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Abstract: It has been found that 32 genes related to nitrogen source metabolism in Lacticaseibacillus rhamnosus are downregulated
under both heat stress and oxidative stress. In this study, the influence of different nitrogen sources within the growth medium on the
tolerance of L. rhamnosus to heat stress and oxidative stress was investigated. Tryptone-free MRS was found to enhance the tolerance
of L. rhamnosus hsryfm 1301 to heat stress and oxidative stress during the whole growth period, and this result was universal for all L.
rhamnosus species analyzed. The strongest strengthening effect occurred when the ODgo value reached 2.0, at which the survival rates
under heat stress and oxidative stress increased 130-fold and 40-fold, respectively. After supplementing phenylalanine, isoleucine,
glutamate, valine, histidine, or tryptophan into the tryptone-free MRS, the tolerance of L. rhamnosus to heat stress and oxidative stress
exhibited a sharp drop. The spray drying survival rate of L. rhamnosus hsryfm 1301 cultured in the tryptone-free MRS rose to 75% (from
30%), and the spray dried powder also performed better in the experimentally simulated gastrointestinal digestion. These results
showed that decreasing the intake of amino acids is an important mechanism for L. rhamnosus to tolerate heat stress and oxidative
stress. When L. rhamnosus is cultured for spray drying, the concentration of the nitrogen source’s components should be an important

consideration.
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Introduction

Lacticaseibacillus rhamnosus is a known probiotic species. The probi-
otic properties of L. rhamnosus strains, such as the ability to adjust
intestinal microbiota, lower blood lipid levels, and enhance natu-
ral and acquired immunity, have been previously described (Chen
et al. 2014; Segers and Lebeer 2014; Toscano et al. 2017).

Spray drying is cost-effective and highly flexible, and it is com-
monly used in the food industry (Martin et al. 2015). Therefore,
spray drying has been applied in the production of L. rhamno-
sus powder (Prasad et al. 2003; Moayyedi et al. 2018; Agudelo-
Chaparro et al. 2021). However, spray drying results in a lower
survival rate of starters compared to freeze-drying because the
bacterial cells are exposed to severe heat and oxidative stress. It
has been shown that the survival rate of lactic acid bacteria (LAB)
in spray drying correlates with their combined robustness under
heat and oxidative stress (Dijkstra et al. 2014; Simpson et al. 2005).

Lacticaseibacillus rhamnosus possesses a stress-inducible defense
system against heat stress and oxidative stress (Zhang et al.
2018). Several proteins in L. rhamnosus HNOO1, including GroEL,
Dnak, and several glycolytic enzymes, are regulated after heat
shock; as a result, L. thamnosus HNOO1 shows a significantly
higher survival rate after pretreatment with heat stress (Prasad
et al. 2003). In our previous study, it was found that either heat
stress or oxidative stress enhanced the tolerance of L. rhamno-
sus hsryfm 1301 to both heat stress and oxidative stress (Zhang
et al. 2018). Transcriptome-phenotype matching was imple-
mented to reveal the mechanism of the cross-adaptation of L.

rhamnosus hsryfm 1301 to heat stress and oxidative stress. The
overlapping differently expressed genes (DEGs) were mainly clas-
sified into amino acid or oligopeptide ABC transporters, amino
acid metabolism enzymes, and peptidases, and they were all
downregulated (Zhang et al. 2020). However, amino acids often
play a positive role in stress resistance of LAB (Fernandez and
Zuniga 2006; Yang et al. 2021). Therefore, it is interesting to deter-
mine whether a decrease in the nitrogen source would improve
the survival of L. rhamnosus hsryfm 1301 under heat stress and
oxidative stress.

In the present study, the changes in the survival rate of L. rham-
nosus hsryfm 1301, under heat stress, oxidative stress, or dur-
ing spray drying were investigated by reducing the concentration
of the nitrogen source to identify the influence of the nitrogen
sources in the growth medium on the tolerance of L. rhamnosus
to heat stress and oxidative stress.

Materials and methods
Bacterial strains and growth conditions

Lacticaseibacillus rthamnosus hsryfm 1301 (CGMCC No. 8545) was
isolated from the gut of a centenarian from Bama, Guangxi
Province, China in our previous study (Chen et al. 2014). The other
Lactobacillus strains in this study are listed in Table 1. All the
strains were cultured in MRS broth (2% (v/v) inoculation) at 37°C
under static incubation.

The four types of modified MRS media (tryptone-free MRS, low-
tryptone MRS, MRS, or high-tryptone MRS, Table 2) were adjusted
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Table 1. Strains used in this study.

Species Strain Source

L. thamnosus  hsryfm 1301 Chinese centenarian; CGMCC no. 8545
L. rhamnosus LV108 Chinese centenarian; CGMCC no. 1531
L. rhamnosus GG Commercially available probiotics

Culturelle®
L. rhamnosus  HNOO1 Commercially available probiotics
Pe-delight®
L. rhamnosus ~ grx10 Chinese centenarian, CGMCC no. 2526
L. rhamnosus ~ SP1 Commercially available starter
L. rhamnosus ~ LYO Commercially available starter
L. fermentum  grx08 Chinese centenarian; CGMCC no. 7695
L. casel Shirota Commercially available drink Yakult®

Commercially available drink %35 7%®
(2019)
Chinese centenarian, wild strain

L. paracasei Myt

L. plantarum 58

Table 2. Concentrations of tryptone peptone in the modified MRS
media.

