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Supplementary Materials and Methods

Bacterial strains and culture conditions. The 12 L. plantarum strains tested were provided

by the Shanghai Engineering Research Center of Food Microbiology, University of Shanghai

for Science and Technology (Shanghai, China). The strains were as follows: AR113, AR307,

AR326, AR495, AR503, AR504, AR509, AR510, AR513, AR514, AR611, and WCFSI. L.

plantarum WCFS1 has been deposited in a culture collection belonging to the World Data

Centre for Microorganism (WDCM), with the strain numbers are ATCC BAA-793 and NCIMB

8826. The 12 L. plantarum strains were previously sub-cultured three times in de Man, Rogosa

and Sharpe (MRS) culture medium before inoculation in MRS broth at 37°C for 12 h.

Phylogenetic tree. Two universal primer pairs, 27F: 5’-AGAGTTTGATCCTGGCTCA-3’

and 1492R: 5’-GGTTACCTTGTTACGACTT-3’, were used for amplification of 16S rRNA

gene sequences form the L. plantarum strains. The PCR amplification procedure was conducted

in a S1000 thermal cycler (Bio-Rad, California, USA). The following parameters were used: a

step at 95°C for 3 min; a denaturation step at 95°C for 30 s, an annealing step at 58°C for 30 s,

and a primer extension step at 72°C for 40 s (10 min in the final cycle), 30 cycles; a step at

72°C for 10 min. The PCR products were subsequently sequenced by Sangon Biotech

(Shanghai) Co., Ltd. The GenBank accession numbers for the 16S rRNA gene sequences of

strains AR113, AR307, AR326, AR495, AR503, AR504, AR509, AR510, AR513, AR514,

ARG611, and WCFS1 are MK311257, MK311258, MK311259, MK311260, MK311261,

MK311262, MK311263, MK311264, MK311265, MK311266, MK311267, and AL935263,

respectively. The Mega software package, version 7.0, was used for construction of a

phylogenetic tree based on the neighbor-joining method.
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Growth curve, specific growth rate and lag phase. Bio screen C MBR (Labsystems, Finland),

an automated optical density-monitoring system, was used to monitor the growth curve of L.

plantarum strains. The cultures after inoculation in MRS broth at 37°C for 12 h were diluted

(1:100 v/v) with fresh MRS both. Then, a portion of 200 pLL was incubated in honeycomb sterile

plates. The plates were covered and monitored in a Bioscreen C at 18°C for 48 h, 24°C for 24

h, 30°C for 18 h, and 37°C for 12 h. The optical density at 600 nm (ODgqo) was measured every

two hours. The measurements of growth curve for every strain were done in triplication. The

specific growth rate and the length of lag phase were determined using DMFit 3.5 software

(Norwich Research Park, Norwich, United Kingdom) by Baranyi & Roberts.[!]

Membrane FA composition. After inoculation in MRS broth at 37°C for 12 h, the cultures

were diluted (1:100) into fresh MRS broth and incubated at 18°C for 48 h, 24°C for 24 h, 30°C

for 18 h, and 37°C for 12 h. The cells were then collected by centrifugation (at 7378 x g for 5

min), and then successively washed twice in sterilized saline water.

The FAs in the cell membrane were extracted from concentrated cells. The composition of FAs

was determined mainly based on the method described by Sasser.?! After finishing

saponification, methylation, extraction, and base washing, the upper phase solvent was

collected and transferred into GC-MS vials for FA composition analysis.

The FA composition analysis was performed on a GC-MS system (ISQ 7000, ThermoFisher

Scientific Inc., USA) equipped with a DB-5MS column (30 m % 0.25 mm % 0.25 pm, Agilent

Technologies, USA). Helium was delivered at a flow rate of 1 mL/min as a carrier gas. The

injection of 1 pL. sample was done in splitless mode at 250°C into the GC inlet. The oven

temperature was held at 100°C for 1 min, then increased from 100 to 200°C at 5°C/min and
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held at 200°C for 5 min, followed by increasing from 200 to 250°C at 5°C/min and held at

250°C for 5 min. A transfer line was set at 250°C; the ion source temperature was set at 220°C.

