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 Abstract: The plant growth-promoting rhizobacterium Streptomyces sp. TOR3209 induces plant tolerance 
in a wide range of stress conditions. However, the protection of photosystem under cold stress has not been fully 
understood. Here we reported that the photochemistry activity of photosystem II (PSII) was increased in tomato 
plants receiving TOR3209 treatment, including the maximum quantum efficiency of PSII photochemistry (Fv/Fm), 
PSII operating efficiency (ΦPSII), PSII maximum efficiency (Fv’/Fm’), and non-photochemical quenching (NPQ). 
Microscopic study revealed that the integrity of chloroplast structure was greatly improved by TOR3209, which 
was damaged at low temperature. Moreover, TOR3209 treatment resulted in good protection on leaf stomatal and 
guard cell size. In response to TOR3209 treatment, the intercellular CO2 concentration (Ci) and stomatal limita-
tion values (Ls) were decreased while the mesophyll conductance (gm) and chloroplast CO2 concentration (Cc) 
were increased. The carotenoid content in TOR3209-treated tomato was accumulated at a higher level, which was 
involved in photoprotection and biosynthesis of abscisic acid (ABA), as well as the increased amounts of ABA 
in the leaves were subsequently verified in the plants treated with TOR3209. These results demonstrated that 
TOR3209 treatment comprehensively protected tomato photosynthesis at low temperatures.
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Low temperature (LT) is regarded as a major abi-
otic stress that affects plant growth and crop produc-
tivity throughout the world (Zhu et al. 2010). Cold 
extreme weather is more common in high-latitude 
regions, such as North America, Europe, and north-
eastern Asia. There are 3.70 million ha of vegetable 
facility areas in  China, 80% of  the world’s facility 

horticulture area, while plants grown in greenhous-
es, especially suffer LT during winter and winter-
spring seasons in  northern China. As  a  worldwide 
important vegetable crop, tomato (Solanum lycop-
ersicum L.) is a thermophilic plant that is sensitive 
to LT stress and extensively cultivated in northern 
China (Ré et  al. 2017; Zhang et  al. 2020). Tomato 



262

Original Paper	 Horticultural Science (Prague), 52, 2025 (3): 261–271

https://doi.org/10.17221/90/2024-HORTSCI

plants grown at  LT  undergo many morphological, 
biochemical, physical and chemical processes, which 
consequently pose a great threat to the growth and 
development of the plants (Theocharis et al. 2012). 
Numerous studies have shown that plant photosyn-
thesis is sensitive to LT. The photosynthesis capacity 
and efficiency are decreased owing to the decreased 
photosynthetic pigments, chlorophyll fluorescence 
and damaged chloroplast development (Major et al. 
2010). The primary injury site in  the photosynthe-
sis system caused by  cold stress is  photosystem II 
(PSII) (Sharkey, Zhang 2010). Furthermore, LT leads 
to  unconvertible damage to  chloroplast develop-
ment by  altering chlorophyll antenna complexes 
or the thylakoid structures (Sveshnikov et al. 2006). 
Plasmalemma disruption leads to destructive dam-
age of  the inner section, including grana lamella, 
stroma lamella, and chloroplast thylakoid (Liu et al. 
2012; Zhang et al. 2016). Chlorophyll (Chl) a fluo-
rescence has been used as a rapid and accurate de-
tection marker to  study photosynthetic function, 
especially PSII (Dong et al. 2019).

Plants have evolved several mechanisms to  pro-
tect the photosynthetic apparatus against photoin-
hibition, such as pigment production, abscisic acid 
(ABA) biosynthesis and antioxidant system. The ra-
diant energy absorbed by chlorophylls is converted 
into steady chemical energy via photochemical pro-
cesses which are coupled with reactive oxygen spe-
cies (ROS) formation. However, production of  ex-
cessive ROS under LT usually forms an  oxidative 
stress, causing oxidative damage to membranous or-
gan structures, especially PSII (Liu et al. 2015). The 
improved efficiency of the antioxidant system facili-
tates diminishing the deleterious effects of ROS. Ca-
rotenoids are crucial photosynthetic pigments that 
act as  antioxidants against photooxidative stress 
and redox intermediates of PSII. Biosynthesis of ca-
rotenoids has been widely used to assess the plant 
growth affected by abiotic stress (Hugh et al. 2002; 
Zhang et al. 2012). Plant hormone ABA protects the 
photosynthetic apparatus against photoinhibition 
by  enhancing the xanthophyll cycle and inducing 
an antioxidative defence (Han et al. 2020).