Media name Tryptone peptone/g 1-*

tryptone-free MRS 0

low-tryptone MRS 0.625
MRS 10.0
high-tryptone MRS 20.0

by adding different amounts of tryptone (Zhang et al. 2020). The
amino acid supplemented medium was prepared with the addi-
tion of Glu, Asp, Thr, Ser, Cys, Met, Ala, Gly, His, Arg, Lys, Pro, Val,
Leu, Ile, Phe, Tyr, or Trp to the tryptone-free MRS medium (final
concentration was 0.8 g 171).

The base formulation for the MRS medium is as follows: glu-
cose 20 g 171, tryptone 10 g 11, beef extract 5.0 g 17!, yeast ex-
tract 2.5 g 171, sodium acetate 2.5 g 17!, ammonium citrate 1.0 g
]_1, K,PO,4 1.0 g 1_1, MgSO4‘7HQO 1.0 g 1_1, MnSO4eH,0 0.025 g 1_1,
Tween-80 0.30 ml 171,

Measurement of heat stress and oxidative

stress tolerance

Oxidative stress (1.6 mmol 17! H,0,, 1 h) and heat stress (54°C,
1 h) were implemented according to our previous study (Zhang
et al. 2018). The colony forming unit (CFU) counts of the treated
samples were calculated according to a previously described drop
plate technique (Zhang et al. 2019). The colony number of every
drop (Neglony) Was then counted. When 1 g of spray dried powder
was mixed with 9 ml normal saline, the total volume of the so-
lution was 9.453 ml. The CFU count was calculated using the fol-
lowing equation:

CFUmI™" = 10" x 200 x Neojony-
CFUg ! = 0.9453 x 107 x 200 x Ngiony-

Stress tolerance of L. rhamnosus hsryfm 1301
at different growth stages

After the overnight incubation, L. rhamnosus hsryfm 1301 was cul-
tured in tryptone-free MRS broth, low-tryptone MRS broth, MRS
broth, or high-tryptone MRS broth and incubated at 37°C. When
the ODgqo values reached 0.5 (7 x 107 CFU ml~1), 1.0 (2 x 108 CFU
ml=1), 2.0 (3.8 x 10® CFU ml~'), 3.0 (4.8 x 10® CFU ml~'), and 4.0
(9.5 x 10® CFU ml~1), the cultures were treated under heat stress

and oxidative stress and the survival rates of the strains were
measured.

Stress tolerance of L. rhamnosus in amino acid
supplement mediums

After the overnight incubation, L. rhamnosus hsryfm 1301 was cul-
tured in broth supplemented with each amino acid and incubated
at 37°C until the ODgyo values reached 2.0. The cultures were
treated under heat stress and oxidative stress, and the survival
rates of the strains were measured.

Stress tolerance of other strains in low nitrogen
source cultures

After the overnight incubation, six L. rhamnosus strains and four
other LAB strains were diluted 50-fold in 5 ml of tryptone-free MRS
broth, low-tryptone MRS broth, MRS broth, or high-tryptone MRS
broth and incubated at 37°C until the ODgoo values reached 0.5
and 2.0. The cultures were treated under heat stress and oxidative
stress, and the survival rates of the strains were measured.

The survival rate of L. rhamnosus during spray
drying

After the overnight incubation, L. rhamnosus hsryfm 1301 was cul-
tured in 600 ml of tryptone-free MRS broth and MRS broth and
incubated until the ODgog values reached 2.0. The cultures were
harvested (6000 g, 5 min, 37°C) and re-suspended in 600 ml of pro-
tective agent (skim milk powder 150 g 171, trehalose 90 g1, glyc-
erol 8 ml 171). Cell suspensions were spray dried in a laboratory
scale spray dryer (GEA spray dryer MOBILE MINOR, Dusseldorf,
Germany) by using a constant inlet air temperature of 120°C, an
outlet temperature of 60°C, and a flux of 510 ml h—'.

Three independent replicates were performed for each strain.
Spray dried powders were vacuum sealed in individual samples of
1g (Paéz et al. 2012). Cell counts of L. rhamnosus hsryfm 1301 were
performed before and after spray drying on MRS agar and period-
ically during storage at —20, 4, or 25°C for 120 days. The survival
rate was calculated using the following equation:

Total CFU of powder
Total CFU of suspension

CFU of 1g powder
CFU of 1ml suspension”

Survival Rate =

= 0.24 x

Resistance of spray dried powder to simulated
gastrointestinal digestion

To study the resistance to simulated gastrointestinal digestions,
spray dried powder (1 g) was mixed with 9 ml phosphate buffered
saline (PBS), and 1 ml cell suspension was mixed with 9 ml simu-
lated gastric fluid (consisting of 3.0 mg ml~* pepsin in 0.086 mol
1-! NaCl at pH 2.5) or 9 ml MRS broth supplemented with 0.1% bile
salt. Samples (1 ml) were removed for the cell count after mixing
and 3 h of incubation at 37°C in a water bath for cell count. The
survival rate was calculated using the following equation:

Survival Rate — CFU of the sample at3 h
"~ CFU of the sample atOh”

Statistical analysis

All stress resistance assays were repeated three times. Significant
differences between the two values were evaluated by unpaired
the Student’s t-test (P < 0.05).
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Fig. 1 Tolerance of L. rhamnosus to heat stress and oxidative stress in the modified MRS broths. The concentration of tryptone differed in each modified
MRS broth. Cells were harvested when the ODggo values reached 0.5, 1.0, 2.0, 3.0, and 4.0. (a) Tolerance of L. rhamnosus hsryfm 1301 to heat stress (54°C,
1 h). (b) Tolerance of L. rhamnosus hsryfm 1301 to oxidative stress (1.6 mmol 1-* H,0,, 1 h). #4Values within each column with different superscripts

are significantly different (P < 0.05).