The mass detector was operated in electron impact mode at an ionizing voltage of 70 eV. The

quantification of the FA composition was confirmed using a mass selective detector for

collecting the data in the range of 20 to 400 amu and comparing the MS spectra with a mass

spectrum library search (NIST 1.6) and the retention times with those of known standards

(Supelco, PA, USA). The extraction and analysis of the FA composition of each strain was

performed in triplicat.

Sample preparation. Cultures (2 mL, ODgy=1) during the logarithmic phase of growth (18°C

for 48 h, 24°C for 24 h, 30°C for 18 h, and 37°C for 12 h) were harvested by centrifugation at

7378 x g for 5 min. The cultures were then successively washed twice in sterilized saline water,

and centrifuged to collect bacteria mass. Then, the bacteria mass was resuspended in sterilized

1 mL sucrose (100 g/L), sorbitol (100 g/L), or PBS (pH 6.5). The suspension (10° CFU/mL)

was prepared and loaded into penicillin bottles (5 mL).

Freeze-drying. The penicillin bottles containing suspensions were freeze-dried using a

Labconco FreeZone (Labconco, Kansas City, MO, USA) at a collector temperature of -80°C at

20 Pa. The samples were frozen at -40°C for 3 h, and then dried from -40 to -30°C at 1°C/min.

After 800 min of sublimation, the secondary drying step (holding for 2 h) was initiated from -

30 to 20°C at 1°C/min.

The survival rates of L. plantarum after freezing, drying, and freeze-drying. Total viable

cell counts were determined prior to freezing, after freezing for 3 h, and after the freeze-drying

process. The frozen cells were thawed at room temperature before the total cell count analysis.
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Freeze-dried cells were resuspended in 0.9 mL sterilized saline water. All samples (0.1 mL)

were serially diluted in sterilized saline water (9 g/LL NaCl), plated on MRS agar plates, and

then anaerobically incubated at 37°C. The cell counts were determined after anaerobic

incubation at 37°C for 48 h. The survival rates (%) after freezing, drying, and freeze-drying

were determined and expressed as N;/No X 100%, N,/N; X 100%, and N,/N, x 100%,

respectively, where Ny, N;, and N, were, respectively, the numbers of viable cells before, after

the freezing for 3h, and after freeze-drying process. The measurements of viable cell counts

were repeated three times at each temperature.

Figure S1 showed the neighbor-joining phylogenetic tree of the 12 L. plantarum strains.

The farthest relative to this group was the group of strains WCFS1 and AR514, while the others

were between the two groups (Figure S1). Growth curves of the 12 L. plantarum strains

examined at 18, 24, 30, 37°C are shown in Figure S2. Specific growth rate and lag time of the

12 L. plantarum strains examined at 18, 24, 30, 37°C are shown in Table S1. The growth of

bacteria can be divided into three different phases: lag phase, log phase or exponential phase,

and stationary phase. When the fermentation temperature rose from 24°C to 37°C, the length

of lag phase was shortened from about 8 to 3 hours. The curves then remained exponential

which continues until after 24 (24°C, Figure S2b), 18 (30°C Figure S2c¢), or 12 (37°C, Figure

S2d) hours, respectively, and later constant progressively. Specific growth rate and lag time of

the 12 L. plantarum strains examined at same fermentation temperature were different. For

example, AR307 had the greatest specific growth rate (0.25 ODgy/h) among all the 12 L.

plantarum strains examined at 37°C. While AR514 did the least (0.13 ODgqo/h), lower than the
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greatest by 0.12 ODggo/h. AR510 had the shortest lag time of (2.64 h) among all the 12 L.

plantarum strains examined at 37°C. While AR495 did the longest (5.00 h), higher than the

shortest by 2.36 h. Clearly, specific growth rate and lag time of every L. plantarum strain at

different fermentation temperature were also different. For example, specific growth rate of

AR307 was 0.04 ODgop/h at 18°C, 0.11 ODggp/h at 24°C, 0.17 ODgge/h at 30°C, and 0.25 ODgpp/h

at 37°C. Lag time of AR307 was 9.82 h at 18°C, 5.71 h at 24°C, 4.27 h at 30°C, and 2.91 h at

37°C. To be precise, the specific growth rates decreased from the range of 0.12-0.25 ODg per

h to 0.01-0.04 ODg per h, and the lengths of the lag phase were extended from the range of

2.64-5.00 h to 6.41-13.75 h from 37°C to 18°C.