Plant growth-promoting rhizobacteria (PGPR) 
possess a  prominent biological trait that regulates 
stress tolerance in a wide range of plants (Zhu et al. 
2010). PGPR activates a set of mechanisms in plants 
to  increase the resistance against biotic and abi-
otic stresses, including nutrient uptake facilitation 
and stimulating the production of  phytohormones 

(Bhattacharyya, Jha 2012). Pseudomonas fluores-
cens strains induce a  subnetwork specific to  Ara-
bidopsis thaliana roots enriched for genes partici-
pating in RNA regulation, protein degradation, and 
hormonal metabolism. Simultaneously, P. fluores-
cens GM30 induces the expression of genes related 
to  photosynthesis and phytohormone metabolism 
(Weston et al. 2012). A. thaliana plants inoculated 
with Azospirillum brasilense show increased photo-
synthesis efficiency, biosynthesis of photoprotective 
pigments, and ABA production level (Bashan et al. 
2006; Cohen et al. 2008).

Streptomyces sp. TOR3209  has been verified 
to be a PGPR for various plants (Hu et al. 2012; Hu 
et al. 2020). It plays an important role in protecting 
the growth of  tomato plants under LT conditions 
(Ma et al. 2023). However, the LT protective mech-
anism of  TOR3209  has largely remained elusive. 
To  further analyse the mechanisms of  tomato in-
duced by TOR3209, detailed data on the physiologi-
cal characteristics were investigated in  this study. 
The changes of photosynthesis characteristics in ca-
rotenoids, chlorophyll fluorescence, and chloroplast 
ultrastructure were studied in tomato plants receiv-
ing TOR3209 treatment at  LT. Our research fully 
manifested the role of TOR3209 for enhancing the 
PSII efficiency in tomato seedlings under cold stress.

MATERIAL AND METHODS

Plant cultivation. Solanum lycopersicum cultivar 
‘Chaoyan 219’ (Tianjin Chaoyan Seed Technology 
Co., Ltd.), sensitive to cold stress, was used in  this 
study. The seeds were surface sterilised by immers-
ing in  70% (v/v) ethanol for 5  min, washed four 
times with deionised water, and then germinated 
in  a  48-well nursery tray with plant soil mixture 
(peat : perlite : vermiculite, 1 : 1 : 1). After germina-
tion, the seedlings were placed in  the greenhouse 
(16  h light/8  h dark, 25  °C). Plants were watered 
every two days. Thirty days after grown at  green 
house, the seedlings were transplanted into pots 
(7  cm ×  7  cm ×  5  cm) with 100  g of  the mixture 
of  black soil (the basic physicochemical properties 
as  following: pH 7.29, organic matter 18.17  g/kg, 
total nitrogen 1.09 g/kg, total phosphorus 0.91 g/kg 
and total potassium 19.47  g/kg) and vermiculite 
(1 : 1.5, v/v) at  25  °C, among these plants, twen-
ty-five seedlings were irrigated with Streptomy-
ces sp. TOR3209 at  a  dose of  107 CFU/g as  previ-



263

Horticultural Science (Prague), 52, 2025 (3): 261–271	 Original Paper

https://doi.org/10.17221/90/2024-HORTSCI

ously described (Hu et al. 2020). Fifteen days later, 
twenty-five seedlings with no inoculation were culti- 
vated at  25  °C  (day/night).  Fifty seedlings were 
cultivated at  5  °C (day/night), which was designed 
as grown at LT, and the twenty-five seedlings were 
inoculated with Streptomyces sp. TOR3209 were in-
cluded. The growing phenotype was scored at 1, 3, 
6 and 10 days post LT treatment. Plant leaf length, 
width, and height were measured at 6 days post LT 
treatment by using five plants per treatment.

