl
et al. 2001). Another protein FtsZ is responsible for cy-
tokinesis process in C. crescentus. FtsZ localization is
MipZ dependent and restricted to subcellular locations
with the lowest concentration of MipZ. The MipZ-
ParB-origin complex displaces FtsZ towards the mid-
cell, where MipZ concentration is lowest (Thanbichler
and Shapiro 2006; Goley et al. 2011). Multiple mislocal-
ized foci of MipZ, FtsZ, and ParB in 0.015 mM Ni(Il)-
treated C. crescentus cells suggest that replication oc-
curred multiple times. Cells did not increase in length
and accumulated only three to four origin of replication
in 15 h. It could be inferred that cell growth and DNA
replication proceeded for only one to two doubling times
without division then later cells got arrested at the Gl
stage. These observations recommend that chromosome
replication and segregations process has gone awry in
0.015 mM Ni(Il)-treated C. crescentus. Past investiga-
tions have also detailed that stress conditions such as
carbon starvation, growth in stationary phase, and acute

@ Springer
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heat shock caused DNA replication block and G1 arrest
in C. crescentus (Jonas et al. 2013; Boutte et al. 2012;
Leslie et al. 2015). All these cell cycle proteins showed
the normal pattern of localization in 0.003 and
0.008 mM Ni(Il)-treated C. crescentus cells (Fig. 4). It
implies that 0.008 mM of Ni(Il) impaired cell prolifera-
tion; however, DNA replication process remain unaffect-
ed. The morphology of 0.008 mM Ni(Il)-treated cells
also suggest that a large portion of the cells are captured
at the predivisional stage (Fig. 2a) after completing rep-
lication process normally. The morphological manifesta-
tions of cell polarity are essential for the life cycle of
C. crescentus (Lam et al. 2005). The bacterial actin ho-
molog, MreB, is involved in generating cell polarity in
C. crescentus and E. coli (Carballido-Lopez 2006; Gitai
et al. 2004). We speculate that 0.008 mM Ni(II)-treated
C. crescentus cells were unable to establish correct po-
larity due to the abnormal localization of MreB. Because
of mislocalization of MreB, cells were arrested at
predivisional stage without further division. In contrast
to Ni(Il) stress, upon treatment with 100 mM NaCl or
4% ethanol cells grew into long filaments and accumu-
lated seven to eight chromosomes within 8 h. It demon-
strated that cells continued to undergo DNA replication,
chromosome segregation, and cellular growth; however,
cell division was ceased (Heinrich et al. 2016).
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Fig. 6 Ni(Il) stress affected
C. crescentus metabolome. Partial

Scores Plot
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of GC-MS metabolite profiles of 4 ® 0.008 mM
untreated cells (light blue) and < ® ® 0.015mM
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Role of organic acids and amino acids in Ni(ll) stress
response of C. crescentus

Metabolomic profiling can be useful to gain insight into
the mechanism of cell cycle dysregulation in Ni(Il)-

Component 1 (52.5 %)

stressed C. crescentus. Aminomalonic (Copley et al.
1992) and 3,4,5-trihydroxypentanoic acid (Kroeger
et al. 2003) have been reported as a product of stress
damage. We could interpret that the increased level of
aminomalonic acid is associated with errors in protein
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Fig. 7 Relative abundance of metabolites in 0.003, 0.008, and 0.015 mM
Ni(Il)-treated C. crescentus cells as compared to untreated cells: changes
in the TCA cycle metabolite malic acid, amino acid metabolites (alanine,

proline, glutamic acid, valine, aminomalonic acid), and levels of 3,4,5-
trihydroxypentanoic acid. The error bars indicate the SD of three
biological replicates
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Fig. 8 Metabolic changes in

C. crescentus exposed to 0.003,
0.008, and 0.015 mM Ni(II) for
4 h mapped onto metabolic
pathways. Colored symbols
represent an increase or no change
in the metabolite level at each
Ni(II) concentration as compared
to untreated C. crescentus. Open
symbol represents metabolites
below detectable level

synthesis and oxidative damage to amino acid residues
in proteins whereas 3,4,5-trihydroxypentanoic acid pro-
duction is related with DNA damage process in Ni(Il)-
stressed C. crescentus.

Increased levels of amino acids and organic acids have
previously been associated with increased tolerance to various
stress conditions (Jespersen et al. 2017; Singh et al. 2016;

Fig. 9 Effect of exogenous
addition of 1 or 10 mM of malic i
acid or citric acid or proline or
alanine or glutamic acid or
glutamine or valine on the growth
of 0.015 mM Ni(II) stressed

C. crescentus Cells. Cell optical
density was monitored to
represent cell Ni(Il) tolerance.
The results shown are
representative of at least three
experiments
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Sharma and Dietz 2005; Lee et al. 1978). The higher accumu-
lation of amino acids and organic acids may be a result of a
major shift in metabolism and activation of defense mecha-
nism in Ni(Il)-stressed C. crescentus. The restoration of
growth upon exogenous addition of proline, glutamine, ala-
nine, malic acid, and citric acid in 0.015 mM Ni(Il)-stressed
C. crescentus cells affirmed their role in enhancing Ni(II)
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tolerance (Fig. 9). While the role of these metabolites is very
well documented in plant stress conditions, there is still a
dearth of literature in the case of bacteria. Previous studies
on Ni-accumulating plants have demonstrated nickel’s ten-
dency to form stable complexes with amino acids and organic
acids as a mechanism of detoxification (Kersten et al. 1980;
Montarges-Pelletier et al. 2008; Homer et al. 1995; Sharma
and Dietz 2005). Elevated levels of organic and amino acids in
C. crescentus may involve in Ni-chelation mechanism to pro-
tect against Ni(Il) toxicity-related damages. Increased levels
of alanine, citric acid, and malic acid have previously shown
to contribute to nickel complexation to alleviate toxicity in
Stackhousia tryonii (Bhatia et al. 2005)