The FAs composition in cell membrane of 12 L. plantarum strains were characterized, in

order to study the physiological modifications induced by fermentation temperature. The results

were summarized in Table S2. Regardless of the fermentation temperature and strains, the FAs

were composed of seven FAs. The 4 main peaks were identified as C16:0, octadecanoic acid

(C18:0), C18:1, and nonadecenoic acid (C19:1). Their relative percentages were between 1%

and 50%, corresponding to about 90% of all FAs examined. Three minor FAs were also

detected at lower relative contents: tetradecanoic acid (C14:0), hexadecenoic acid (C16:1), and

octadecatrienoic acid (C18:2). The 7 FAs agreed with those reported in previous studies.3-]

However, methylenoctadecenoic acid (cycC19:0) had been not detected.[® It may be related to

the extraction method. The relative content of FAs changed with fermentation temperature,

especially the U/S ratio. The U/S ratio was between 0.4 and 2.1. Generally, the lower the

fermentation temperature, the greater was the U/S ratio. When the fermentation temperature

was decreased from 37°C to 18°C, the U/S ratio increased from 0.42-0.79 to 0.66-2.05.
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Figure S1
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Figure S1. Neighbor-joining phylogenetic tree of the 12 L. plantarum strains examined based

on 16S rRNA gene sequences.
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Figure S2
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Figure S2. Growth curves of the 12 L. plantarum strains examined at different fermentation

temperatures. a: 18°C, b: 24°C, c¢: 30°C, d: 37°C. —*—ARI113 =#-AR307 —"AR326
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Figure S3
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Figure S3 Survival rates of the 12 L. plantarum strains examined of freezing at different

fermentation temperatures under the protection of 100 g/L sorbitol solution (a) and PBS buffer

drying at different fermentation temperatures under the protection of 100 g/L sorbitol

b

(b);

solution (c) and PBS buffer (d); freeze-drying at different fermentation temperatures under the
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protection of 100 g/L sorbitol solution (e) and PBS buffer (f). Data are presented as means =

SD (n=3). 218 °C @24 °C 830°C 37 °C.
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Figure S4 Relationships between survival rate of the L. plantarum strains examined after
freezing (a), drying (b) and freeze-drying (c) and U/S at different fermentation temperatures
under the protection of 100 g/L sucrose solution. Data are presented as means + SD (n=3). The

line represents a linear fit of the data. 4 18°C A24°C e 30°C o 37°C.
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line represents a linear fit of the data. 4 18°C A24°C e 30°C o 37°C.
S13



~ L AN
T T 1

[\SRNVN]
T T

Enzyme activity/
(U/mgprot)

Enzyme activity/
(U/mgprot)

(e —_ [\ w BN (V)
T T T
S

PBS Sorbitol  Sucrose

Sorbitol  Sucrose Protectants
Protectants

Enzyme activity/ (U/mgprot)
Enzyme activity/ (U/mgprot)

PBS Sorbitol  Sucrose
Protectants

PBS Sorbitol Sucrose
Protectants

2 6 ¢ 3 f

S S

205 20

2 2

> 4 7 =

& &

g 3 . 5

o] 2 o]

() ()

g g

SN L =

S S|

3 3

0

Sorbitol  Sucrose PBS Sorbitol  Sucrose
Protectants Protectants

Figure S6 Effect of the C18:1 on the activity of LDH (a, b), ATPase (c, d)and PK (e, f) of L.

plantarum after freeze-drying. A, c, e: AR307, b, d, f: WCFSI1. Data are presented as means +

SD (n=3). Means with different letters differ significantly (P < 0.05, Duncan). BNormal

BC1E:]

S14



Table S1 Lag phase and specific growth rate of L. plantarum at four fermentation temperatures

emperature/°C Lag phase/h Specific growth rate/(ODgoo/h)
Strains
18 24 30 37 18 24 30 37

