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bioaccumulation or even liver damage and impaired embry-
onic development could be caused by long-term exposure to 
rare earths. (Pagano et al. 2019). In mining, rare earths are 
inevitably diffused with the water, which not only causes 
the wastage of resources but even endangers human health. 
Thus, environmentally friendly rare earth recovery technol-
ogies were urgently needed.

Compared to ion exchange, chemical precipitation, and 
membrane separation, microbial methods are more eco-
nomical, eco-friendly and controllable. They can be used 
to treat low concentrations of rare earths (Sadovsky et al. 
2016; Lima and Ottosen 2021; Shen et al. 2021). Various 
studies have shown that microalgae, fungi, and bacteria 
have a good adsorption effect on rare earths (Heilmann et 
al. 2021; Bergsten-Torralba et al. 2021; Shen et al. 2021). 
Similarly, several Bacillus species (Bacillus sp.) have also 
demonstrated commendable rare earth adsorption abilities. 
Cheng et al. reported that the adsorption of cerium by Bacil-
lus licheniformis was up to 38.93 mg/g in aqueous solution 
with an initial cerium concentration of 200 mg/l (Cheng et 
al. 2022). Similarly, the adsorption of yttrium by Bacillus 
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Rare earth elements (REEs) are important strategic resources 
that have been widely used in photocatalysis, medical detec-
tion, and therapy, as well as agricultural material preparation 
due to their unique photoelectromagnetic properties (Cang 
et al. 2022; Wei et al. 2022; Liu et al. 2022). However, 
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Abstract
Recovery of rare earth elements (REEs) from wastewater with Bacillus subtilis (B. subtilis) during culture is promising 
due to its environmental benefits. However, the effects of REEs in the culture media on B. subtilis are poorly understood. 
This study aims to investigate the effects of the terbium (Tb(III)), a typical rare earth element, on the cell growth, sporula-
tion, and spore properties of B. subtilis. Tb(III) can suppress bacterial growth while enhancing spore tolerance to wet heat. 
Spore germination and content of dipicolinic acid (DPA) were promoted at low concentrations of Tb(III) while inhibited 
at a high level, but an inverse effect on initial sporulation appeared. Scanning electron microscope and energy dispersive 
spectrometer detection indicated that Tb(III) complexed cells or spores and certain media components simultaneously. 
The germination results of the spores after elution revealed that Tb(III) attached to the spore surface was a key effector of 
spore germination. In conclusion, Tb(III) directly or indirectly regulated both the nutrient status of the media and certain 
metabolic events, which in turn affected most of the properties of B. subtilis. Compared to the coat-deficient strain, the 
wild-type strain grew faster and was more tolerant to Tb(III), DPA, and wet heat, which in turn implied that it was more 
suitable for the recovery of REEs during cultivation. These findings provide fundamental insights for the recovery of rare 
earths during the culture process using microorganisms.
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sp. ZD 1 reached 38.05 mg/g while the initial concentra-
tion of yttrium was 1.13 mM (Wang et al. 2021). However, 
using microbial cells as sorbents necessitated a rather strin-
gent adsorption environment, as they were more susceptible 
to inactivation. Unlike cells, Bacillus spores are more resis-
tant to external stresses such as heat, certain chemicals, and 
radiation (Setlow 2006). Also, they are capable of absorbing 
REEs. Under the same conditions, the absorption of Tb(III) 
by Bacillus subtilis (B. subtilis) PS4150 spores was higher 
than that of the cells, which was up to 94.792 µmol/g (Dong 
et al. 2022). Currently, the cells or spores used for adsorp-
tion of rare earths need to be prepared by purification, which 
results in higher costs and potentially impaired adsorption 
capacity. In view of that, the use of Bacillus sp. to recover 
rare earths during culture simplified the process and lowered 
costs effectively. According to our earlier research, utilizing 
B. subtilis PS832 during cultivation enhanced the rate of 
terbium Tb(III) extraction by 26.96% ~ 80.53% when com-
pared to traditional adsorption methods at the same biomass 
(data not published). However, as relevant studies have been 
sparsely reported, numerous fundamental issues still need to 
be investigated for the recovery of rare earths via adsorption 
using Bacillus sp. during cultivation. It is essential to inves-
tigate the effects of rare earths in the culture media on the 
biological properties of B. subtilis and to establish criteria 
for strain selection, as bacterial biomass, spore resistance, 
and germination activity are important factors influencing 
REE adsorption, spore suitability, and spore reusability.