Quantitative assay of  carotenoids and ABA 
biosynthesis. The carotenoids were extracted from 
200 mg of fresh three samples from the second fully 
expanded top leaf at 1, 3, 6 and 10 days post LT treat-
ment. The samples were fully ground in  a  mortar 
with a mixture of ethanol, acetone, and water in the 
proportion of 4.5 : 4.5 : 1 (v/v/v). After 25 mL of 96% 
ethanol was added, the samples were placed in the 
dark for 48 hours. Then the supernatant was used for 
absorption analysis at 649 nm, 665 nm, and 470 nm 
by using a UV-VIS spectrophotometer (UV 3200S, 
MAPADA, China). The contents of  carotenoids 
in every extraction were calculated following stan-
dard equations (Wellburn, Lichtenthaler 1984). The 
experiment was repeated three times on three inde-
pendent cultivated plants.

ABA was measured from tomato leaves accord-
ing to  the protocol of  Wang et  al. (2016a). Briefly, 
1.0 g of fresh leaves was homogenised in liquid ni-
trogen and extracted in  5  mL of  extraction buffer 
(methanol : formic acid : water = 15 : 1 : 4) for 24 h 
at –20 °C. After centrifuging at 10 000 × g for 15 min, 
ABA in  the supernatant was quantified by  light 
chromatography (LC)/tandem mass spectrometry 
(MS/MS) on an HPLC (Rigol L3000, Rigol Technol-
ogies, Beijing, China).

Assay of chlorophyll a fluorescence parameters. 
According to  the manufacturer’s instructions, the 
chlorophyll a fluorescence parameters were detected 
on the second top fully expanded leaf by a LI-6400 
portable system (Li-Cor Inc., Lincoln, NE, USA). At 1, 
3, 6 and 10 days post LT treatment, the plants were 
adapted to the dark for 30 min from 9 a.m. to 11 a.m. 
local time. The minimum chlorophyll a fluorescence 
(Fo) was measured at 0.1 μmol/m2/s in a 2 × 3 cm2 
opaque leaf chamber. Maximum chlorophyll a fluo-
rescence (Fm) and the relative PSII electron trans-
port rate (ETR) were recorded with an 8-s saturating 
pulse of 3 000 μmol/m2/s (Alsadon et al. 2013). The 
maximum quantum efficiency of PSII photochemis-
try (Fv/Fm), PSII operating efficiency (ΦPSII), PSII 

maximum efficiency (Fv’/Fm’), maximum chloro-
phyll fluorescence in  the light-adapted state (Fm’), 
and photochemical quenching coefficient (qP) were 
recorded with a  3-s saturating pulse. Non-photo-
chemical quenching (NPQ) was calculated from the 
approximation formulas of Baker (2008):

NPQ = Fm/Fm’ – 1	 (1)

Each parameter was tested on  three plants from 
each treatment.

The chloroplast CO2 concentration (Cc) and me-
sophyll conductance (gm) of  chloroplast carboxyl-
ation sites were obtained through variable electron 
transfer rates. Based on the measured gas exchange 
indicators, stomatal limitation values (Ls) were cal-
culated as follows:

Ls = 1 – Ci/Ca	 (2)

where: Ci – intercellular CO2 concentration; Ca – atmo-
sphere CO2 concentration.

Each parameter was tested on  three plants from 
each treatment.

Observation of chloroplast ultrastructure. The 
top second fully expanded leaves of three treatments 
were collected at 6 days post LT treatment, and three 
plants were stochastically selected from each treat-
ment. The leaf sections were cut in 2 mm × 1 mm 
and immediately fixed in  4% (w/v) glutaraldehyde 
in  0.1 M phosphate buffer (pH 7.2) for 2  h, thor-
oughly postfixed in 1% (w/v) osmium tetroxide for 
1 h and washed in 0.1 M potassium phosphate buf-
fer (pH 7.2) for 1 h, dehydrated in an alcohol series 
from 30% to 100% (v/v) with 10% interval, and em-
bedded in Epon 812 (Liu et al. 2012). Electron mi-
croscopy observations of chloroplast ultrastructure 
and photographs were performed with H-7650 and 
AMT600 systems (Hitachi, Tokyo, Japan).