AR113 10.59  6.61 4.96 4.24 0.02 0.10 0.16 0.16
AR307 9.82 5.71 4.27 291 0.04 0.11 0.17 0.25
AR326 11.79  6.10 4.00 3.03 0.04 0.13 0.17 0.23
AR495 6.41 5.69 5.15 5.00 0.02 0.08 0.12 0.19
AR503 7.09 4.61 4.74 2.92 0.02 0.11 0.18 0.20
AR504 1094  5.04 4.06 2.80 0.03 0.11 0.19 0.22
AR509 6.95 4.18 2.73 2.83 0.02 0.13 0.23 0.24
AR510 7.59 3.35 4.37 2.64 0.02 0.07 0.12 0.16
ARS513 13.75 9.25 5.54 3.29 0.02 0.06 0.18 0.19
ARS514 13.63 941 4.08 3.54 0.01 0.03 0.08 0.13
ARG611 1047  7.26 4.80 3.31 0.03 0.05 0.17 0.22
WCEFS1 9.86 9.40 5.75 4.60 0.03 0.04 0.15 0.17

S15



Table S2 Fatty acids composition of L. plantarum strains

Fatty acids
Strains T#/°C
C14:0 Cl16:0 Cl6:1 C18:0 C18:1 C18:2 C19:1 u/S
18 2.2840.0]¢fehik 29.2442 14« 8.14+1.248 2.16£1.149 51.67+1.872 1.86:+0.04¢fehiik! 4.64+0.12p 1.98+0.29°
ARLL3 24 1.67+0.27Km 41,3023 ghikim 3.82:0. 14hiikimn 11.1240.47"%hikl 33.7440.54¢t 1.42+0 4hik 6.93:0.2 1 mnopar 0.850.02¢fehii
30 2.0040.32¢hikim 449142 644efehi 6.65+0.52bd 4.94+5 200 26.68+1.53iK 0.54+0.2! 11.4542.15dfehi 0.87+0.04¢fehi
37 3.18+0.35%¢ 56.04+3.48 2.29+0.511°p 11.09+0.49fhild 11.07£1.40p 2,661, 1 3bedefhi 13.66+4.56°f 0.42+0.09"
18 1.59+0.02%km 42.3+(0.02¢fehill 3.510.39hiikimno 7.7+0.63Kimmop 33.77+0.06° 1.18+0.16M 9.96:+2. 1 4hiikimn 0.94+0.024f
24 1.812:0.45hikim 46.1941.040dcfeh 2.64+0.62mmopd 16.9241.780d 21.5240.22!m 2.43+(.230defehiik 8 49:4(),34bikimno 0.540.01'mnopq
AR0T 30 1.38+0.02kim 41.294+0.67fghikim 2 64-+(,]12mn0pd 12.4240.49¢fehi 26.73+0.11# 1.61+0.1ghik 13.9441.050ef 0.82:+0.04{ghijkim
37 4.54+047° 41.38+]1.83fhikim 4 18+() 22¢hikim 6.32+1.46™mopd 21.2042.94m 3.97+0.20% 11.93:£0.54¢defeh 0.79-0.1 ] ghifkimn
18 1.86:+0.00"ikim 45,142 694cfehi 5.6440.19%t 14.23+5.934f 26.16+6.451 2.75+0.36bedefeh 5.1940.590pa 0.66:-0. 1 gehiikimnopar
24 1.35+0.4Km 46,481 49defehik 2.24+0.03"°pq 20.33+1.86% 19.46+1.66™  2.05+0.74cdkefehik 8 ()7£(,52kimnop 0.47+0.06°P
AR326 30 1.610.25Km 44 8340, 76%fehik 2.4340.11m°pd 11.6240.4(¢fehiik 26.62+0.24 1.94:£0. 14defehiik 10.95+1.21¢fhi (),72:0.04hiikimnoper
37 2.19+0.23fhiK 48.8542.24bd 2.524+0.41m°pd 19.4140.44%¢ 12.04+0.7p 3.018+0.020cdef 11 .97+] 65cdefeh 0.42+0.04
18 1.8120.50tkim 35.1£5.26"p 3.440.16ikimnop 4.06+0.48p 47.9245.58® 3.37+0.11%¢ 4.34+0.39% 1.47+0.38°
24 3.4340.08° 41.1940.721ehikl 4.85+0.06¢1h 12.7341.524efhi - 29.22+2 21 fehi 1.93:+0.24defehik 6 660.12mmopx (), 75,0 7¢hikimnop
ARIDS 30 2.4240.13defhi 42.6742.15°thiikl 3,430 28kimnop 11.3741.1¢fehiik 29.58+0.94ehii 1.85:0.11¢fehill 8.68+0. 1 4hiikimwo () 7774 03ehifkimno
37 2.0140.14¢hikim 47.7141.690d 1.68+0.384 20.3642.4® 14.2943 47p 3.2340.29cd 10.73+0.73fehik 0.43+0.09%
18 1.70.22ikim 36.37-+0.3mmop 6.124+0.93¢ 1.53+0.03¢ 45.14+2.07% 1.3440.11 8.27+0.02ikimno 1.5440.05°
ARS03 24 1.49+0.06Km 42,641 2] ofehiikl 2.79+0.01Mmmopa 11,5741 776Ntk 28 43:+().53hi 1.33+0.03iK 11.7540.05defehi 0.8:£0.02¢hijkimn
30 1.33+0.12kim 45,8311 ,84bedefehi 2.44+0.23"0q 11.30.88¢fehild 26.07+1.991 1.72+0.29ehild 11.3241. 14 (),71£0.08ehiikimnopar
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Table S2 Fatty acids composition of L. plantarum strains

