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Abstract

This work reports the isolation of 54 ureolytic bacteria with microbiologically induced carbonate precipitation (MICP)
activity from Theobroma cacao L. thizosphere soils with Cd concentration ranging from 0.49 to 21.29 mg kg !. Analysis
of the 16 S rRNA gene showed the isolates belong to the genera Serratia, Pseudomonas, Comamonas, Klebsiella, Bacil-
lus, Citrobacter, Flavobacterium, Delftia, and Stenotrophomonas. They showed ureolytic activity between 0.31 and 1.01
umol NH," mL~! h™! and produced the phytohormone indole acetic acid (IAA). Interestingly, Cd was observed to increase
ureolytic activity and did not affect the IAA production of various isolates. Cadmium removal in solution ranged from
4.4 to 87.0% after 48 h. Strains Serratia sp. 89a, Klebsiella sp. 76 h, and Stenotrophomonas sp. 67w exhibited the best
performance (>80%). Cadmium removal through MICP by the genera Delftia, Flavobacterium, and Klebsiella is reported
for the first time. Results suggest the isolated bacteria have the potential for Cd bioremediation and could be used to

alleviate metal-induced stress through IAA production.

Keywords Bioremediation - Cd-tolerant bacteria - Cocoa - Heavy metal - IAA production - MICP.

Introduction

Cadmium is a trace element naturally present in soils with
an estimated global average of 0.36 mg kg ! (Kubier et
al. 2019). Its concentration can increase due to geogenic
sources, such as the weathering of parent material (e.g.,
black shales), and anthropogenic activities, such as the use
of wastewater or fertilizers (e.g., phosphate rock), in the
case of agricultural soils (Kubier et al. 2019). Particularly,
in cacao-growing soils it has been pointed out that Cd arises
mainly from natural processes (Vanderschueren et al. 2021).
An important aspect of Cd in soils is its mobility. Dissolved
cadmium generally occurs as the divalent cation Cd**, and
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forms water-soluble complexes with anions (e.g., Cl") and
dissolved organic matter, thus remaining in solution (Kubier
et al. 2019). Therefore, Cd can be absorbed by plants and
reach humans through the food chain. Exposure to Cd is of
concern because it can cause health problems such as dif-
ferent types of cancer, osteoporosis, and oxidative stress,
responsible for liver and kidney diseases (Genchi et al.
2020). Hence, it is crucial to develop strategies to remediate
Cd in agricultural soils.

Remediation of metal-contaminated soils by bioprecipi-
tation reduces the mobility of toxic elements and is stable
under different environmental conditions (Liu et al. 2021).
Microbiologically induced carbonate precipitation (MICP)
is an emerging and efficient strategy to reduce the availabil-
ity of contaminating metals (Zheng et al. 2021; Tamayo-
Figueroa et al. 2019). MICP through the ureolytic pathway
is the most studied, standing out for its high efficiency
(Zhang et al. 2023). In this mechanism, urea is hydrolyzed
generating carbonate and ammonium ions, and promoting
the alkalinization of the medium, which ultimately induces
the precipitation or co-precipitation of divalent metals (e.g.,
Cd*") (Torres-Aravena et al. 2018). By applying bacteria
with MICP activity, a reduction in Cd mobility has been
demonstrated. Studies in rice cultivation have reported a
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decrease in the exchangeable fraction of Cd and an increase
in the more stable carbonated fraction (Yang et al. 2024; Cai
et al. 2023). Thus, metal absorption in rice and Asian cab-
bage has been reduced (Yan et al. 2024; Zhou et al. 2021).

The use of an appropriate bacterial strain with a suitable
methodology could not only contribute to the immobiliza-
tion of toxic elements through the MICP process but could
also mitigate the adverse effects of these elements on plant
growth. It has been found that bacteria with MICP activity
isolated from the rhizosphere of plants, can produce the phy-
tohormone indole acetic acid (IAA) (Jalilvand et al. 2019),
although this has been little explored. Bacillus thuringien-
sis X30, a TAA-synthesizing, urease-producing bacterium
isolated from the rhizosphere soil of Amaranthus tricolor,
demonstrated dual functionality in Cd remediation: reduced
Cd availability and its uptake by Potato tubers (Solanum
tuberosum L. Zhongshu-3) and concurrently increase plant
biomass (Cheng et al. 2020; Han et al. 2018). Evidencing
plant-growth promoting traits (e.g., IAA production) and
Cd immobilization (e.g., via MICP activity) in rhizobac-
teria is critical to develop comprehensive bioremediation
strategies, thereby leveraging bacterial multifunctionality to
address both soil and plant components of contamination
(Halim et al. 2020).