Results

Influence of tryptone on the tolerance of

L. rhamnosus hsryfm 1301 to heat stress and
oxidative stress

Lacticaseibacillus rhamnosus hsryfm 1301 was cultured in tryptone-
free MRS broth, low-tryptone MRS broth, MRS broth, or high-
tryptone MRS broth. The growth characteristics of L. rhamnosus
hsryfm 1301 were influenced by tryptone. The biomass of L. rham-
nosus hsryfm 1301 was lower in the tryptone-free MRS broth and
the low-tryptone MRS broth, but the ODggo values of all the cul-
tures reached 4.0 in 12 h. Lacticaseibacillus rhamnosus hsryfm 1301
exhibited a similar growth rate until the ODgy values reached
2.0 (Zhang et al. 2020). The heat stress tolerance of L. rhamno-
sus hsryfm 1301 in the MRS broth varied significantly at differ-
ent growth stages. After a heat stress treatment (54°C, 1 h), the

survival rate of cells cultured in the MRS broth was <10% before
the ODggo values reached 2.0 (exponential phase). However, the
survival rates of cells from the MRS broth culture whose ODggo
value reached 3.0 rose to 75% (Figure 1a). Interestingly, the heat
stress tolerance of the samples from the tryptone-free MRS broth
was much stronger than those from the high-tryptone MRS broth
at the same ODgoo value. Especially when the ODggo value was
2.0 (exponential phase), the tryptone-free MRS broth showed the
strongest strengthening effect on the heat stress tolerance of L.
rhamnosus hsryfm 1301 (from 2% to 75%) (Figure 1a).

The oxidative stress tolerance of L. rhamnosus hsryfm 1301 in
the MRS broth also varied significantly at different growth stages.
However, unlike the heat stress treatment, oxidative the stress
treatment (1.6 mmol 1=! H,0,, 1 h) caused the most serious vi-
able count loss when the ODggo values reached 2.0, at which the
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Fig. 2 Tolerance of L. rhamnosus to heat stress and oxidative stress in the amino acid supplemented mediums. The supplemented concentration of
each amino acid was 0.8 g1*. (a) Tolerance of L. rhamnosus hsryfm 1301 to heat stress (54°C, 1 h). (b) Tolerance of L. rhamnosus hsryfm 1301 to oxidative
stress (1.6 mmol 1! H,0,, 1 h). *fValues within each column with different superscripts are significantly different (P < 0.05).

survival rates of cells were <5%. But the survival rates of cells
from the MRS broth culture were >25% when the ODgoo value was
0.5,3.0,and 4.0 (Figure 1b). Interestingly, the heat stress and oxida-
tive stress tolerance of all the samples from the tryptone-free MRS
broth were much stronger than those from the high-tryptone MRS
broth at the same ODggo value. Especially when the ODggo value
was 2.0 (exponential phase), tryptone-free MRS broth showed the
strongest strengthening effect on the oxidative stress tolerance of
L. rhamnosus hsryfm 1301 (from 3% to 35%) (Figure 1b). In sum-
mary, tryptone decreased the tolerance of L. rhamnosus hsryfm
1301, to both heat stress and oxidative stress at different growth
stages.

Key amino acids decreasing the tolerance of L.
rhamnosus to heat stress and oxidative stress

It was unknown whether tryptone would be degraded into amino
acids in the process of decreasing the tolerance of L. rhamno-

sus to heat stress and oxidative stress. Therefore, the tolerance
of L. rhamnosus hsryfm 1301 to heat stress and oxidative stress
was investigated in amino acid supplement medium broth. Thr,
Ser, Gly, Pro, Arg, and Leu did not influence the thermotoler-
ance of L. thamnosus hsryfm 1301. All other amino acids signif-
icantly decreased the thermotolerance of L. rhamnosus hsryfm
1301. In particular, only 1% of cells cultured in Met, Asp, or
Tyr supplement medium broth survived after treatment with
heat stress (54°C, 1 h) (Figure 2a). On the other hand, more
amino acids influence the oxidative stress tolerance of L. rham-
nosus hsryfm 1301. Except for Cys, which increased the sur-
vival rate of L. rhamnosus hsryfm 1301 from 45% to 93%, all
other amino acids tested decreased the oxidative stress toler-
ance of L. rhamnosus hsryfm 1301. The weakening effect on the
oxidative stress tolerance of Ser and Leu was less significant
(Figure 2b).
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Influence of tryptone on the heat stress and
oxidative stress tolerance of other L. rhamnosus
strains

Six other L. rhamnosus strains, 1 Lacticaseibacillus casei strain,
1 Lacticaseibacillus paracasei strain, 1 Lactiplantibacillus plantarum
strain, and 1 Limosilactobacillus fermentum strain were cultured in
tryptone-free MRS broth, low-tryptone MRS broth, MRS broth, or
high-tryptone MRS broth, respectively. When the ODggo values
reached 2.0, the tolerance to heat stress and oxidative stress of
all the six L. rhamnosus strains decreased with increasing tryp-
tone concentration. Only the thermotolerance of L. rhamnosus
orx10 was weaker in the tryptone-free MRS than in the low-
tryptone MRS broth (still stronger than that in high-tryptone MRS
broth) (Figure 3a). Therefore, a low nitrogen source environment
enhanced the heat stress and oxidative stress tolerance of all
tested L. rhamnosus strains. Among them, the heat stress tol-
erance of L. rhamnosus LYO, SP1, and GG was influenced more
significantly, and the oxidative stress tolerance of L. rhamnosus

LYO and L. rhamnosus HNOO1 was influenced more significantly
(Figure 3b).