Currently, studies have mainly focused on the effect of 
REEs on bacterial growth and less on the effects of REEs 
in the culture media on sporulation. Previous studies have 
shown that microbial growth is promoted by low concen-
trations of rare earths but inhibited by higher concentra-
tions, also known as “Hormesis” (Furst 1987). The growth 
of Bacillus sp. Bl was stimulated at low concentrations of 
yttrium but stopped at pH 5 when yttrium concentrations 
were increased to 160 mM (Liao et al. 2020). Similarly, the 
portion of the thermogenic curve associated with sporulation 
disappeared when the Sm3+ concentration was increased to 
250 µg/ml, suggesting that high concentrations inhibited the 
formation of Bacillus thuringiensis spores (Ruming et al. 
2003). Unfortunately, there has been little research into the 
effect of the REEs in the culture media on the properties of 
Bacillus sp. spores such as heat resistance and germination. 
Consequently, additional relevant studies are required given 
the relative paucity of studies on the effects of REEs in cul-
ture media on Bacillus sp., particularly the spores.

In this study, B. subtilis PS832 and PS4150 were used to 
investigate the effects of Tb(III) in the culture media on B. 
subtilis. We examined the effects of Tb(III) on the growth, 
sporulation, spore germination, wet heat resistance, and 
dipicolinic acid (DPA) content of B. subtilis. To investigate 

how Tb(III) acts on B. subtilis, the distribution and attach-
ment of Tb(III) and germination after elution were also 
detected. This work aimed to gain insight into the role of 
rare earths on B. subtilis.

Materials and methods

B. subtilis strains and spore preparation

The strains used in this paper include B. subtilis PS832 
(wild type) and PS4150 (tetR and spnR genes replacing the 
cotE and gerE genes). Both strains were provided by Dr. 
Peter Setlow (UConn. Health) (Ghosh et al. 2008).

Strains were inoculated in Luria-Bertani (LB) liquid cul-
ture media containing 0, 130, 800, and 2410 µM of terbium 
chloride hexahydrate (99.9% TbCl3·6H2O), and the spores 
were enriched after 72 h of incubation at 200 rpm with a 
temperature of 37℃. The above cultures were washed three 
times with sterile water, which was then processed by an 
ultrasonic cell crusher at 50% power for 6 min to remove the 
cells, and the impurities and cellular debris were removed 
by centrifugation at 8000 rpm for 10 min. Finally, the spore 
suspension with a purity of more than 98% was obtained 
and stored at 4℃ (Dong et al. 2019a).

Determination of bacterial growth and sporulation

Seed solution that was cultured at 180 rpm and 37℃ for 
12 h was inoculated into LB liquid culture media contain-
ing 0, 130, 800, 1610, 2410 and 3210 µM of Tb(III) with an 
inoculum of 2% (v/v), which were then cultured at 200 rpm 
with a temperature of 37℃, and the optical density at 
600 nm (OD600) of the culture solution was measured every 
1 h until it became stable.

The inoculation and cultivation conditions for the deter-
mination of sporulation rate were the same as above. Sam-
ples were taken every 3 h for the first 12 h and then every 
12 h in the next 60 h. 8~10 photographs of each sample 
were taken with a phase contrast microscope, and the total 3 
groups of cells and spores over 100 were counted by ImageJ 
to calculate the rate of sporulation (Dawes and Mandelstam 
1970).

Determination of spore germination

Spores with an OD600 of 1.0 were heat-shocked at 60℃ 
for 30 min, followed by an ice bath for 15 min, which was 
then incubated in 10 mM valine, 10 mM HEPES buffer 
(4-hydroxyethylpiperazine ethanesulfonic acid; pH 7.4) at 
37℃, and the OD600 was measured every 4 min. The germi-
nation of the spore population was determined by the change 
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of OD600, and the initial OD600 was set to 100% when the 
data were processed (Paidhungat and Setlow 2014).

Spores with an OD600 of 1.0 were eluted with 10 mM 
DPA for 5 min after centrifuging at 10,000 rpm for 2 min, 
which was then washed three times with sterile water. The 
subsequent heat-shock and incubation steps for germination 
were carried out as above (Dong et al. 2019b).