The presence of Cd in cacao-growing soils in Colombia
has been reported in different regions, particularly affect-
ing Santander, the largest producer nationwide, due to the
presence of hotspots (Bravo et al. 2021). Bacteria with
MICP activity with potential for Cd bioremediation have
been isolated from cacao-growing soils in this region (Diez-
Marulanda and Brandédo 2023). However, to the best of our
knowledge, the isolation of bacteria from Theobroma cacao
L. rhizosphere soils, which may have better MICP perfor-
mance than those isolated from non-rhizosphere soils (Diez-
Marulanda and Branddo 2024), due to higher Cd levels
and ureolytic activity when comparing both types of soils
(Adarme-Duran et al. 2024), has not been explored. In this
work, bacteria were isolated from the rhizosphere of cacao
plants, with the aim of finding bacteria with MICP activ-
ity and IAA production. Ureolytic bacteria were isolated
and their MICP activity was verified on solid medium. The
ability of bacteria with MICP activity to produce the phy-
tohormone IAA was evaluated. Isolates were identified by
16 S rRNA gene analysis, and the effect of Cd on ureolytic
activity and IAA production was investigated. Finally, the
ability of the bacterial isolates to remove Cd in solution was
determined. At least 17 bacteria with potential for applica-
tion in cadmium bioremediation in cacao-growing soils are
reported.
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Materials and methods
Chemical reagents

All reagents used were of analytical grade. Stock solutions
of Cd(IT) (10 g L™Y), Ca(ll) (27 g L™ ') and urea (500 g
L™ ') were prepared from CdCl,.H,0 (Merck, Germany),
CaCl,.2H,0 (PanReac AppliChem, Germany) and urea
(ChemCruz, USA), respectively. These solutions were ster-
ilized by filtration (0.22 um, Sartorius, Germany) before
being added, under aseptic conditions, to the sterile cul-
ture media. The culture media was sterilized by autoclave
(121 °C, 15 psi, 30 min).

Sampling of Cacao rhizosphere soils

Cacao rhizosphere soil samples were collected from two
farms (La Perla and Los Cedros) located at El Carmen
de Chucuri - Santander — Colombia (Adarme-Duran et al.
2024). The study area was previously evaluated, and it was
determined that the rhizosphere soils have Cd concentra-
tions between 0.27 and 21.29 mg kg ! (Adarme-Duran et
al. 2024).

To collect the soil samples, the cacao plant roots were
carefully taken and manually shaken to remove the non-
rhizosphere soil. Root-adhering soil, up to a distance of
10 mm (rhizosphere soil; Kuzyakov and Razavi 2019) was
collected and stored in sterile conical tubes (15 mL) under
refrigerated conditions (4 °C) in portable refrigerators.

Isolation of Cd-tolerant ureolytic bacteria

To isolate Cd-tolerant bacteria, 16 soils from both farms
were selected, using Cd concentration and geographical
location within each farm as criteria. Following this strategy,
12 soils from La Perla farm and 4 soils from Los Cedros
farm were used. Based on cadmium concentrations, the soils
were categorized as follows: three soils contained Cd levels
greater than 7 mg kg™', four soils had Cd concentrations
between 2 and 7 mg kg™, and nine soils exhibited Cd lev-
els below 2 mg kg™'. Metal concentrations were determined
previously (Adarme-Duran et al. 2024) using 8 mL of aqua
regia (HCl: HNO; 3:1) heated in a graphite block diges-
tion system (DigiPREP, SCP SCIENCE, Canada) with the
following temperature program: room temperature increase
to 120 °C with a temperature holding time of 120 min at
120 °C, and Cd in solutions were analyzed by flame atomic
absorption spectrophotometry. To isolate the bacteria, 1 g
of soil was suspended in 9 mL of NaCl (0.85% m/v) and
stirred for 6 h on a rotary shaker at room temperature. Serial
dilutions of the supernatant were made up to 10~ 7 with NaCl
(0.85% m/v) and spread by extension on Petri dishes with
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a modified Christensen selection medium (Qiao et al. 2021,
Christensen 1946), composed of tryptose (5 g L™'), meat
peptone (10 g L"), urea (20 g L), NaCl (5 g L™ "), phenol
red (0.012 g L"), Cd(II) (5 mg L™') and agar (15 g L)
(Medium A). The cultures were incubated at 30 °C for 1 to
2 days until colonies were observed. Uninoculated medium
was used as negative control during bacterial isolation to
ensure the absence of contamination. The colonies were
selected based on the color change of the medium from yel-
low to pink (this color change is associated with alkaliniza-
tion of the medium due to urea degradation; Achal et al.
2011) and pure cultures were obtained by repetitive sowing
on the same medium. This procedure allows the selection of
ureolytic bacteria; however, it does not indicate the MICP
activity of the isolates.

Screening of MICP activity of the ureolytic bacteria

The MICP activity of the selected ureolytic bacteria was
qualitatively examined by spreading pure cultures on Petri
dishes with a culture medium composed of tryptose (5 g
L™ 1), meat peptone (10 g L"), urea 20 g L™Y), NaCl (5 g
LY, Ca(Il) (1.2 g L), Cd(II) (5 mg L™} and agar (15 g
L") (Medium B). The cultures were incubated at 30 °C for
1 to 6 days to allow the precipitate formation and growth.
To verify the presence of precipitates, the cultures were
observed with the naked eye and using an optical micro-
scope (CX31 Upright Microscope, Olympus) coupled to a
digital camera (CMOS Sensor, Aptina). Considering that
precipitates feel hard to the touch, a test was performed
with a metal inoculating loop. Additionally, the presence of
carbonates was determined using HCI (1.2 M), since CO,
is generated and appears as effervescence (Montoya et al.
2005). As a negative control for precipitate formation, the
isolates were spread on Medium B without urea and cal-
cium, which does not promote carbonate precipitation.
Uninoculated medium was used as negative control to rule
out abiotic precipitation and contamination. Pure cultures
were cryopreserved in liquid medium (Tryptose (5 g L™1),
meat peptone (10 g L™ 1), NaCl (5 g L™ 1), supplemented with
urea (20 g L™ 1) and glycerol (20% v/v) at -80 °C.