Lacticaseibacillus paracasei Myt performed exhibited a similar
thermotolerance in four kinds of mediums, as did L. casei Shi-
rota. Interestingly, L. paracasei Myt exhibited a stronger thermo-
tolerance when the ODg value was 0.5 (Figure 4a), while L. ca-
sei Shirota exhibited a stronger heat stress tolerance when the
ODgoo value was 2.0 (Figure 4b). The thermotolerance of L. plan-
tarum 58 and L. fermentum grx08 was stronger in the low-tryptone
MRS broth than in the other three mediums only when the ODggo
values reached 2.0 (Figure 4c and d). On the other hand, no signif-
icant correlation between the oxidative stress tolerance of L. casei
Shirota, L. paracasei Myt, L. plantarum 58, or L. fermentum grx08 and
the concentration of tryptone was found regardless of whether
the ODgoo value was 0.5 or 2.0 (Figure 5). Only L. paracasei Myt
exhibited a slightly stronger oxidative stress tolerance in a low
nitrogen source environment when the ODggo value was 2.0. The
strengthening effect on heat stress and oxidative stress tolerance



6 | Journal of Industrial Microbiology and Biotechnology, 2022, Vol. 49, No. 5

100+ low-tryptone MRS
S MRS
§ 80 -
[
e}
@ 60
©
2
2 404
3
[72)

©) ODgg
80 BT uypoone-frec MRS |
low-tryptone MRS
70 - MRS
— _Inigh-tryptone MRS| b
o S
Lo : S
© 50 1 §
S 404
S 30-
w ch
20- 1
10
0 4

0.5
ODg00

45
40
354

ryptone-free MRS

Dhigh-trypmnc MRS

30-
25
20
15
104

Survival rate (%)

ODgo0

Fig. 4 Heat stress tolerance of other Lactobacillus species in the modified MRS broths. The concentration of tryptone differed in each modified MRS
broth. Cells were harvested when the ODggo values reached 0.5 and 2.0. The heat stress performed was 54°C, 1 h. (a) L. casei Shirota. (b) L. paracasei Myt.
(c) L. plantarum 58. (d) L. fermentum grx08. 4Values within each column with different superscripts are significantly different (P < 0.05).

by a low nitrogen source environment was not widespread among
the Lactobacillus species.

Influence of tryptone on the spray dried powder
of L. rhamnosus hsryfm 1301

For cells were always in chains, the CFU of L. rhamnosus hsryfm
1301 cultured at ODgoy 2.0 only reached 108 ml~'. After spray
drying, the survival rate of L. rhamnosus hsryfm 1301 cultured in
the MRS broth was ~29.6%, while the survival rate of L. rhamno-
sus hsryfm 1301 cultured in the tryptone-free MRS broth reached
74.7% (Figure 6a). Therefore, the low nitrogen source cultures
helped L. rhamnosus tolerate heat and oxidative stress during spray
drying. The L. rhamnosus hsryfm 1301 cells harvested from the
MRS broth tolerated acid stress well (Zhang et al. 2018), but only
0.8% of cells of L. rhamnosus hsryfm 1301 in the spray dried pow-
der (cultured in MRS broth) were able to survive in simulated
gastric fluid. Interestingly, the spray dried powder of L. rhamnosus
hsryfm 1301 produced with cells harvested from the tryptone-free
MRS broth had a much better simulated gastric fluid tolerance
(survival rate 18%) (Figure 6b). In addition, the spray dried powder
of L. rhamnosus hsryfm 1301 produced with cells harvested from
the tryptone-free MRS broth also performed better bile salt (0.1%)
tolerance than that harvested from the MRS broth.

Viability of spray dried L. rhamnosus hsryfm
1301 during storage

The survival rate of the L. rhamnosus hsryfm 1301 powders ob-
tained from both the MRS broth and the tryptone-free MRS broth
was studied during 120 days of storage at —20°C, 4°C, and 25°C.
A gradual diminution in cell counts was observed in the first 2
weeks for the powder from both cultures. The diminution of the L.
rhamnosus hsryfm 1301 powders obtained from the tryptone-free
MRS broth was more significant as the temperature increased. By
120 days, the highest cell counts were observed in the powders
kept at —20°C (Figure 7). The low nitrogen source cultures signifi-
cantly enhanced the survival of L. rhamnosus hsryfm 1301 during
storage at -20°C (Figure 7a). For the L. rhamnosus hsryfm 1301 pow-
ders obtained from MRS, no significant differences in survival dur-
ing storage were observed when stored at -20°C and 4°C (Figure 7a
and b). No cell counts were observed for the powders obtained
from both the MRS broth and the tryptone-free MRS broth by Day
30 of storage at 25°C (Figure 7c).

Discussion

Spray drying is highly reproducible and has the advantage of ra-
pidity and a relatively low cost in the production of probiotic
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powder (Paéz et al. 2012; Martin et al. 2015). However, the use of
high-temperature air produces severe heat and oxidative stress.
The cell counts in spray dried probiotic powder are correlated
with the robustness under heat and oxidative stress (Dijkstra et
al. 2014).

In our previous study, it was found that up to 32 genes in
L. thamnosus hsryfm 1301 related to amino acid or oligopeptide
ABC transport, amino acid metabolism, and peptide degradation
were downregulated under both heat stress and oxidative stress
(Zhang et al. 2020). In the present study, the tolerance of L. rham-
nosus hsryfm 1301 to heat stress and oxidative stress cultured in
the MRS broth and the low-tryptone MRS broth was investigated.
The influence of the nitrogen sources in the growth medium on
the tolerance of L. rhamnosus to heat stress and oxidative stress
was identified in spray drying. The duration of the enhanced spray
drying resistance and survival during simulated gastrointestinal
digestion were also studied.