Determination of wet heat resistance of spores and 
DPA content

Spore suspensions with an OD600 of 2.0 were cooled in 
ice for about 15 min after being treated in water at 90℃ 
(PS832) or 80℃ (PS4150) for 0, 5, 10, 15, and 20 min 
respectively. The suspensions were inoculated on LB plates 
after 10-fold gradient dilution and incubated at 37℃ for 
14 ~ 18 h. The number of colonies was recorded and the 
survival rate was calculated. In order to derive the equa-
tion of spore survival rate and incubation time, the survival 
rate and related incubation time were fitted with the logis-
tic function in the Origin software, with the initial value 
parameter A1 and final value parameter A2 set to 1 and 0, 
respectively. The D value was the incubation time when the 
survival rate was 10%.

The fluorescence intensity of Tb-DPA complexes formed 
after 0, 8, 16, 24, 32, and 40 nM DPA mixed with 5 mM 
Tb(III) was measured by a microplate reader, and the stan-
dard curve of DPA content versus fluorescence intensity was 
plotted (Rosen et al. 1997; Jamroskovic et al. 2016). The 
fluorescence intensity of the unboiled and boiled superna-
tant of spore suspensions (OD600 = 1.0) was measured by a 
microplate reader with emission at 545 nm and excitation 
at 275 nm, and the total DPA content was obtained (Dong 
et al. 2022). After being diluted and inoculated into plates, 
the number of spores in the sterile aqueous suspension of 
each spore (OD600 = 1.0) was counted and the average DPA 
content of each spore was then calculated.

Determination of Tb(III) distribution and its 
attachment on the spore surface

Seed solution that was cultured at 250 rpm and 37℃ for 
5 h was inoculated into LB liquid culture media contain-
ing 0, 130, 800, and 2410 µM of Tb(III) with an inoculum 
of 2% (v/v), which was then cultured at 200 rpm with a 
temperature of 37℃. Samples were taken every 3 h during 
the first 12 h and every 12 h for the last 60 h of the culture. 
Fluorescence intensity was measured after the mother liquor 
or supernatant was incubated with 1 mM DPA and 50 mM 
HEPES (pH 7.4).

The spore suspension (OD600 = 2.0) was eluted by 10 
mM DPA for 5 min, and the supernatant was obtained by 

centrifugation at 10,000 rpm for 2 min. The subsequent flu-
orescence assay was carried out as above.

Precipitates were collected by centrifugation, washed 
three times with sterile water, and freeze-dried in a vacuum. 
After gold spraying, micrographs and energy spectrum 
scans of the samples were observed using SEM (MLA650F, 
FEI, Hillsboro, OR, USA).

Results

Effects of Tb(III) in the culture media on bacterial 
growth and sporulation

Since cell growth was related to the amount and efficiency 
of rare earth recovery, the growth of PS832 and PS4150 
strains was determined using the spectrophotometric 
method (Fig. 1). The growth of both strains was inhibited 
by the Tb(III) in the media, and the inhibition effect of 
Tb(III) on cell growth was enhanced as the concentration of 
Tb(III) increased (Fig. 1a-b). Furthermore, in the absence of 
Tb(III), both strains reached a stationary phase after 14 h of 
incubation. Whereas, the OD600 of PS832 was significantly 
higher than that of PS4150, implying that PS832 had a faster 
growth rate and greater yield.

According to previous methods, a water bath at 80℃ 
for 10 min was sufficient to distinguish spores from cells 
(Akanuma et al. 2013). However, the survival rate of 
PS4150 spores obtained from LB liquid medium in the 
water bath at 80℃ for 10 min was only about 20% (data not 
shown). Consequently, compared to that without Tb(III), the 
sporulation rates for both strains after 12 h of incubation 
at 130 µM were marginally lower, while both were higher 
at 2410 µM (Fig. 1c-d). Initial spore formation (12 h) was 
inhibited at low concentration of Tb(III) and stimulated at 
high concentration.