Leaf stomatal density and guard cell size. The 
leaves selected for measuring photosynthetic pa-
rameters were also used to measure stomatal den-
sity, length, width, and pore width (Xu, Zhou 2008). 
The thin film was peeled off from the leaf surface 
with fine-point tweezers. Microscopic  examina-
tion  of stomata was performed under a  photomi-
croscope system (ZEISS Primo Star, Germany) with 
a magnification of 40×, and ImageJ version 1.53 soft-
ware (National Institutes of Health, USA) was used 
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to analyse stomatal aperture. The measurement was 
conducted on ten randomly selected stomata from 
each treatment.

Statistical analysis. Analysis of  variance 
(ANOVA) was carried out for the experimental data. 
The significant difference analysis was calculated 
and performed with SPSS version 22.0  software. 
Duncan’s multiple range test at the 5% level was used 
to analyse the statistically significant differences be-
tween the three treatments.

RESULTS

Streptomyces sp. TOR3209 protects toma-
to leaves from cold damage. Streptomyces sp. 
TOR3209 showed a significant growth-promoting ef-
fect on S. lycopersicum cv. ‘Chaoyan 219’. At 6 days post 
LT treatment, the heights and leaf sizes of inoculated 
plants were significantly larger than those of uninocu-
lated ones at either 25 °C or 5 °C, and increased the 
heights and leaf sizes by 39.14% and 56.74% compared 
with the plants grown at  5  °C (P  <  0.05) (Figure 1). 
The growth of  TOR3209-inoculated plants exposed 
to  5  °C treatment showed no  difference from those 

grown at 25 °C. In contrast, the uninoculated plants 
were wilted at 5 °C, and the wilt was not found in the 
TOR3209-inoculated plants (Figure 1). This demon-
strated that Streptomyces sp. TOR3209 had the ability 
to protect the cold damage of tomato leaves.

Tomato chlorophyll fluorescence parameters 
are recovered by TOR3209 in cold stress. To de-
termine whether TOR3209 treatment causes any 
effect on  photosystem, eight parameters, Fo, Fm, 
Fv/Fm, ΦPSII, Fv’/Fm’, ETR, qP, and NPQ, were 
studied on  the plants grown at  5  °C. The Fo val-
ue was increased in  the plants exposed to  cold 
stress in comparison to  the plants grown at 25  °C. 
TOR3209 treatment resulted in a significant reduc-
tion of Fo value at every time point by 3.62–22.58% 
in the plants exposed to cold stress. The values of the 
left seven parameters were reduced in  the plants 
exposed to cold stress. TOR3209 treatment result-
ed in  significant increase of  the seven parameters, 
compared with the plants grown at 5 °C, inoculated 
of  TOR3209 enhanced Fm (by 22.25–58.25%), 
Fv/Fm (by 2.57–10.10%), ΦPSII (by 25.16–77.89%), 
Fv’/Fm’ (by 10.49–20.63%), ETR (by 18.00–81.16%), 
qP (by 22.13–50.47%), and NPQ (by 17.25–70.59%) 
in the plants exposed to cold stress (Figure 2). There-

Figure 1. Effects of TOR3209 inoculation on the growth of tomato seedlings at 6 days post low temperature treatment 
(A) Leaf morphology of tomato plants in different treatments, (B) leaf areas of tomato seedlings in different treat-
ments, (C) seedling morphology in different treatments, (D) plant heights of seedlings in different treatments
Bars indicate SD
a,bdifferent lowercase letters above the bars indicate significant differences between means of leaf areas or plant heights 
(n = 5, P < 0.05) based on one-way ANOVA analyses with Duncan’s multiple range test
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Figure 2. Effects of TOR3209 on chlorophyll fluorescence parameters
Data represents the mean value results from triplicate experiments ± SD
Fo – minimum chlorophyll a fluorescence; Fm – maximum chlorophyll a fluorescence; Fv/Fm – maximum quantum effi-
ciency of PSII photochemistry; ΦPSII – PSII operating efficiency; qP – photochemical quenching coefficient; Fv’/Fm’ – PSII 
maximum efficiency; NPQ – non-photochemical quenching; ETR – relative PSII electron transport rate
a,b,cdifferent lowercase letters at every time point indicate significant differences between treatments (P < 0.05); A,B,Cdifferent 
uppercase letters indicate the significant difference among groups (P < 0.05)
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fore, the chlorophyll fluorescence parameters of to-
mato were recovered in TOR3209-inoculated plants 
under cold stress.