Phenotypic characterization of ureolytic bacteria

To characterize the isolates, Gram staining was per-
formed (Sanders and Miller 2010) and the morphology
was observed under an optical microscope (CX31 Upright
Microscope, Olympus) coupled to a digital camera (CMOS
Sensor, Aptina). The colony morphology was determined
(Breakwell et al. 2007) on LB-agar medium (Tryptose 10 g
L !, yeast extract 5 g L™ !, NaCl 10 g L ™!, agar 15 g L)

supplemented with Cd(IT) (5 mg L™!) and incubated at
30 °C, for 2448 h.

Molecular identification of ureolytic isolates

To carry out the molecular identification of the isolates, cul-
tures incubated at 30 °C for 24-48 h were used. To obtain
genomic DNA, the Wizard Genomic DNA Purification kit
(Promega Co., USA) was used following the supplier’s
recommendations. In some cases, cell lysis was assisted
by bead-beating (Mini-Beadbeater-16, BioSpec Products,
USA) using glass disruptor beads (0.5 mm, USA Scientific)
with two 30-second beating cycles and 1-min rest on ice
between cycles. Once the genomic DNA of the isolates was
obtained, a single-stranded conformation polymorphism
(SSCP) analysis of the V4-V5 regions of the 16 S rRNA
gene was performed to dereplicate the isolates (Brandao et
al. 2002). Polymerase chain reaction (PCR) was performed
using primers 519 F and 909R (Supplementary Table S1)
to amplify the V4-V5 regions (Schwieger and Tebbe 1998;
Kato et al. 1997). Molecular identification was performed
by amplification of the 16 S rRNA gene using primers 27 F
and 1492R (Supplementary Table S1).

Each PCR was performed in a total volume of 20 pL
using 1 pL of template DNA in a Master Mix as described
in Supplementary Table S2. The temperature program used
for amplification was as follows: initial cycle at 94 °C for
5 min; 30 amplification cycles (denaturation at 94 °C for
20 s, annealing at 55 °C for 20 s, and elongation at 72 °C
for 40 s); and finally, a cycle at 72 °C for 5 min (C1000
Thermal Cycler, Bio-Rad). Amplicons size was determined
by 1.2% (m/v) agarose gel electrophoresis (HyAgaroseTM,
HydraGene, China), stained with SYBR Safe (Invitrogen,
USA), and using a 1 kb ExcelBand 1 marker (SMOBIO) or
100 bp plus DNA Ladder (BIORON). Finally, the gel was
photodocumented (Safe Imager™ 2.0 Blue-Light Transil-
luminator, Invitrogen). Ammonium acetate (5 M) and abso-
lute ethanol were used for amplicon purification. Briefly,
20 pL of the PCR products were mixed with 2 pL of the
ammonium acetate solution and 40 pL of cold absolute eth-
anol. Subsequently, the mixture was shaken and centrifuged
at 15,000 rpm at 4 °C for 20 min. After successive washes
with ethanol, the pellet was dried and rehydrated in Milli-Q
water overnight and stored at —20 °C. The concentration
and quality of the amplicons was determined by spectro-
photometry (NanoDrop 2000c, Thermo Fisher Scientific).

The SSCP analysis was performed as previously reported
(Montafno-Salazar et al. 2018; Brandao et al. 2002) in 0.7X
MDE at 5 W of constant power for 16 h 30 min, and the gel
was stained with silver nitrate (Bassam et al. 1991). Based
on phenotypic characterization, ureolytic activity, [AA pro-
duction, and differentiated SSCP profiles, 40 isolates were
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selected for molecular identification. The purified PCR
products were commercially sequenced using the Sanger
method (SSiGMol — Instituto de Genética — Universidad
Nacional de Colombia). The sequences were edited with
BioEdit software (Hall 1999) version 7.2.5, deposited in
GenBank (accession numbers PQ497356 to PQ497395),
and analyzed by BLASTn (https://blast.ncbi.nlm.nih.go
v/Blast.cgi). Sequence alignments were performed using
Muscle (Edgar 2004) in MEGAX software (Kumar et al.
2018) with default parameters for phylogenetic analysis by
bayesian inference using MrBayes v 3.2.7. (Ronquist et al.
2012). The nucleotide substitution model GTR+G+I (G:
5 categories) was previously selected with JmodelTest v
2.1.10 (Darriba et al. 2012; Guindon et al., 2003). A total
of 1,500,000 generations were produced, and the tree was
selected by majority consensus. The results obtained were
evaluated with Tracer v 1.7.2. The selected tree was visual-
ized and edited with the FigTree v1.4.4 program (http://tre
e.bio.ed.ac.uk/software/figtree/). The 16 S rRNA gene from
bacterium Thermus aquaticus YS1MC23 (GenBank acces-
sion number: CP010822.1) was used as an outgroup.

Determination of ureolytic activity and IAA
production by Cd-tolerant bacteria

To determine ureolytic activity and IAA production, a
24-48 h liquid medium culture in LB was used, and the bio-
mass was adjusted according to the optical density at 600 nm
(ODygy) to approximately 0.3 with NaCl (0.85% m/v) prior
to experiments. Then, 0.1 mL of the bacterial suspension
was inoculated into 10 mL (1% v/v) of culture medium in an
amber bottle. Each assay was performed in triplicate.