Effects of the Tb(III) in the culture media on spore 
germination

Spore germination is a critical property of spores. It is 
essential for the survival of B. subtilis and the determina-
tion of the reusability of the strain after the REE recovery. 
Compared to the group without Tb(III), the germination 
rate of PS832 spores was higher at 130 and 800 µM, while 
that of PS4150 was lower (Fig. 2). Both strains experienced 
inhibition of germination under 2410 µM of Tb(III), but 
this effect was more pronounced in PS4150. The presence 
of the Tb(III) in culture media resulted in hormetic effects 
on the spore germination of PS832. However, only inhibi-
tory effects on PS4150 germination were observed with 
Tb(III) in the culture media, and this effect was intensified 
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Effects of Tb(III) in the culture media on the wet heat 
resistance and DPA content of spores

Wet heat resistance is a typical feature of spores, which 
is important for the adaptation of strains to environments 
with different temperatures. Previous studies have shown 
that spores obtained from liquid media are significantly less 
tolerant to wet heat than those from agar plates (Rose et al. 
2007). However, it was still unknown whether the wet heat 
resistance of spores would be enhanced by the addition of 
rare earths in the culture media. Therefore, the effects of 
Tb(III) on the wet heat resistance of PS832 and PS4150 
spores at 90℃ and 80℃ respectively were investigated 
to delve into the change in wet heat resistance of spores 
(Fig. 3a-b). According to the difference in the survival rate 
of various PS832 spores after incubation at 90℃ for 5 min, 
it was found that the wet heat resistance of PS832 spores 

at higher concentrations of Tb(III). These findings demon-
strated that PS4150 spores were apparently more sensitive 
to Tb(III).

Further investigations of how the effect of the Tb(III) in 
culture media on spore germination occurs was carried out 
by examining the germination of spores after elution with 
DPA (Fig. 2). In the absence of Tb(III), both strains showed 
inhibited germination after DPA elution, but PS4150 spores 
were significantly more inhibited than PS832 spores. Inter-
estingly, the promotion or inhibition effect of Tb(III) on 
PS832 spore germination was significantly relieved after 
elution. In contrast, the suppressive impact on the germi-
nation of PS4150 spores was significantly enhanced after 
elution. According to these findings, spore germination was 
mostly influenced by the amount of Tb(III) in the culture 
media adhered to the spore surface, and PS4150 spores were 
more susceptible to exogenous DPA than PS832 spores.

Fig. 1 Bacterial growth and sporulation rate at different concentrations 
of Tb(III). Bacterial growth of PS832 (a) and PS4150 (b) at 0, 130, 
800, 1610, 2410, and 3210 µM Tb(III). The sporulation rates of PS832 
(c) and PS4150 (d) at 0, 130, 800 and 2410 µM Tb(III) were deter-

mined by microscopic counting according to the methods described 
in the Materials and Methods. The two points that correspond with the 
red dashed line in the enlarged figures within Fig.(c-d) are significantly 
different according to ANOVA (P ≤ 0.05)
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DPA accounted for approximately 25% of the core dry 
weight of the spore, which is important in maintaining the 
resistance and stability of the spore (Setlow et al. 2006; Set-
low 2006; Magge et al. 2008). In this study, the average DPA 
content of spores was determined (Table 1, and Fig. 3c). 
Compared to the control group, the DPA content of the 
spores of both strains was slightly higher at 130 µM, while 
both were lower at 2410 µM. Furthermore, the decrease in 
DPA content of PS4150 spores in the presence of Tb(III) was 
comparatively greater than that of PS832 spores. Addition-
ally, the DPA content of PS4150 spores was significantly 
lower than that of PS832 spores at each concentration of 
Tb(III). All these results suggested that Tb(III) in the culture 

was significantly enhanced by the Tb(III), especially at 
high concentration (Fig. 3a). However, there was no signifi-
cant difference observed in the wet heat resistance between 
PS4150 spores generated in the Tb(III)-supplemented 
media and the control media (Fig. 3b). The results are con-
sistent with the conclusion obtained from the D values in 
Table 1 (Table 1). In addition, the wet heat resistance of 
PS4150 spores was significantly lower than that of PS832 
spores (data not shown). The presence of Tb(III) in the 
culture media improved the wet heat resistance of spores. 
However, this effect might be hidden by a defective coat, 
since the intact coat is crucial for the wet heat resistance of 
the spore.