Strains  T/°C Fatty acids
C14:0 Cl16:0 Cleé:1 C18:0 C18:1 C18:2 C19:1 u/S
37 3.33+1.394 45.360.76%fhi 4.91+2.66¢1h 8.9340.38iikimno 19.35+1.98mm 29311 | bedefe 15.1947.52%¢ 0.74:0.05¢hiikimnopq
18 1.72+0.1 13m 40.1142.56Kmn 3.1940.49ikimnopq 14.09+4.28%f 31.16+6.28h 2.9140.37bcdefe 6.8240.32mnopar 0.8+0.22ehilkimn
24 1.65+0.38km 42.8+0.66¢%hik 3.7120 47hiikimn 7.67+0.37kimnop 31.1740.51 i 1.78+0.16/=hi 11.2140.13¢f2hi 0.92+0.004feh
AR 30 2.510.6cdefehi 44 .2340,05fehik 5.85+1.09<def 9.63.5 hilkimn 31.2642.19%h 1.2740.144 10.72+0.28ehiik 0.87+0.05¢fehi
37 2.8240.82cdefeh 43 851 .43defehik 2.38+0.65mpd 22.75+1.05 10.96+0.24p 3.37+0.27%¢ 13.8740.19cdef 0.44+0.01par
18 2.82+(.92¢defehi 37.86+5.72!mne 7.64+0.85% 6.58+£1.17mnop 38.01+£5.324 3.1441.86d 3.95+1.16" 1.13+0.25%
24 2.2440.65¢%thik 42.6943.05¢fhikl 3.82:0.28hiikimn 10.99+0.82hill 32.49+2.03%h 2 41 43cdefehif 5.3841.580p 0.79+0.05¢hiikimn
AR 30 1.58+0.58Hkm 52.07+0.88® 1.9940.1°4 13.2440.75%h  22,03+].07Km 2.59+(.83¢defehi 6.5140.7500par 0.5+0.0210p
37 5.9440.26° 56.33+1.647 7.25+0.87%¢ 3.8140.14pa 14.46+0.26"p 2.00+£1.35dfhik 1(),22+0.43¢hikim 0.5120.05mmopar
18 2.98+(.430defe 32.82+0.62% 8.4440.852 4.3+0.8 70 43.834+0.5% 1.67+0.09fhik! 5.9640.62°pa 1.49+0.01°
24 2.08+0.04fehikim 40.4610.44ikm 4.2740.42¢hiK 12.78+0.55%fhi  30.78+0.94fhi 1.7840.42fhiikl 7.860.00/Immopq 0.810.03 fehifkim
ARIO 30 2.2740.08¢t=hik 43 4140.25¢fhik 4.54+0.451hik 9.39:4(. ] 3hiskimn 27.3540.8hik 1.77+0.03=hik! 9.94::( . 20hikimn 0.79+0.02¢hiikimn
37 2.32:().2¢fehik 452242 564t 3.25+(.13ikimnopq 14.61+0.28%f 14.4441.79p 2.60.17cdefehi 17.57+0.82% 0.610.07hiikimnopar
18 2.08+0.04fehikim 40.46+0 44ikim 4.27+0.42¢hik! 12.78+0.55%fhi - 30,78+0.941ehi 1.78+0.421ehik 7.86:-0ikimnopq 0.8 120,03 ehijkim
24 1.68+0.04m 39.4:+(.58kimn 3.3740.67ikimnep 1] 431 28efehik 32.94+0.55¢feh 1.42+0.12hik 9.8+0.56hikimn 0.91£0.07¢fehi
AR 30 1.54+0.213m 457743624t 2.99+0.37Kmnopq - § 6542 85ikimno 34+5.92¢ 1.34+0.45WM 5.7240.840pa 0.8+0.22¢hijkimn
37 2.0140.25hikim 51.3142.41% 2.77+0.3Mmnopq 11.01£2.23fehikd 15.65+0.15"p  2.29:+0,]3cdefehik 14.9740.042d 0.55:0.00kmnopar
ARS14 18 1.09+0.11m 32.2441.24m4 3.050.06K1mnopq 5.64+0.42nopar 46.81+4.09% 2.52-()cdefghiik 8.6540.63hikimno 1.57+0.12b
24 1.6+0.02Km 32.59+1.73m 4.775+0.,63¢fehi 11.360.88¢fehik 38.0441.3¢d 1.68+0.0412hik! 9.98+(0.63hiikimn 1.240.13«
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Table S2 Fatty acids composition of L. plantarum strains