Observation of  chloroplast ultrastructure. 
The transmission electron microscopy (TEM) 
image of  the tomato leaves illustrated the effect 
of TOR3209 inoculation under LT stress (Figure 3). 
In the plants grown at 25 °C, the chloroplasts exhib-
ited an organised shape, regular grana lamellae and 
stroma lamellae. Moreover, the starch grains were 
lined close to the cell membrane. Under LT condi-
tions, the chloroplasts showed many visible changes, 
as well as cell disorganisation. The LT stress caused 
severe destruction to the chloroplast ultrastructure 
and induced much swelling. The chloroplast was 
decreased in the strength of swelling in TOR3209-
inoculated plants, and the starch content was in-
creased (Figure 3).

Effects of TOR3209 inoculation on leaf stoma-
tal parameters. The gm value was reduced in plants 
under LT stress. At 1 day post-grown at 5 °C, the gm 
value was reduced to 0.00694, showing a significant 
reduction (P  < 0.05). At  3, 6, and 10 days post LT 
treatment, gm value was reduced to  an  extremely 
low level (P  < 0.05), decreased by  90.72%, 89.09%, 
94.50% and 99.25% respectively. The gm values were 
increased in  plants receiving TOR3209 treatment 
at  1, 3, 6, and 10 days post LT treatment. Similar 
to the gm value, the Cc value was decreased to a low-
er level as  the time duration of  cold treatment, 
and the TOR3209 treatment improved the value 
to a higher level. The Ci and Ls values of the tomato 
plant were increased with the duration of cold stress. 
TOR3209 treatment led to  a  reduction under cold 
stress conditions, decreased Ci by 16.62–28.15%, Ls 
by 5.76–29.85%, respectively (Figure 4).

Leaf stomatal density and guard cell size were 
increased in  response to  TOR3209 inoculation. 
Tomato stomata consist of  two specialised guard 
cells, which modulate their turgor to  regulate the 
pore aperture. Exposure to  cold stress led to  in-
creased stomatal density but reduced guard cell size. 
The stomatal structure in  tomato leaves was pro-
tected by TOR3209 when grown at 5 °C (Figure 5). 
At 6 days post-growth at 5 °C, the stomatal density 
in cold stress was 196.56 pores/mm2. In contrast, the 
stomatal density in  the plants receiving TOR3209 
inoculation was 178.67 pores/mm2. This implied 
that the number of  stomata was reduced in  the 
plants receiving TOR3209 treatment. Stomatal den-
sity was also negatively correlated with stomatal 
length under cold stress conditions. The length and 
width of stomata and pore width all declined under 
cold stress, which were all significantly improved 
in TOR3209-treated plants (P < 0.05).

Carotenoid and ABA biosynthesis affected 
by  TOR3209 treatment. To  discover the hor-
mones signalling mediated by  TOR3209 inocula-
tion, the carotenoid and ABA biosynthesis were 
quantified in  tomato plants. The content of  ca-
rotenoids in  tomato plants was reduced in  plants 
exposed to  5  °C compared to  the plants grown 
at 25 °C. The content of carotenoids was increased 
to a higher level by 2.99–61.94% in TOR3209-inoc-
ulated plants exposed to 5 °C; no significant differ-
ence was observed between these two treatments 
on the 6th and 10th days. For ABA biosynthesis, the 
content was increased in  tomato plants exposed 
to 5 °C compared to those grown at 25 °C. The ap-
plication of TOR3209  led to an  increased content 
of ABA of 7.13%–19.71% in plants exposed to 5 °C 
(Figure 6).