Fig. 3 The wet heat resistance of spores, and the standard curve of the 
fluorescence of Tb-DPA complexes with different amounts of DPA. 
PS832 (a) and PS4150 (b) spores, obtained from culturing in medium 
containing varying concentrations of Tb(III) (0, 130, 800 and 2410 
µM), were exposed to water baths at 90 and 80℃ for 0, 5, 10, 15, and 

20 min, respectively. The quantity of spores that remained was sub-
sequently determined through plate counting, and the resultant spore 
survival rate was calculated. (c) Standard curve of DPA content and 
fluorescence intensity, whose equation is y = 996.47x  (R²=0.9948)

 

Fig. 2 The germination of spores before and after elution. Spores of 
PS832 (a) and PS4150 (b), either untreated or eluted (eluted by 10 
mM DPA for 5 min) obtained at 0, 130, 800, and 2410 µM Tb(III), 

were then incubated with 10 mM L-valine and 10 mM HEPES (pH 
7.4) at 37℃. Every 4 min, the optical density at 600 nm (OD600) was 
measured, following the guidelines provided in the Methods
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REEs. The distribution of Tb(III) and its attachment on 
the spore surface of PS832 during culture was investi-
gated using fluorescence and SEM-EDS (Figs. 4 and 5, 
and Fig. 6). The fluorescence intensity of the cultures was 
proportional to the amount of Tb(III) added, but much 
higher than that of the supernatant (Fig. 4a). However, 
within the first 12 h, there was a slight decrease in the 
fluorescence intensity of the supernatant at 800 and 2410 
µM. However, no significant change was observed at 130 
µM. Notably, the fluorescence intensity of the superna-
tant at each concentration of Tb(III) increased gradually 
from 24 to 72 h, while the total biomass remained stable 
during this period (Fig. 4b). These results suggested that 
certain components of the culture media were able to 
form complexes with Tb(III), which was consistent with 
the results of SEM-EDS (Figs. 5 and 6a). However, such 
complexes were gradually lifted with the consumption of 
media.

Spores are the predominant form of B. subtilis during the 
post-culture phase when the rate of spore formation is stable 
and Tb(III) is predominantly attached to spores. The fluoromet-
ric method in Materials and methods was used to determine 
the Tb(III) attachment on the spore surface (Fig. 6b). A signifi-
cant increase in the mean Tb(III) attachment to the spore sur-
face of both strains was observed as the Tb(III) concentration 
increased to 2410 µM. It was consistent with the adsorption 
of rare earths in an aqueous solution. However, the amount of 
Tb(III) adhered to the surface of PS4150 was higher than that 
of PS832 at each concentration of Tb(III) (Fig. 6b). It was in 
accordance with past research that PS4150 spores exhibited 
greater capacity for Tb(III) adsorption compared to PS832 
spores (Dong et al. 2022).

media exhibited hormetic effects on the DPA content of 
spores and the intact spore coat is critical in maintaining the 
DPA content of spores.

Distribution of Tb(III) in the culture media and its 
attachment on the spore surface

Unlike in an aqueous solution, the effects of the REEs in 
the culture media on cells or spores were more complex 
due to the presence of bacterial metabolism, media, and 

Table 1 D values and DPA content of the two strains spores obtained at 
different concentrations of Tb(III)

D values ± SDa DPA content ± SDb

Terbium 
concen-
tration

PS832 
(90℃)c

PS4150 
(80℃)c

PS832c PS4150c

µM min min 10− 7 nmol/
cfu

10− 9 nmol/
cfu

0 2.84 ± 0.35 11.92 ± 0.55 5.68 ± 0.10 11.18 ± 0.06
130 5.65 ± 0.08* 10.91 ± 0.96 7.04 ± 0.09* 15.32 ± 0.11*

800 6.82 ± 0.18* 18.49 ± 1.50* 7.20 ± 0.06* 10.75 ± 0.06
2410 7.94 ± 0.47** 10.22 ± 0.71 4.29 ± 0.01** 1.89 ± 0.00*

aD values were calculated based on the survival rate of PS832 and 
PS4150 spores after incubation for 0, 5, 10, 15 and 20 min in a water 
bath at 90 and 80℃ respectively
bThe fluorescence intensity of the supernatant from the spore suspen-
sion with an OD600 of 1.0 was measured, which was substituted into 
the standard curve of DPA content versus fluorescence intensity to 
obtain the total DPA content. The average DPA content was calcu-
lated after the total amount of spores in the above suspension was 
obtained by plate counting
cValues presented in the table are the means of three replicates ± stan-
dard error. Means with different number of asterisks in the same col-
umn are significantly different according to ANOVA (P ≤ 0.05)

Fig. 4 The distribution of Tb(III) during the cultivation of PS832. 
Fluorescence intensity of Tb-DPA in medium (a) and supernatant (b) 
was measured after PS832 incubation in the culture media containing 

0, 130, 800, and 2410 µM of Tb(III) for different times (0, 3, 6, 9, 12, 
24, 36, 48, 60, and 72 h), all of which were determined as described 
in the Methods
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technique with similar biomass (Data not shown). On the 
other hand, the wastewater with rare earths used for practi-
cal treatment usually contains other metal ions, which may 
provide nutrients for the growth and sporulation of B. sub-
tilis. However, further studies on application protocols and 
subsequent elution are still needed for the practical applica-
tion of this approach.