Sometimes, genes would be downregulated for energy short-
age in stress-shocked cells (Papadimitriou et al. 2016). To iden-
tify whether the downregulation of genes related to nitrogen
metabolism was to reduce intracellular concentration of amino
acids or just to save resources and energy, the tolerance of
L. rhamnosus to heat stress and oxidative stress cultured in dif-
ferent concentrations of tryptone and different growth stages was

investigated. With the growth of L. rhamnosus hsryfm 1301, its ther-
motolerance gradually became much stronger, while L. rhamnosus
hsryfm 1301 exhibited a much weaker oxidative stress tolerance
only in the exponential phase. Interestingly, tryptone decreased
the tolerance of L. rhamnosus hsryfm 1301 to heat stress and ox-
idative stress at each growth stage, and the strongest weakening
effect for both heat stress and oxidative stress tolerance occurred
when the ODgoo value reached ~2.0 (exponential phase). These
results showed that tryptone (peptides) is an important and un-
investigated factor affecting the tolerance of L. rhamnosus hsryfm
1301 to heat stress and oxidative stress.

It was further identified that 12 kinds of exogenous amino
acids decreased the thermotolerance and 17 kinds of exogenous
amino acids decreased the oxidative stress tolerance of L. rham-
nosus hsryfm 1301, indicating that tryptone would be degraded to
amino acids in the process, decreasing the tolerance of L. rham-
nosus to heat stress and oxidative stress. Thus, when encounter-
ing heat stress or oxidative stress, L. rhamnosus downregulated
the genes related to amino acid or oligopeptide ABC transporters,
amino acid metabolism, and peptidases to decrease the intracel-
lular amino acid concentration, so it acquired stronger heat stress
and oxidative stress tolerance. This is hypothesized to be the rea-
son for the previously observed cross-adaptation of L. rhamnosus
hsryfm 1301 to heat stress and oxidative stress (Zhang et al. 2020).



8 | Journal of Industrial Microbiology and Biotechnology, 2022, Vol. 49, No. 5

(a) 12 71 [CJcFuimL before spray drying r 100
11 [ CFUIg after spray drying I
7 [ survival rate 90
10 - g i
| - 80
g — L
) —‘7 F70 —~
8 l | e
o I A - 60 @
S 6] = (50 =
- 6 7 - 50 =
o 5 r 2
¥ 7] - 40
1 - 30
34 L
5 1 - 20
1 ] - 10
0 T T 0
MRS tryptone-free MRS
(0)100 _ powder produced from MRS
90 - powder produced from tryptone-free MRS Q
| S
80 +
] b
—~ 704
:".\O. |
o ©0-
“@' i
— 504
o |
=2
2 40+
3 ]
@ 301
20 2
10
] b
0

simulated gastric fluid

0.1% bile salt

Fig. 6 Survival rate and simulated gastrointestinal resistance of the spray dried powder of L. rhamnosus hsryfm 1301. (a) Survival rate of L. rhamnosus
hsryfm 1301 from the tryptone-free MRS broth or the MRS broth to spray drying. (b) Resistance of the spray dried powder of L. rhamnosus hsryfm 1301
from the tryptone-free MRS broth or MRS broth to the simulated gastric fluid (pH 2.5, 3 h) and bile salt (0.1%, 3 h). @PValues within each column with

different superscripts are significantly different (P < 0.05).

Supplementation of different amino acids imposed distinct or
sometimes opposite effects on heat or oxidative stress tolerance,
which might be because there were many different pathways be-
tween the tolerance to heat stress and oxidative stress (Zhang et
al. 2020). Moreover, amino acids can not only play a role in tran-
scriptional regulation but also in protein synthesis and chemi-
cal reaction. The most obvious example was that Cys weakened
the heat stress tolerance but strengthened the oxidative stress
tolerance of L. rhamnosus hsryfm 1301, significantly due to its
reducibility.

It was extraordinary that amino acids decreased the stress tol-
erance of L. thamnosus hsryfm 1301, because amino acids often
played a positive role in the stress resistance of LAB (Fernandez
and Zuniga 2006; Yang et al. 2021). The conversion of Glu to
GABA contributed to acid resistance in Limosilactobacillus reuteri
(Su et al. 2011). Exogenous addition of Asp, Arg, and His signif-
icantly increased the viability of L. casei under acidic conditions

(Broadbent et al. 2010; Wu et al. 2012). The genes in a branched-
chain amino acid transport operon were upregulated by low pH
in Bifdobacterium longum JDM301AR (Wei et al. 2019). When grown
with high osmotic pressure, Lactobacillus acidophilus cells accumu-
lated Pro (Jewell and Kashket 1991). Cys is a buried catalytic site
in most redox enzymes (Li et al. 2019), and L. reuteri requires more
Cys to grow optimally under aerobic conditions (Lo et al. 2009).
Cys uptake and biosynthesis play important roles in resistance
to the oxidative environment in L. fermentum and L. acidophilus
(Calderini et al. 2017; Hung et al. 2003). In Ligilactobacillus salivar-
ius, more amino acids are needed for the synthesis and repair of
proteins damaged by bile (Wang et al. 2020a). The phenomenon
that amino acids decreased the stress tolerance of L. rhamnosus
might be based on the stringent response, which was described
as an adaptation to amino acid starvation, heat stress tolerance,
oxidative stress tolerance, and osmotic stress tolerance (Yan et al.
2009; Starosta et al. 2014). As further evidence, L. rhamnosus has
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different requirements for amino acids (Sun et al. 2019), and ex-
cept for branched-chain amino acids, the weakening effect on the
thermotolerance was positively related to the degree of necessity
of amino acids in L. rhamnosus. The weakening effect on the ox-
idative stress tolerance was not associated with the degree of ne-
cessity of amino acids, which was perhaps due to the different re-
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ducibility of amino acids; for example, Cys significantly strength-
ened the oxidative stress tolerance of L. rhamnosus hsryfm 1301.