Figure 3. Chloroplast ultrastructure in tomato leaf at 6 days post low temperature treatment
Pictures were observed in the top second fully expanded leaves at 6 days post low temperature treatment (bars = 500 nm)
C – chloroplasts; CW – cell wall; SL – stroma lamellae; GL – grana lamellae; SG – starch grains.; O – osmophilic granules



267

Horticultural Science (Prague), 52, 2025 (3): 261–271	 Original Paper

https://doi.org/10.17221/90/2024-HORTSCI

Figure 5. Effects of TOR3209 inoculation on stomatal density and structure of tomato plants at low temperature 
(A) Microscopic structure of stomata, (B) quantification of stomatal pore width, stomatal density, length, and width 
affected by TOR3209
Arrows indicate the guard cell and pore zone with changed morphology; error bars indicate SD (n = 10)
a,b,cdifferent lowercase letters indicate significant differences between means of stomata in the treatments (n = 5, P < 0.05) 
based on one-way ANOVA analyses with Duncan’s multiple range test
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Figure 4. Leaf stomatal parameters affected by TOR3209 under cold stress
Parameters were assayed at 1, 3, 6, and 10 days post low temperature treatment; data represent the mean value results from 
triplicate experiments ± SD; gm – mesophyll conductance; Cc – chloroplast CO2 concentration; Ci – intercellular CO2 con-
centration; Ls – stomatal limitation value; a,b,cdifferent lowercase letters at every time point indicate significant differences 
between treatments (P < 0.05); A,B,Cdifferent uppercase letters indicate the significant difference among groups (P < 0.05)
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DISCUSSION

LT stress severely impacts photochemical and bio-
chemical reactions of  plants, such as  photosynthe-
sis, photosynthetic pigments, and plant hormones, 
which leads to stress-induced perturbations (Riton-
ga, Chen 2020). Among these damages caused by LT, 
PSII is particularly sensitive because the absorbed ra-
diant energy is far beyond utilisation, which usually 
generates ROS, harming the photosynthetic systems 
or apparatus (Zhang et al. 2008). It has been found 
that PGPR can alleviate plant cold damage (Yang et al. 
2016; Elhindi et al. 2017) by inhibiting the peroxida-
tion level of  membrane lipid, altering endogenous 
hormone accumulation, and enhancing antioxidant 
enzyme activities (Chandrasekaran et al. 2019). Our 
previous comparative transcriptome work reported 
that the PGPR strain Streptomyces sp. TOR3209 in-
duces up-regulation of  photosynthesis-associated 
genes in  tomato plants under LT stress (Ma et  al. 
2023). The present study presented detailed data 
to show the improvement of photosynthesis param-
eters and apparatus. It was concluded that TOR3209 
comprehensively protected the PSII of tomato. This 
highlighted that photosynthesis is one of the impor-
tant mechanisms utilised by  TOR3209 to  improve 
tomato cold tolerance.

Photosynthetic efficiency of PSII is closely related 
to  adaptive response to  abiotic stress, which was 
revealed by  detecting the photochemical reactions 
(Weng et al. 2011). TOR3209 inoculation enhanced 
PSII photochemical efficiency because the ChlF (chlo-
rophyll a fluorescence) parameters Fm, Fv/Fm, ΦPSII, 
Fv’/Fm’, ETR, qP, and NPQ were increased. Those pa-

rameters were mutually corroborated to suggest that 
the TOR3209-inoculated plants showed enhanced 
PSII photosynthetic capacity. For example, the wilted 
leaves of the plants grown at 5 °C may also be char-
acterised by the decline of PSII activity, as reflected 
by  a  drastic decrease in  Fv/Fm, the enhanced ΦPSII 
in  5  °C + TOR3209 plants was due to  a  higher ef-
ficiency of Fv/Fm, this is consistent with previously 
observed in other studies (Wang et al. 2016b). Simul-
taneously, the NPQ parameter indicates excess  en-
ergy dissipation of  PSII, mainly reflecting thermal 
energy from the light-harvesting complex of  PSII 
(LHCII) dissipated by  the zeaxanthin quencher 
(Bielczynski et  al. 2017; Moustakas et  al. 2020). 
The increased NPQ suggested that the dissipation 
of the excess excitation energy was enhanced in the 
TOR3209-inoculated plants, as  well as  the preven-
tion of ROS production, causing PSII damage. Previ-
ously, it has been reported that increases in NPQ are 
usually accompanied by decreases in ETR, and these 
changes are closely related to a lower rate of electron 
transport at the level of PSII (de Andrade et al. 2015). 
The results in our present study did not coincide with 
the report of de Andrade et al. (2015), since NPQ and 
ETR were both increased in  TOR3209-inoculated 
plants, implying that TOR3209 could activate the 
reaction centre of PSII by driving electron transport 
(Baker 2008). The Fo value is  increased when the 
chloroplast thylakoid is destroyed. Therefore, Fo acts 
as a marker of malfunction in the PSII reaction cen-
tre and decreased efficiency of the photochemical re-
action centre. The decreased Fo values in TOR3209-
treated plants demonstrated the protection of  the 
chloroplast thylakoid structure.