For ureolytic activity, the medium used was LB (tryptose
(10 g LY, yeast extract (5 g L™1), NaCl (10 g L™} sup-
plemented with urea (20 g L"), with an incubation period
of 48 h at 30 °C and 120 rpm. An aliquot was then taken
and centrifuged at 15,000 rpm for 10 min. Urease activity
was quantified according to ammonium production using
the indophenol blue method based on a modified Berthe-
lot reaction (Verdouw et al. 1978). Briefly, an aliquot of the
supernatant (diluted with deionized water) was mixed with
160 pL of colorimetric agent (sodium salicylate (0.50 M)
and sodium nitroprusside (0.02 M), 80 puL of buffer solution
(sodium hydroxide (0.74 M), sodium monohydrogen phos-
phate Na2HPO40.7 H20 (0.37 M) and sodium hypochlorite
(10% v/v), pH 13), and 40 pL of chelating agent (Na,EDTA
solution (0.15 M) to prevent cation precipitation. Color
development was carried out for 30 min at 37 °C. Quanti-
fication was performed using an external calibration curve
(0.17-2.08 mg L™ ') prepared with an ammonium standard
(Merck, 1000 mg L") and the absorbance was measured at
680 nm on a NanoDrop 2000c (Thermo Scientific). Bacillus
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thuringiensis was used as a positive control and the culture
medium without bacteria was used as a negative control.
To determine IAA production, LB medium supplemented
with L-tryptophan (1 g L™!) was used. Incubation was car-
ried out for 72 h at 30 °C and 120 rpm. The quantification
of the IAA produced was carried out colorimetrically using
Salkowsky’s reagent (Gang et al. 2019). After the incubation
period, an aliquot was taken and centrifuged at 15,000 rpm
for 10 min. Then, 1 mL of the supernatant (diluted in deion-
ized water) was taken, mixed with 1 mL of Salkowsky’s
reagent (1 mL FeCl; (0.5 M)+49 mL HCIO, (35% v/v) and
incubated at 30 °C for 30 min in the dark. Finally, IAA was
quantified at 530 nm on a NanoDrop 2000c, using an IAA
(Alfa Aesar) calibration curve (2—40 mg L™ Y). Azospirillum
brasiliense was used as a positive control and the culture
medium without bacteria was used as a negative control.

Effect of Cd on ureolytic activity and IAA production

The effect of Cd on ureolytic activity and IAA production
was carried out in only 6 bacterial isolates selected accord-
ing to the range of values previously found for enzymatic
activities: 2 bacteria with high values, 2 bacteria with low
values, and 2 bacteria with intermediate values. Addition-
ally, the bacteria genus was considered as a selection cri-
terion since the impact of Cd on enzymatic activities may
change for different genera (Diez-Marulanda and Brandao
2024; Peng et al. 2020; Carlos et al. 2016; Dell’ Amico et
al. 2008).

To determine the effect of Cd on ureolytic activity and
IAA production, 24-h-old cultures (OD,,~0.3) were inoc-
ulated at 1% (v/v) in 10 mL of the corresponding culture
medium in the absence and presence of Cd. For ureolytic
activity, LB medium in the presence and absence of Cd were
used: (1) LB supplemented with urea (20 g L™!) and (2)
LB-+urea (20 g L™ 1)+ Cd(II) (60 mg L™ !). For IAA produc-
tion, LB culture medium (1) supplemented with L-trypto-
phan (1 g L™ !) and (2) LB+L-tryptophan (1 g L™ !)+Cd (60
mg L) were used. Incubation conditions and quantifica-
tion for both enzymatic activities were described previously
(ureolytic activity and IAA production assays). The tests
were carried out in triplicate. In this case, the enzymatic
activity values were divided by the colony forming units
(CFU) determined at the end of the assay, because of Cd
effect on bacterial growth. The Cd concentration used in the
experiments was selected so that it would not be a limiting
factor in future soil applications and considering a possible
reduction in MICP performance of the isolates when applied
to soils compared to solution tests (Peng et al. 2020). Thus,
the Cd concentration was chosen to correspond to twice the
maximum Cd concentration found in cacao soils (27 mg
kg 1) reported for the studied area (Bravo et al. 2021).
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Cd removal in solution

To determine the bacteria’s Cd removal, 10 mL of LB
medium supplemented with urea (20 g L"), Ca(Il) (1.2 g
L") and Cd(II) (60 mg L") were inoculated with 0.1 mL
of bacterial suspension (ODg,~0.3, 24-h-old culture) and
incubated for 48 h at 30 °C and 120 rpm. An experimental
negative control (medium without bacteria) of Cd removal
was performed. The culture was then vortexed and an ali-
quot was taken to determine the ODgy, The remaining
culture medium was centrifuged at 15,000 rpm for 10 min.
Three aliquots of the supernatant were taken to measure
pH (Oakton pH-meter), quantify the ammonium produced
(described previously) and quantify Cd. To determine the
latter, aliquots were treated with 5 mL of aqua regia (3 HCI:
1 HNO;) and brought to final volume with HNO; (0.5%
v/v). The samples were analyzed by flame atomic absorption
spectrophotometry (ContrAA 700 - High-Resolution Con-
tinuum Source, Analytik Jena), and quantified by external
calibration on a curve prepared with a Cd standard solution
(Panreac, 1000 mg L™ !). All assays were performed in trip-
licate. The concentration of Cd in the control (Cd,,,,.;) and
in the medium inoculated with each bacterium (Cdy,g(eria)
were used to calculate, according to Eq. 1, the percentage of
removed Cd (%R Cd) at the end of each assay.