Strains  T/°C Fotty acids
C14:0 Cl16:0 Cl6:1 C18:0 Cl18:1 C18:2 C19:1 uU/S
2.17+0.56fhi 36.77+0.5mmop 4.16:+0.58ghikim 8.6541.44ikimno 38.32+0.66% 1.93:£0.25defehiik 80,0 1ikimnop 1.120.074f
ARl 37 2.0040.12ehikim 43 ]345 6@efehikl 1.86+0.06™ 15.6440.05% 13.93+0.84 2912001 bedele 10.2340.6] ghiikim 0.48+0.07°p
18 1.8+0.35kim 322140.51p4 5.07+0.92¢feh 6.98+1.211mnop 41.24+1.8% 2,160, ] cdefehii 10.53+1.34fhik 1.44+0.02%
24 1.87+0.36hikim 41.2440.19¢hikim 3 4240 49iKimnop ] ] 4440, 04¢°fhik 28 ,81+0.38fehi 1.410.06hK 11.8140.22¢defehi 0.83:0.02¢fehii!
ARel 30 1.19+0.06™ 45.5940.79efehi 2.67+0.0mm0p 9.94-+] .71 ghiikim 24.9240.58K 1.17+0.214 14.5140.5bede 0.76+0.03¢hiikimno
37 2.18+0.58Ehiik! 46.7942.190dcf 2.910.7imnopq 13.7240.244fh 13.2441.05p 3.22+]3bcd 17.94+1.372 0.60.04kimnopqr
18 1.67+0.08Km 26.0245.13 6.05+0.120def 3.55+1.97px 46.63+0.81% 2.54:0.04cdefehi 720411 ] Kimnopqr 2.05£0.482
WCES] 24 1.8640.00bikim 36.37-+0.3mmop 4.76:+0.99fehi 1.53+0.03" 45.14+2,07% 1.34+0.18 8.270.02ikimno 1.5+0.09°
30 2.0540.77%hikim 4092+ @3hikim 3,740 3 7hiikimn 10.91£2.21%0K 28,1 14].52¢hi 2.2 42 cdefehijk 12.060.43¢defeh 0.86:+0.04¢fehiik
37 3.02:+0.36f 47 4441 .02bede 3.7740.17hiikimn 13.5140.39defeh 13.77+1.03p 4.46+0.56* 14.041.1200ef 0.56:-0.04ikimnopqr

aT: temperature. Data are presented as means = SD (n=3). Means with different letters differ significantly in the same column for the same FA (P < 0.05).
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Table S3 Effect of C18:1 on glass transition temperatures of AR113

Protectants PBS Sorbitol Sucrose
Normal -41 -40.5 -33.3
C18:1 -40.7 -40 -33.2
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Table S4 Effect of C18:1 on collapse temperatures of AR113

Protectants PBS Sorbitol Sucrose
Normal -39.8 -39 -31
Cl18:1 -39.6 -39.2 -30.5
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