To our knowledge, the weakening effect of nitrogen sources
in the growth medium on heat stress and oxidative stress toler-
ance has not been reported in other LABs. Interestingly, the heat
stress and oxidative stress tolerance of six different L. rhamno-
sus strains isolated from different countries (Zhang et al. 2021)
decreased with increasing tryptone content. Therefore, this phe-
nomenon is most likely universal for L. rhamnosus. On the other
hand, although L. casei and L. paracasei are closely related to L.
rhamnosus (collectively referred to as the Lacticaseibacillus group)
(Huang and Huang 2018), their heat stress and oxidative stress
tolerance were not strengthened in a low nitrogen source environ-
ment, suggesting that the weakening effect of nitrogen sources in
the growth medium on heat stress and oxidative stress tolerance
was not common in Lactobacillus. The stress tolerance of Lactobacil-
lus showed remarkable species-specificity, which would be based
on to reveal potential novel genes by comparing their genomes
and transcriptomes.

Spray drying resulted in multiple stresses, mainly including
heat stress and oxidative stress, which were stronger than the
conditions used in this study. Therefore, whether the strength-
ened heat stress and oxidative stress tolerance through low ni-
trogen culture can help L. rhamnosus hsryfm 1301 survive in spray
drying needs to be verified. As a result, a low nitrogen environment
was effective in reducing the cell death associated with spray
drying and gastrointestinal digestion. The viable count diminu-
tion of the L. rhamnosus hsryfm 1301 powders obtained from
the tryptone-free MRS broth was more significant during storage
as the temperature increased. This might be resulted from that
metabolism can continue at a high temperature, which destroys
the homeostasis of cells in powder where water is unavailable.
Therefore, spray dried powder should be stored at a lower tem-
perature. Nitrogen sources are essential to the high cell density
culture of L. rhamnosus (Wang et al. 2020b). Therefore, when L.
rhamnosus cells are prepared to produce spray dried powder, the
concentration of the nitrogen source components should be opti-
mized to achieve the right balance between biomass and survival.
The mechanism of weakening heat stress and oxidative stress tol-
erance should be discovered so that the adverse effect on spray
drying resulting from the nitrogen source can be relieved.

In summary, a low nitrogen source environment enhanced the
tolerance of L. rhamnosus to heat stress and oxidative stress during
the whole growth period, and most amino acids resulted in a sharp
drop in the tolerance of L. rhamnosus hsryfm 1301 to heat stress
and oxidative stress, suggesting that the heat stress and oxida-
tive stress tolerance of L. rhamnosus can be enhanced by decreas-
ing the intake of amino acids. The application of a low nitrogen
source medium to enhance survival during spray drying and stor-
age of powders could potentially be used at the industrial level.
Before the mechanism of nitrogen source weakening heat stress
and oxidative stress tolerance was discovered, the concentration
of nitrogen source components should be optimized to achieve the
right balance between the biomass and survival of L. rhamnosus.

Funding

This work was supported by the National Natural Science Foun-
dation of China (31801565, 31972094), the Scientific and Techno-
logical Innovation Platform Co-built by Yangzhou City-Yangzhou
University (YZ2020265), the Natural Science Foundation of the
Jiangsu Higher Education Institutions of China (17KJA550004), and
the ‘Lv Yang Jin Feng’ Project 2019 in Yangzhou.



10 | Journal of Industrial Microbiology and Biotechnology, 2022, Vol. 49, No. 5

Conflict of interest

The authors declare no conflict of interests.

References

Agudelo-Chaparro, J., Ciro-Velasquez, HJ., & Sepulveda-Valencia, J.U.
et al. (2021). Microencapsulation of Lactobacillus rhamnosus ATCC
7469 by spray drying using maltodextrin, whey protein concen-
trate and trehalose. Food Sci. Technol. Int., https://doi.org/10.1177/
10820132211020621.

Broadbent, J.R., Larsen, R.L., & Deibel, V. et al. (2010). Physiological
and transcriptional response of Lactobacillus casei ATCC 334 to
acid stress. J. Bacteriol. 192, 2445-2458. https://doi.org/10.1128/JB.
01618-09.

Calderini, E., Celebioglu, H.U.,, & Villarroel, J. et al. (2017). Comparative
proteomics of oxidative stress response of Lactobacillus acidophilus
NCFM reveals effects on DNA repair and cysteine de novo syn-
thesis. Proteomics 17, 1600178. https://doi.org/10.1002/p 331 mic.
201600178.

Chen, D, Yang, Z., & Chen, X. et al. (2014). The effect of Lactobacillus
rhamnosus hsryfm 1301 on the intestinal microbiota of a hyper-
lipidemic rat model. BMC Complement. Altern. Med. 14, 386.https:
//doi.org/10.1186/1472-6882-14-386.

Dijkstra, A.R., Setyawati, M.C,, & Bayjanov, J.R.,et al. (2014). Diversity
in robustness of Lactococcus lactis strains during heat stress, ox-
idative stress, and spray drying stress. Appl. Environ. Microbiol. 80,
603-611. https://doi.org/10.1128/AEM.03434-13.