%R Cd = C'dco'mf'rol - Cdbacteria

2z 100% (1)

Cdcontrol

Colonies with
ureolytic —_f
activity

Fig. 1 Bacteria isolated from cacao rhizosphere soils. Qualitative
screening of (a) Colonies with ureolytic activity showing a pink color
on urea-agar supplemented with Cd(II) (5 mg L™!) and (b) Precipitates

Statistical analysis

Data analysis was performed using R software (version
4.2.2,R Core Team 2022), RStudio (version 2022.12.0+353;
RStudio Team 2022). The experiments were performed in
triplicate and the results are presented as the average. Stan-
dard error (Cumming et al. 2007) and t-test were used to
determine significant differences between ureolytic activity
and IA A production of the selected bacteria in culture media
with and without Cd.

Results

Isolation and identification of Cd-tolerant ureolytic
bacteria

Through a two-step selection process, 54 isolates with ureo-
lytic and MICP activities were obtained. In the first isolation
step, colonies with the ability to hydrolyze urea (ureo-
lytic activity) were identified according to the pink color
observed in Medium A (Fig. 1a). Subsequently, these iso-
lates were spread in Medium B that induces the formation
of carbonate precipitates to qualitatively verify the MICP
activity (Fig. 1b). Both steps permitted to qualitatively
observe differences in the ureolytic activity (indicated by
color intensity) and the MICP activity (through precipitate
sizes and shapes) of the isolates (Supplementary Fig. S1).
The selected colonies showed a great variety in shape, size,
texture, margin and color (Supplementary Table S3); 38
out of the 54 isolates were gram-negative bacteria, and the

Precipitates
]

formed by MICP activity on urea-agar supplemented with Cd(II) (5
mg L") and Ca(Il) (1.2 g L"), observed under an optical microscope
(CX31 Upright Microscope, Olympus)
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microscopic morphology was primarily rod-shaped bacteria
(Supplementary Table S4).

Based on SSCP analysis of the V4-V5 regions of the 16 S
rRNA gene, where fragments with different sequences adopt
spatial conformations that result in differentiated electropho-
retic profiles (Schwieger and Tebbe 1998), dereplication of
isolates was carried out, finding 38 different profiles (Sup-
plementary Fig. S2). Considering this analysis and other
characteristics (morphology, ureolytic activity and IAA
production), 16 S rRNA gene sequencing was performed
for 40 isolates. In some cases, the 16 S rRNA gene was
sequenced for isolates that presented the same SSCP profile,
due to relevant differences in the other characteristics stud-
ied. According to BLAST analysis, 9 genera were identified
with the number of isolates indicated in parentheses: Serra-
tia (2), Pseudomonas (14), Comamonas (1), Klebsiella (2),
Bacillus (13), Citrobacter (4), Flavobacterium (1), Delftia
(1) and Stenotrophomonas (2) (Supplementary Table S5).
Phylogenetic analysis by bayesian inference showed con-
cordance with the results obtained by BLAST. The strain
genera previously identified by BLAST were grouped into
the corresponding clades with posterior probability>0.97
(Supplementary Fig. S3). For some bacteria, the genus was
assigned according to SSCP profile (Supplementary Table
S6), for example, the genus Klebsiella was assigned to iso-
late 76 h since it has the same SSCP profile as isolates 76b
and 76¢2 (Supplementary Fig. S2), both identified as Kleb-
siella according to 16 S rRNA gene analysis (Supplemen-
tary Table S5).

Quantitative ureolytic activity and production of
IAA

The bacteria showed ureolytic activity ranging from 0.31
to 1.01 umol NH," mL™' h™! (Fig. 2), where the highest
values correspond to 3 isolates of the Bacillus genus (strains
96b, 72a and 91g2). In contrast, Comamonas sp. 76f had the
lowest enzymatic activity. It is worth noting that for some
genus, we found a relevant variation of ureolytic activity.
For instance, the isolates belonging to Bacillus presented
values between 0.52 and 1.01 pmol NH, " mL™"h™! (% coef-
ficient of variation=17.9). Pseudomonas strains showed a
lower, although important, variation from 0.46 to 0.65 umol
NH," mL™' h™!' (% coefficient of variation=8.3). Klebsi-
ella isolates has ureolytic activities between 0.38 and 0.51
umol NH," mL™! h™!. For Citrobacter, Serratia and Steno-
trophomonas isolates, we found similar ureolytic activities
between the same genera.