Proline is very well known for its role as an osmoprotectant
in bacteria and plants (Kawahara et al. 1989; Csonka 1989;
Liang et al. 2013). Furthermore, as compared to other amino
acids, the proline accumulation under heavy metal stress is a
more prevalent phenomenon (Talanova et al. 2000; Yusuf et al.
2002; Liang et al. 2013; Sharma and Dietz 2005). Proline is
involved in the synthesis of glutathione, an important antioxi-
dant, which has been associated with presenting resistance
against heavy metal stress including Ni(II). (Siripornadulsil
et al. 2002; Freeman et al. 2004; Sharma and Dietz 2009;
Hoque et al. 2008). Elevated level of proline may help
C. crescentus undergo osmotic adjustment and enhance antiox-
idant metabolism to secure against Ni(Il) toxicity-related dam-
ages. We also propose that 0.015 mM Ni(Il) induced putA and
glnA expression may be a reason of improved growth in the
presence of glutamine and proline. C. crescentus imported ex-
ogenous proline and PutA converted this proline into glutamate
(Zhou et al. 2008). Glutamate is converted by glutamate dehy-
drogenase to alpha-ketoglutarate, an intermediate of TCA cy-
cle, which can subsequently generate ATP via oxidative phos-
phorylation. GInA (glutamine synthetase) catalyzes the reaction
between ammonia and glutamate to produce glutamine which
is a key nitrogen donor in nitrogen metabolism process (Harth
et al. 2005). It could be conceived that C. crescentus can take up
exogenous proline and glutamine but not glutamic acid. In this
manner, proline and glutamine encouraged metabolic stimula-
tion through PutA/GInA pathway may be an explanation be-
hind improved resilience of C. crescentus against Ni(Il). Cheng
et al. (2014) reported another role of proline and glutamine in
accelerating degradation of DNA-binding protein CtrA in alpha
proteobacterium E. chaffeensis. Ni(Il) treatment has significant-
ly increased the expression of c##A in C. crescentus (Fig. 3a).
The chromosome replication is tightly controlled by CtrA, and
it must be deactivated to start the process (Reisenauer and
Shapiro 2002). We speculate that like E. chaffeensis, increased
level of glutamine and proline might be associated with the
accelerated degradation of CtrA to facilitate replication process
in 0.015 mM Ni(Il)-stressed C. crescentus.

The connection of carbon and nitrogen metabolism with
cell growth and division has been established (Ron et al.

1977; Monahan et al. 2014; Beaufay et al. 2015). We perceive
that changes in amino acids and TCA cycle intermediates are
linked with the cell cycle dysregulation in Ni(II)-stressed
C. crescentus. Elevated level of malic acid and citric acid
might affect FtsZ assembly. Our argument could be supported
by a recently highlighted connection between central carbon
metabolism and cell division in B. subtilis (Monahan et al.
2014). B. subtilis Z-ring assembly is regulated by pyruvate;
thus, it was a key metabolite in the coordination of bacterial
growth with cell division. In another study, glutamate
dehydrogenase(GdhZ) was involved in the molecular mecha-
nism that coordinates central metabolism with cell division in
C. crescentus (Beaufay et al. 2015). GdhZ also acts as a bridg-
ing molecule between nitrogen cycle and TCA cycle. GdhZ
directly interferes with FtsZ polymerization and its catabolic
activity is mainly controlled by glutamate. It is conceivable
that change in glutamic acid concentration affect GdhZ activ-
ity which may lead to mislocalization of FtsZ in Ni(II)-treated
C. crescentus. Furthermore, Beaufay et al. (2015) reported
that alanine suppressed the growth and morphology defect in
AgdhZ C. crescentus cells which concurs with the protective
effect of alanine on Ni(II) toxicity.

In summary, Ni(Il) toxicity severely affected growth,
morphology, and cell cycle of C. crescentus. The use of
GC-MS metabolomics has enabled us to understand
Ni(Il)-induced changes in metabolism and biochemical
pathways of C. crescentus. The results suggest that
changes in carbon and nitrogen metabolism are linked
with the dysregulation of the cell cycle. Also, metabo-
lite profiling helped us identify the role of amino acids
and organic acids in ameliorating Ni(Il) toxicity.
However, more studies to uncover the exact mechanism
of protective effect of amino acids and organic acid on
Ni(Il) toxicity is required. For example, gene manipula-
tions or reporter gene assay to check the role of central
metabolism and PutA/GInA pathway, pulse chase exper-
iment to calculate the half-life of CtrA. Knowledge
from this study could aid future work to understand
bacterial responses to environmental stress conditions.
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