Figure 6. Carotenoid and ABA biosynthesis in tomato plants inoculated with TOR3209
Each assay was conducted at 1, 3, 6, and 10 days post low temperature treatment; each bar represents the mean value 
results from triplicate experiments ± SD
FW – fresh weight; ABA – abscisic acid; a,b,cdifferent lowercase letters at every time point indicate significant differences 
between treatments (P < 0.05); A,B,Cdifferent uppercase letters indicate the significant difference among groups (P < 0.05)
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Carotenoids are tetraterpene pigments found in all 
photosynthetic organs (Dong et  al. 2007). They are 
recognised as  essential components to  reduce the 
damage of photoinhibition (Sun et al. 2013). Accord-
ing to our results, the concentration of carotenoids 
was significantly decreased in  tomato plants under 
LT, demonstrating that LT stress caused a  severe 
effect on  carotenoid biosynthesis. The concentra-
tion of  carotenoids was increased in  the plants in-
oculated with TOR3209, albeit a  statistical differ-
ence was found only at 3 days post cold treatment. 
Carotenoids participate in regulating the membrane 
organisation to  promote chloroplast development 
(Dong et  al. 2007). Cell disorganisation and plas-
malemma disruption were found in  plants with LT 
stress. In contrast, no plasmalemma disruption was 
found in TOR3209-inoculated plants. The TOR3209 
inoculation may protect the grana thylakoids and 
chloroplast envelope by  increased accumulation 
of carotenoid, which was consistent with the reports 
that a  larger carotenoid pool contributes to  plant 
growth under cold conditions (Abdel Latef, He 2011).

Photosynthesis limitation results from both sto-
matal and non-stomatal effects. A greater stomatal 
size facilitates CO2 diffusion into the leaf because its 
conductance is proportional to the square of the ef-
fective radius of the stomatal pore. The present study 
found that leaf stomatal size was decreased in plants 
exposed to cold stress, which is consistent with the 
results of Liu et al. (2017), while it was increased sig-
nificantly by TOR3209 inoculation. Coinciding with 
the decreased photosynthetic parameters Ci and 
Ls (Figure 4), it was estimated that strain TOR3209 
treatment resulted in a change in the stomatal open-
ing degree under LT stress. The increased gm and Cc 
indicated that TOR3209 treatment could increase 
the diffusion of  CO2, and thereby enhance photo-
synthesis, because gm and Cc showed a coupling in-
teraction between CO2 entry for photosynthesis and 
transpiration.

Stomatal opening is  controlled by  plastoquinone 
redox state in  response to  light, with an  increased 
stomatal opening corresponding to a more reduced 
redox state (Busch 2014; Glowacka et  al. 2018). 
The  plant’s photosynthesis is  involved in  a  regula-
tory process of  chloroplast redox. The enhanced 
photosynthetic capacity caused by  TOR3209 was 
associated with an increased accumulation of pho-
tosynthetic carotenoids, regulating the chloroplast 
redox (Hajiboland et al. 2010; Wu, Zou 2010; Abdel 
Latef, He 2014).

CONCLUSION

Conclusively, Streptomyces sp. TOR3209 induced 
an increased LT resistance of tomato plants via com-
plex physiological processes. Based on  the assays 
of accumulation of ABA and carotenoids, PSII pho-
tochemical efficiency, and stomatal opening, it was 
suggested that TOR3209 had the ability to compre-
hensively protect tomato PSII.

REFERENCES

Abdel Latef A.A., He C.X. (2011): Ef﻿﻿fect of arbuscular my-
corrhizal fungi on growth, mineral nutrition, antioxidant 
enzymes activity and fruit yield of  tomato grown under 
salinity stress. Scientia Horticulturae, 127: 228–233.