In this study, IAA production was observed in all isolated
bacteria, with mean values between 4.8 and 79.5 mg L ™!
(Fig. 3). Isolates Klebsiella sp. 76 h, Delftia sp. 67p and
Klebsiella sp. 76c2, showed the highest IAA production,
while Pseudomonas sp. 85j had the lowest. IAA concen-
trations varied widely among Bacillus and Pseudomonas,
ranging from 6.7 to 67.3 mg L™! and from 4.8 to 64.6 mg
L~ !, respectively. Although a similar range was found for
these genera, Bacillus showed a higher variation (% coef-
ficient of variation=69.9) than Pseudomonas (% coefficient
of variation=50.1). On the other hand, Citrobacter showed
consistently lower IAA production than Klebsiella, Serratia
and Stenotrophomonas.
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Fig.2 Ureolytic activity of isolated bacteria. Evaluation by ammonium (NH,") production in 48 h at 30 °C and 120 rpm using LB medium supple-
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Effect of Cd on ureolytic activity and IAA production

The effect of Cd on ureolytic activity varied for the bacte-
ria studied (Fig. 4). For isolates Comamonas sp. 76f and
Stenotrophonomas sp. 67w, a reduction in ureolytic activ-
ity of 55.9% and 45.7%, respectively, was observed. For
isolates Bacillus sp. 85d and Serratia sp. 89a, the presence
of Cd increased ureolytic activity by 41.9% and 49.3%,

respectively. However, no significant differences were
observed for isolates Delftia sp. 67p and Bacillus sp. 96b. It
was observed a different effect of Cd on the ureolytic activ-
ity of the two Bacillus strains evaluated. The presence of
Cd (60 mg L™ ") reduced Bacillus sp. 96b enzymatic activity
by 26%, although this was statistically insignificant. In con-
trast, the metal increased the ureolytic activity of Bacillus
sp. 85d by 42%.
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The presence of Cd caused a negative effect on the IAA
production of some bacteria (Fig. 5). For isolates Delftia sp.
67p, Stenotrophomonas sp. 67w, Klebsiella sp. 76¢2 and
Bacillus sp. 85d, the presence of Cd decreased IAA pro-
duction by 76,0%, 51,8%, 24,7% and 67,6%, respectively.
Although all four strains exhibited significant reductions,
the effect of Cd was notably stronger in Delftia sp. 67p, Ste-
notrophomonas sp. 67w and, Bacillus sp. 85d compared to
Klebsiella sp. 76c2. In contrast, Serratia sp. 89a and Coma-
monas sp. 76f showed no significant changes in IAA pro-
duction in the presence of Cd.

Cd removal in solution

The Cd removal percentages varied between 4.4 and 87.0%
(Supplementary Table S7). The pH, ureolytic activity and
ODy, ranged between 7.45 and 9.05 pH units, 0.11 and
1.14 umol NH," mL™! h™! and 0.2-3.4, respectively. High
Cd removal was observed in Serratia sp. 89a (87.0%), Kleb-
siella sp. 76 h (83.4%), Stenotrophomonas sp. 67w (82.7%),
and Serratia sp. 58b (80.8%). Among the isolates, Serratia
strains showed a consistently higher Cd removal. Although
Stenotrophomonas sp. 67w had a higher Cd removal per-
centage, the strain Stenotrophomonas sp. 67q presented an
intermediate value of 49.2%. A similar result was observed
for Klebsiella strains. Cd removal varied widely among

@ Springer

Bacillus and Pseudomonas, ranging from 9.1 to 68.8% and
from 4.4 to 48.9%, respectively, where Bacillus tend to have
a higher Cd removal compared to Pseudomonas.

Discussion

The isolations were made from cacao rhizosphere soils,
considering they presented greater ureolytic activity and Cd
concentration compared to non-rhizosphere soils (Adarme-
Duran et al. 2024). This agrees with previous reports where
ureolytic bacteria with MICP activity have been isolated
from rhizosphere soils (Yan et al. 2024; Jalilvand et al. 2019).
Furthermore, three Cd-tolerant bacteria of the Serratia and
Acinetobacter genera with MICP activity were isolated
from non-rhizosphere soils in the same area, and showed
Cd removal percentages in solution greater than 90% from
an initial 0.05 mM Cd(II) concentration (Diez-Marulanda
and Brandao 2023). In this study, a relevant amount of ureo-
lytic bacteria with MICP activity from diverse genera were
recovered from cacao rhizosphere soils. Access to bacteria
belonging to different genera is of interest because signifi-
cant differences in the ability to immobilize toxic elements
have been reported (Kumar et al. 2023). The genus Sporo-
sarcina stands out in various studies, although it has been
shown that other genera can have high (>90%) removal
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percentages, like Bacillus, Pseudomonas and Serratia
(Taharia et al. 2024; Fang et al. 2021). Previous studies have
reported the MICP activity of the majority of genera recov-
ered in this study: Serratia (Diez-Marulanda and Brandao
2023; Bhattacharya et al. 2018), Pseudomonas (Diez-Maru-
landa and Branddo 2023; Al Disi et al. 2022), Comamonas
(Zhou et al. 2021), Klebsiella (Duan et al. 2023), Bacillus
(Li et al. 2022; Bibi et al. 2018; Zhu et al. 2016), Citrobac-
ter (Wei et al. 2022b), Flavobacterium (Ferrer et al. 1988)
and Stenotrophomonas (Jalilvand et al. 2019). However, no
report has been found for Delftia isolates. This genus has
been mentioned in a study in which a consortium was used
to induce carbonate precipitation, where microbial composi-
tion and abundance were determined using Illumina MiSeq
(Okyay et al. 2016). Nevertheless, the authors mentioned
that it was not possible to determine the participation of the
genus Delftia in the MICP process (Okyay et al. 2016). No
other reports evidencing MICP activity by Delftia genus
were found, implying that this is the first one. In general, it
can be mentioned that the isolates presented low ureolytic
activity compared to other reports with values between 3.05
and 23.1 pmol NH,++ mL-1-1 min-1-1 (Al Disi et al. 2022;
Qiao et al. 2021; Bibi et al. 2018). Nonetheless, the activity
was in the range of other bacteria recovered from cacao-
growing soils (Diez-Marulanda and Brandao 2023). Despite
the low ureolytic activity, the capacity of the bacteria to pre-
cipitate carbonates was qualitatively observed.