The work in this paper confirmed the inhibitory effect 
of at least one of the rare earths, Tb(III), in the culture 
media on the growth of B. subtilis. The result revealed 
some new findings compared with previous studies (Liao 
et al. 2020). Tb(III) might have the ability to regulate the 
activity of some enzymes, which was similar to how scan-
dium stimulated the production of B. subtilis amylase at 
the transcriptional level (Inaoka and Ochi 2011). Although 
its mechanism and enzyme species are unidentified now, 

Discussion

The work in this paper confirmed that either cells or spores 
were capable of adsorbing Tb(III) during culture, although 
PS4150 spores exhibited a higher adsorption capacity than 
PS832, which could be linked to the number of adsorption 
sites (groups), given that related groups such as phosphate, 
amino, and carboxyl groups were involved in Tb(III) adsorp-
tion, which was consistent with recent findings (Dong et al. 
2022). However, unlike traditional adsorption, adsorption in 
culture was intricate because of the existence of media and 
bacterial metabolism (Fig. 7). Nevertheless, experimental 
evidence demonstrates the great promise of REE adsorption 
for recovery during culture. On the one hand, the adsorp-
tion of rare earths in culture exhibited a significant increase 
of 26.96% ~ 80.53% compared to the usual adsorption 

Fig. 5 SEM micrographs of cells or 
spores of PS832 at different concentra-
tions of Tb(III) and culture times. The 
surface morphology of cells or spores 
at 0 or 2410 µM of Tb(III) and cultured 
for 12, 24, 36, or 48 h was observed 
using SEM, as described in Methods. 
Tb(III) complexes were observed in the 
vicinity of the cells or spores as noted 
in the red circle
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the nutrient environment, which further affected initial B. 
subtilis sporulation (Driks 2002).

The work in this paper also led to some conclusions 
regarding the effect of Tb(III) in the culture media on the 
properties of Bacillus spores: First of all, the impact of 
Tb(III) in the culture media on the spore germination of 
PS832 were hormetic effects, while that of PS4150 was 
only inhibited. The former was in line with our previous 
findings, while the latter was consistent with the spore ger-
mination of coat-deficient spores that was strongly inhib-
ited by Tb(III) (Yi et al. 2011). Initially, it was assumed 
that the direct effect of Tb(III) attached to the spores and 
the indirect effect of Tb(III) during incubation on germina-
tion would coexist and be dominated by the latter. How-
ever, the results of germination after elution showed that 
the effect of Tb(III) in the culture media on germination 

Tb(III) might replace other metals at the enzyme site, given 
its higher valence state and similar ionic radius to calcium. 
In contrast, the effect of Tb(III) in the culture media on the 
initial sporulation was reversed. Although the exact mecha-
nism is still unclear, we know that sporulation is regulated 
by the phosphorylation of Spo0A, which is initiated by 
the autophosphorylation of histidine kinase in response to 
external stimuli (Tan and Ramamurthi 2014). Thus, Tb(III) 
in the culture media was relatively weakly stressed at low 
concentrations as it was likely to act as a nutrient element. 
However, at higher concentrations, it became a stressor to 
inhibit the activity of relevant enzymes, resulting in a rela-
tively strong nutrient stress environment. Since B. subtilis 
usually forms spores under nutrient stress, it is likely that 
the autophosphorylation of histidine kinase was modulated 
by Tb(III) in the culture media that worked indirectly on 

Fig. 6 Elemental mass percentage of different point types of PS832, 
and the mean amount of Tb(III) attached to the spores. (a) Elemental 
mass percentage of C, O, and Tb. X in “X-Y” in the horizontal axis 
represents the culture time (12, 24, 36, and 48 h), and Y represents the 
point type (A represents the surface of cells or spores cultured at 0 µM 