Fernandez, M. & Zuniga, M. (2006). Amino acid catabolic pathways
of lactic acid bacteria. Crit. Rev. Microbiol. 32, 155-183. https://doi.
0rg/10.1080/10408410600880643.

Huang, C.H. & Huang, L. (2018). Rapid species- and subspecies-
specific level classification and identification of Lactobacillus ca-
sei group members using MALDI Biotyper combined with Clin-
ProTools. J. Dairy Sci. 101, 979-991. https://doi.org/10.3168/jds.
2017-13642.

Hung, J., Cooper, D, & Turner, M.S. et al. (2003). Cystine uptake pre-
vents production of hydrogen peroxide by Lactobacillus fermen-
tum BR11. FEMS Microbiol. Lett. 227, 93-99. https://doi.org/10.1016/
S0378-1097(03)00653-0.

Jewell, ].B. & Kashket, E.R. (1991). Osmotically regulated transport of
proline by Lactobacillus acidophilus IFO 3532. Appl. Environ. Micro-
biol. 57, 2829-2833. https://doi.org/10.1128/aem.57.10.2829-2833.
1991.

Li, FL., Tao, QL. & Liu, C.Y. et al. (2019). Role of introduced sur-
face cysteine of NADH oxidase from Lactobacillus rhamnosus. Int.
J. Biol. Macromol. 132, 150-156. https://doi.org/10.1016/j.ijbiomac.
2019.03.168.

Lo, R, Turner, M.S., & Barry, D.G. et al. (2009). Cystathionine gamma-
lyase is a component of cystine-mediated oxidative defense in
Lactobacillus reuteri BR11. J. Bacteriol. 191, 1827-1837. https://doi.
org/10.1128/JB.01553-08.

Martin, M J,, Lara-Villoslada, F, & Ruiz, M.A. et al. (2015). Microencap-
sulation of bacteria: a review of different technologies and their
impact on the probiotic effects. Innov. Food Sci. Emerg. Technol. 27,
15-25. https://doi.org/10.1016/j ifset.2014.09.010.

Moayyedi, M., Eskandari, M.H., & Rad, A.H.E. et al. (2015). Effect of
drying methods (electrospraying, freeze drying and spray drying)
on survival and viability of microencapsulated Lactobacillus rham-
nosus ATCC 7469. Innov. Food Sci. Emerg. Technol. 27, 15-25. https:
//doi.org/10.1016/j.ifset.2014.09.010.

Paéz, R, Lavari, L., & Vinderola, G. et al. (2012). Effect of heat treat-
ment and spray drying on lactobacilli viability and resistance
to simulated gastrointestinal digestion. Food Res. Int. 48, 748-754.
https://doi.org/10.1016/j.foodres.2012.06.018.

Papadimitriou, K., Alegria, A, & Bron, PA. et al. (2016). Stress
physiology of lactic acid bacteria. Microbiol. Mol. Biol. Rev. 80,
837-890. https://doi.org/10.1128/MMBR.00076-15.

Prasad, J., McJarrow, P, & Gopal, P. (2003). Heat and osmotic stress re-
sponses of probiotic Lactobacillus rhamnosus HNOO1 (DR20) in rela-
tion to viability after drying. Appl. Environ. Microbiol. 69, 917-925.
https://doi.org/10.1128/AEM.69.2.917-925.2003.

Segers, M.E. & Lebeer, S. (2014). Towards a better understanding of
Lactobacillus rhamnosus GG-host interactions. Microb. Cell Fact. 13,
S7. https://doi.org/10.1186/1475-2859-13-S1-S7.

Simpson, PJ,, Stanton, C., & Fitzgerald, G.F. et al. (2005). Intrinsic tol-
erance of Bifidobacterium species to heat and oxygen and survival
following spray drying and storage. J. Appl. Microbiol. 99, 493-501.
https://doi.org/10.1111/§.1365-375 2672.2005.02648.x.

Starosta, A.L., Lassak, J., & Jung, K. et al. (2014). The bacterial trans-
lation stress response. FEMS Microbiol. Rev. 38, 1172-1201. https:
//doi.org/10.1111/1574-6976.12083.

Su, M.S,, Schlicht, S., & Génzle, M.G. (2011). Contribution of gluta-
mate decarboxylase in Lactobacillus reuteri to acid resistance and
persistence in sourdough fermentation. Microb. Cell Fact. 10, S8.
https://doi.org/10.1186/1475-2859-10-S51-S8.

Sun, J, Chen, H, & Qiao, Y. et al. (2019). The nutrient require-
ments of Lactobacillus rhamnosus GG and their application to fer-
mented milk. J. Dairy Sci. 102, 5971-5978. https://doi.org/10.1186/
1475-2859-10-S1-S8.

Toscano, M., De Grandi, R., & Stronati, L. et al. (2017). Effect of Lac-
tobacillus thamnosus HN0O1 and Bifidobacterium longum BB536 on
the healthy gut microbiota composition at phyla and species
level: a preliminary study. World J. Gastroenterol. 23, 2696-2704.
https://doi.org/10.3748/wjg.v23.i15.2696.

Wang, G., Zhai, Z., & Ren, F et al. (2020a). Combined transcrip-
tomic and proteomic analysis of the response to bile stress
in a centenarian-originated probiotic Lactobacillus salivarius Ren.
Food Res. Int. 137, 109331. https://doi.org/10.1016/j.foodres.2020.
109331.