The TAA production detected in the isolates is attrac-
tive because it could alleviate the adverse effects caused by
Cd on plant development (Etesami 2018). Previous reports
have determined IAA production by ureolytic bacteria. Han
et al. (2020) reported IAA production values of 321 mg
L ' and 413 mg L™! for Serratia liquefaciens and Priestia
megaterium (syn. Bacillus megaterium), respectively, com-
parable to those reported by Wang et al. (2020) for Entero-
bacter bugandensis TJ6 and Bacillus megaterium HDS,
with values of 303 mg L™! and 387 mg L™, respectively.
These strains have a higher IAA production than that found
in this study (from 4.8 to 79.5 mg L™ !). Though, like our
results, Wei et al. (2022b) reported for Bacillus sp. UR21
an IAA production of 5.45 mg L™!, while Zhou et al. (2021)
reported for Comamonas testosteroni ZG2, an IAA produc-
tion of 18 mg L™!. Since IAA can have positive or negative
impacts on plants depending on dosage (Bunsangiam et al.
2021), the isolation of bacteria with different levels of IAA
production is of relevance for field applications depending
on the required amount.

After an adequate selection, the inoculation of ureolytic
bacteria capable of producing IAA allowed an increase in
the biomass of different plants along with a reduction of
Cd absorption (Wei et al. 2022a; Han et al. 2020; Wang et
al. 2020). The application of Comamonas testosteroni ZG2

(with MICP activity and [AA production) mitigated the
presence of Cd and increased the biomass of Asian cab-
bage (Zhou et al. 2021). However, in a different scenario,
the effect of IAA on root elongation could be self-defeating,
and lead to increased metal absorption (Montreemuk et al.
2024; Wu et al. 2020). In both cases, the study of IAA pro-
duction by bacteria with MICP activity could help explain
the results found in field or nursery applications to mitigate
the presence of the metal in plants and could be used to
establish an appropriate selection strategy according to the
soil-plant system of interest.

The application of bacteria for bioremediation purposes
could be limited by the effect of Cd in enzymatic activi-
ties. Both effects (reduction and increase) of Cd on ureo-
lytic activity have been reported in the literature. For
example, the ureolytic activity of Enterobacter hormaechei
IITISM-SA3 decreased (54%) when the metal concentra-
tion increased from 0 to 50 mg L™'; however, no signifi-
cant differences were observed between 0 mg L™! (control)
and 7 mg L™! (Anand et al. 2024). This is like the report
for Enterobacter sp. CJW-1, where a high increase in Cd
concentration from 20 to 100 mg L™! decreased the ureo-
lytic activity of the bacteria (Peng et al. 2020). On the other
hand, like our results for Serratia sp. 89a, the presence of
cadmium (0.05 mM) stimulated the ureolytic activity of
Serratia sp. 4.1a and Serratia sp. 5b (Diez-Marulanda and
Brandao 2023). Conversely, a decrease in ureolytic activity
was reported for Serratia marcescens NCIM2919 when the
Cd concentration increased from 5 to 15 mg L™ ! (Bhattacha-
rya et al. 2018). The above indicates that the effect of Cd
on ureolytic activity could be dosage-dependent, and future
experiments changing Cd concentration (based on applica-
tion necessities) should be implemented. The negative effect
of Cd on ureolytic activity has been attributed to decreased
bacterial growth (Peng et al. 2020), and the inhibition in the
expression of ureC, ureE, ureF, and ureG genes (Zeng et
al. 2022). It is important to mention that Ca addition in the
MICP medium alleviated Cd-induced toxicity and reduced
the negative impact on ureolytic activity (Fang et al. 2021).
Some bacteria showed increased ureolytic activity in the
presence of Cd. This could be a bacterial response to the
stress caused by the metal, which induces Cd mineraliza-
tion to reduce its toxicity (Huang et al. 2022). In this study,
Cd does not have an adversed effect on some bacteria (e.g.,
Bacillus sp. 85d and Serratia sp. 89a), representing an
advantage for future applications.

Related to the impact of Cd in IAA production, it has
been reported for B. subtilis NA2 that the presence of Cd
(800 mg L) decreased IAA levels from 23.46 mg L™! to
14.49 mg L™! (Bashir et al. 2022). Likewise, in our study,
IAA concentration decreased from 2.3 mg L™ ! CFU 't0 0.8
mg L' CFU™! for Bacillus sp. 85d in the presence of Cd.