Tb(III), while B and C represent the surface of cells or spores and com-
plex obtained at 2410 µM Tb(III) respectively). (b) The mean attach-
ment of Tb(III) on the surface of PS832 and PS4150 spores obtained 
by incubation in the culture media containing 0, 130, 800, and 2410 
µM of Tb(III) was determined as described in Materials and Methods
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acted as a nutrient or stimulated the enzyme activity to 
improve the tightness of spores; while high concentrations 
of Tb(III) might act as an environmental factor that would 
likely to induce the thickening of the coat. Notably, all of 
the enhanced effects on PS4150 spores might have been 
masked by defects in the coat, given the critical role of 
the intact coat in the wet heat resistance of spores (Ghosh 
et al. 2008). Furthermore, hormetic effects were also 
observed by Tb(III) in the culture media on the DPA con-
tent of the spores. Although the exact mechanism has not 
yet been investigated, previous studies have shown that 
DPA is synthesized in the mother cells by dihydrodipyri-
dylic acid, catalyzed by DPA synthase, and then imported 
into the forespore by the combined action of the SpoVV 
protein and a membrane complex consisting of C, D, and 
Eb (encoded by the spoVA transposon) (Errington 1993; 
Ramirez-Guadiana et al. 2017; Gao et al. 2022). Thus, the 
substrate supply, associated with the enzyme activity, and 
DPA input were potentially influenced by Tb(III) in the 
culture media. Indeed, the supply of substrate was not the 
major factor in view of the similar DPA content of spores 
at 130 and 800 µM Tb(III). Consequently, it is likely that 
the activity of related enzymes such as DPA synthase was 
affected by Tb(III) based on the results of Tb(III) effects 
on DPA content in spores. Moreover, the blockage of DPA 
input channels might also be caused by high concentra-
tions of Tb(III) for its high concentration and similar ionic 
radius to Ca2+.

was dominated by the direct effect of Tb(III), although the 
indirect effect did exist. As previously investigated, the 
DPA release channel of the coat-deficient PS4150 spores 
could probably be blocked by Tb(III) (Yi et al. 2011). 
However, hormetic effects were exhibited by Tb(III) on 
PS832 spore germination and the remission effect after 
elution was in the mid to late stages of germination. It 
appeared that the activity of cortex-lytic enzymes (CLEs) 
located on the surface of the coat might have been directly 
influenced by the Tb(III) attached to the spore surface, 
which needed to be further explored by using different 
germinants. Second, the resistance of PS832 spores to wet 
heat was enhanced by the Tb(III) in the culture media, 
while the wet heat resistance of PS4150 spores was not 
affected by Tb(III). According to recent studies, there was 
no significant difference in the wet heat resistance of B. 
subtilis spores after being loaded with Tb(III) (Dong et al. 
2019b). Therefore, unlike the germination of spores, the 
wet heat resistance of spores should be mainly influenced 
by the indirect effects of Tb(III) in the culture media. How-
ever, the mechanism was not yet clear, as numerous factors 
were involved in the wet heat resistance of spores (Setlow 
1994). The spore mineralization was increased by Tb(III) 
in the culture media, which might have further influenced 
the core water content and inner membrane fluidity, as the 
addition of metal ions to the culture medium is one way 
of regulating the spore mineralization (Marquis and Shin 
1994). In addition, low concentrations of Tb(III) probably 

Fig. 7 Distribution diagram of Tb(III) during the culture of B. subtilis. 
Tb(III) in the culture media complexed both cells or spores and cer-
tain media components. With the culture, the bacteria began to utilize 

the media components that complexed with Tb(III), which allowed the 
release of free Tb(III) ions. In addition, Tb(III) might also enter the 
cells and influence or even participate in the related metabolism
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Conclusion

In conclusion, the role of Tb(III), a typical rare earth ele-
ment, in the culture media on the biological properties of 
B. subtilis, such as growth, sporulation, and spore germi-
nation, has been investigated. Further research into the 
distribution and attachment of Tb(III), and the germina-
tion of eluted spores has enhanced our comprehension 
of how Tb(III) affects B. subtilis cells and spores during 
cultivation. Finally, we analyzed the distinctions between 
the effects of Tb(III) on PS832 and PS4150, which can 
help to interpret the mechanism of the Tb(III) effect on 
B. subtilis and improve the selection criteria for strains 
used to recover REEs during culture. Such results are 
fundamental for the practical application of the method 
to recover REEs via microorganism adsorption during 
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