Wang, T, Ly, Y, & Yan, H. et al. (2020b). Fermentation optimization
and kinetic model for high cell density culture of a probiotic mi-
croorganism: Lactobacillus rhamnosus LS-8. Bioprocess Biosyst. Eng.
43,515-528. https://doi.org/10.1007/s00449-019-394 02246-y.

Wei, Y, Gao, J, & Liu, D. et al. (2019). Adaptational changes
in physiological and transcriptional responses of Bifidobac-
terium longum involved in acid stress resistance after successive
batch cultures. Microb. Cell Fact. 18, 156. https://doi.org/10.1186/
s 397 12934-019-1206-x.

Wu, C., Zhang, J.,, & Chen, W. et al. (2012). A combined physiological
and proteomic approach to reveal lactic-acid-induced alterations
in Lactobacillus casel Zhang and its mutant with enhanced lactic
acid tolerance. Appl. Microbiol. Biotechnol. 93, 707-722. https://doi.
0rg/10.1007/500253-011-401 3757-6.

Yan, X., Zhao, C,, & Budin-Verneuil, A. et al. (2009). The (p)ppGpp
synthetase RelA contributes to stress adaptation and virulence
in Enterococcus faecalis V583. Microbiology 155, 3226-3237. https:
//doi.org/10.1099/mic.0.026146-0.

Yang, H., He, M., & Wu, C. (2021). Cross protection of lactic acid bacte-
ria during environmental stresses: stress responses and underly-
ing mechanisms. LWT 144, 111203. https://doi.org/10.1016/j.1wt.
2021.111203.

Zhang, C, Gui, Y., & Chen, X. et al. (2020). Transcriptional homoge-
nization of Lactobacillus rhamnosus hsryfm 1301 under heat stress
and oxidative stress. Appl. Microbiol. Biotechnol. 104, 2611-2621.
https://doi.org/10.1007/500253-020-10407-3.

Zhang, C., Lu, ], & Yang, D. et al. (2018). Stress influenced the aerotol-
erance of Lactobacillus rhamnosus hsryfm 1301. Biotechnol. Lett. 40,
729-735. https://doi.org/10.1007/s10529-018-412 2523-6.


https://doi.org/10.1177/10820132211020621
https://doi.org/10.1128/JB.01618-09
https://doi.org/10.1002/p 331 mic.201600178.
https://doi.org/10.1186/1472-6882-14-386.
https://doi.org/10.1128/AEM.03434-13
https://doi.org/10.1080/10408410600880643
https://doi.org/10.3168/jds.2017-13642
https://doi.org/10.1016/S0378-10970300653-0
https://doi.org/10.1128/aem.57.10.2829-2833.1991
https://doi.org/10.1016/j.ijbiomac.2019.03.168
https://doi.org/10.1128/JB.01553-08
https://doi.org/10.1016/j.ifset.2014.09.010
https://doi.org/10.1016/j.ifset.2014.09.010
https://doi.org/10.1016/j.foodres.2012.06.018
https://doi.org/10.1128/MMBR.00076-15
https://doi.org/10.1128/AEM.69.2.917-925.2003
https://doi.org/10.1186/1475-2859-13-S1-S7
https://doi.org/10.1111/j.1365-375 2672.2005.02648.x
https://doi.org/10.1111/1574-6976.12083
https://doi.org/10.1186/1475-2859-10-S1-S8
https://doi.org/10.1186/1475-2859-10-S1-S8
https://doi.org/10.3748/wjg.v23.i15.2696
https://doi.org/10.1016/j.foodres.2020.109331
https://doi.org/10.1007/s00449-019-394 02246-y
https://doi.org/10.1186/s 397 12934-019-1206-x
https://doi.org/10.1007/s00253-011-401 3757-6
https://doi.org/10.1099/mic.0.026146-0
https://doi.org/10.1016/j.lwt.2021.111203
https://doi.org/10.1007/s00253-020-10407-3
https://doi.org/10.1007/s10529-018-412 2523-6

Zhang, C,, Yang, L., & Ding, Z. et al. (2019). New selective media for
isolation and enumeration of Lactobacillus rhamnosus and Strep-
tococcus thermophilus. J. Food Meas. Charact. 13, 1431-1439. https:
//doi.org/10.1007/511694-019-00059-X.

Zhangetal. | 11

Zhang, C, Yu, X., & Wang, D. et al. (2021). Rapid strain-specific identi-
fication of two Lactobacillus rhamnosus strains using PCR based on
gene family analysis. LWT 146, 111395. https://doi.org/10.1016/j.
Iwt.2021.111395.


https://doi.org/10.1007/s11694-019-00059-x
https://doi.org/10.1016/j.lwt.2021.111395

	Introduction
	Materials and methods
	Bacterial strains and growth conditions
	Measurement of heat stress and oxidative stress tolerance
	Stress tolerance of L. rhamnosus hsryfm 1301 at different growth stages
	Stress tolerance of L. rhamnosus in amino acid supplement mediums
	Stress tolerance of other strains in low nitrogen source cultures
	The survival rate of L. rhamnosus during spray drying
	Resistance of spray dried powder to simulated gastrointestinal digestion
	Statistical analysis

	Results
	Influence of tryptone on the tolerance of L. rhamnosus hsryfm 1301 to heat stress and oxidative stress
	Key amino acids decreasing the tolerance of L. rhamnosus to heat stress and oxidative stress
	Influence of tryptone on the heat stress and oxidative stress tolerance of other L. rhamnosus strains
	Influence of tryptone on the spray dried powder of L. rhamnosus hsryfm 1301
	Viability of spray dried L. rhamnosus hsryfm 1301 during storage

	Discussion
	Funding
	Conflict of interest
	References