@ Springer



302 Page 10 of 14

World Journal of Microbiology and Biotechnology (2025) 41:302

Furthermore, Zhou et al. (2021) analyzed the IAA produc-
tion for Comamonas testoteroni ZG2 at Cd concentrations
of 0, 10, 20 and 40 mg L', and reported that only at 40 mg
L™ ! areduction was observed; for the lowest concentrations,
the authors indicated a slight increase in IAA production.
It is also noteworthy that 60 mg L' Cd does not signifi-
catively affect IAA production of Comamonas sp. 76 f.
This indicates that different Cd concentrations need to be
considered to assess the effect of Cd on IAA production,
considering future application particularities. It has been
reported that 50 mg L™ ! of Cd decreased IAA production
for two bacteria of the Serratia genus (Carlos et al. 2016),
which differ from our results where no effect was observed
for Serratia sp. 89a. Contrary to our results, the presence
of Cd (0.4 mM) stimulated IAA production in strains P,
Sfluorescens ACC9 and P. tolaasii ACC23 (Dell’ Amico et al.
2008). Also, Klebsiella sp. Mc173 strain showed an increase
in IAA production in the presence of 50 mg L™! of Cd (Car-
los et al. 2016). Like the negative effect of Cd on ureolytic
activity, the decrease in IAA production could be associ-
ated with decreased bacterial growth in the presence of Cd,;
however, correction with CFU was used to compensate this
aspect, so further studies (e.g., at the molecular level) should
be performed to understand the negative effect of Cd in IAA
production. On the other hand, some authors have reported
the involvement of siderophores to mitigate IAA production
inhibition by metals such as Cd (Chen et al. 2016; Dimkpa
et al. 2008).

Various isolates showed higher Cd removal compared to
other bacteria reported in the literature (Supplementary Table
S8). Under the experimental conditions tested, Serratia sp.
89a and Pseudomonas sp. 85f showed higher Cd removal
than other bacteria of the same genus, such as Serratia sp
4.1a and Serratia sp. 5b (>99% removal at 17 mg L™! Cd
after 69—120 h) (Diez-Marulanda and Branddo 2024), Ser-
ratia marcescens NCIM2919 (65% at 15 mg L™ ! after 96 h)
(Bhattacharya et al. 2018), and Pseudomonas aeruginosa
QD5 and QZ9 (~85% at ~11 mg L™ ! after 5 days) (Al Disi
et al. 2022), all of which involved longer incubation periods
and lower initial Cd concentrations than those used in this
study. Other isolates showed lower performance compared
to the literature, though that could be associated with incu-
bation times and amounts of urea and Ca used (Liu et al.
2023), which were not optimized in this work. To the best
of our knowledge, cadmium removal by MICP for Delftia,
Flavobacterium, and Klebsiella genera is reported here for
the first time. In a previous study, where Cd was precipi-
tated using anaerobic granular sludge, CdCO; formation
was associated with Klebsiella pneumoniae (Martinez et al.
2020); however, the authors did not report its direct involve-
ment during Cd precipitation by MICP.
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Interestingly, the bacteria with greater Cd removal did
not correspond to the bacteria with greater ureolytic activity.
The relationship between ureolytic activity and Cd removal,
showed a moderate positive correlation (R>=0.3908) (Sup-
plementary Fig. S4), indicating that other aspects must be
considered to explain the percentage of Cd removed. Sev-
eral forms of interaction between bacteria and Cd have
been reported, such as biosorption and bioaccumulation
(Bravo and Braissant 2022). In a recent study on differ-
ent dynamic micro-processes during a MICP assay, it was
reported that 3.97%, 36.35%, and 49.27% of the removed
Cd was accumulated inside the cells, adsorbed by the cells,
and associated with precipitates, respectively (Sheng et al.
2022). This indicates that, although Cd is mainly removed
by precipitation, there is a relevant percentage associated
with other metal-bacteria interactions. Thus, further studies
are crucial to determine the contribution of MICP and other
mechanisms (e.g., bioaccumulation, biosorption) in metal
removal. In addition, it is essential to apply the selected iso-
lates directly to soil to evaluate their performance during
toxic element remediation. Considering that pseudo-total
Cd concentrations of up to 27 mg kg~ ! have been reported
in cacao-growing soils (Bravo et al. 2021), bacteria with at
least 50% Cd removal could be considered for further soil
bioremediation studies. We report 17 isolates with this fea-
ture; nonetheless, optimizing experimental conditions may
improve the removal capacity of more bacteria.

Conclusions

In this study, Cd-tolerant ureolytic bacteria were isolated
from cacao rhizosphere soils from producing farms in
Santander, Colombia. All isolates showed MICP activity
and IAA production, indicating that these types of soils har-
bor bacteria with multiple functions to cope with Cd. Since
60 mg kg~ ! of Cd increased ureolytic activity and did not
affect the IAA production of some isolates, the different
known Cd concentrations of cacao-growing soils should
not be a limiting factor in future soil treatments. Further-
more, strains of the genera Serratia, Klebsiella, and Steno-
trophomonas were evidenced to have the highest removal
percentages (>80%). To the best of our knowledge, MICP
activity for the Delftia genus and Cd removal by MICP
for the genera Delftia, Flavobacterium, and Klebsiella are
reported for the first time.

This research presents ureolytic bacteria with poten-
tial to be used in future soil bioremediation studies. Con-
sidering the IAA production found in the isolated bacteria
with MICP activity, this work contributes to the develop-
ment of comprehensive bioremediation strategies to tackle
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Cd absorption (via MICP) and its adverse effects on plant
growth (via IAA production).
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supplementary material available at https://doi.org/10.1007/s11274-0
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