Abdel Latef A.A., He C.X. (2014): Does the inoculation with 
Glomus mosseae improve salt tolerance in pepper plants? 
Journal of Plant Growth Regulation, 33: 644–653.

Alsadon A., Sadder M., Wahb-Allah M. (2013): Responsive 
gene screening and exploration of  genotypes responses 
to salinity tolerance in tomato. Australian Journal of Crop 
Science, 7: 1383–1395.

Baker N.R. (2008): Chlorophyll fluorescence: A  probe 
of photosynthesis in vivo. Annual Review of Plant Biology, 
59: 89–113.

Bashan Y., Bustillos J.J., Leyva L.A., Hernandez J.P., Bacilio M. 
(2006): Increase in  auxiliary photoprotective photosyn-
thetic pigments in wheat seedlings induced by Azospiril-
lum brasilense. Biology and Fertility of Soils, 42: 279–285.

Bielczynski L.W., Łacki M.K., Hoefnagels I., Gambin A., 
Croce R. (2017): Leaf and plant age affects photosynthetic 
performance and photoprotective capacity. Plant Physiol-
ogy, 175: 1634–1648.

Bhattacharyya P.N., Jha D.K. (2012): Plant growth-promoting 
rhizobacteria (PGPR): Emergence in  agriculture. World 
Journal Of Microbiology and Biotechnology, 28: 1327–1350.

Busch F.A. (2014): Opinion: The red-light response of stoma-
tal movement is sensed by the redox state of the photosyn-
thetic electron transport chain. Photosynthesis Research, 
119: 131–140.

Chandrasekaran M., Chanratana M., Kim K., Seshadri S., 
Sa  T. (2019): Impact of  arbuscular mycorrhizal fungi 
on photosynthesis, water status, and gas exchange of plants 
under salt stress – A meta-analysis. Frontiers in Plant Sci-
ence, 10: 457.

Cohen A.C., Bottini R., Piccoli P. (2008): Azospirillum brasi-
lense Sp 245 produces ABA in chemically-defined culture 
medium and increases ABA content in arabidopsis plants. 
Plant Growth Regulation, 54: 97–103.



270

Original Paper	 Horticultural Science (Prague), 52, 2025 (3): 261–271

https://doi.org/10.17221/90/2024-HORTSCI

de Andrade S.A.L, Domingues Jr. A.P., Mazzafera P. (2015): 
Photosynthesis is induced in rice plants that associate with 
arbuscular mycorrhizal fungi and are grown under arsenate 
and arsenite stress. Chemosphere, 134: 41–149.

Dong H.L., Deng Y., Mu J., Lu Q.T., Wang Y.Q., Xu Y.Y., 
Chu  C.C., Chong K., Lu C.M., Zuo J.R. (2007): The 
Arabidopsis Spontaneous Cell Death1  gene, encoding 
a ζ-carotene desaturase essential for carotenoid biosynthe-
sis, is involved in chloroplast development, photoprotec-
tion and retrograde signalling. Cell Research, 17: 458–470.

Dong Z.F., Men Y.H., Li Z.M., Zou Q.Y., Ji J.W. (2019): 
Chlorophyll fluorescence imaging as a tool for analyzing 
the effects of chilling injury on tomato seedlings. Scientia 
Horticulturae, 246: 490–497.

Elhindi K.M., El-Din A.S., Elgorban A.M. (2017): The impact 
of arbuscular mycorrhizal fungi in mitigating salt-induced 
adverse effects in sweet basil (Ocimum basilicum L.). Saudi 
Journal of Biological Sciences, 24: 170–179.

Glowacka K., Kromdijk J., Kucera K., Xie J., Cavanagh A.P., 
Leonelli L., Leakey A.D.B., Ort D.R., Niyogi K.K., Long S.P. 
(2018): Photosystem II Subunit S over-expression increases 
the efficiency of water use in a field-grown crop. Nature 
Communications, 9: 868.

Han N.N., Fan S.Y., Zhang T.T., Sun H., Zhu Y.X., Gong H.J., 
Guo J. (2020): SlHY5 is a necessary regulator of the cold 
acclimation response in tomato. Plant Growth Regulation, 
91: 1–12.

Hajiboland R., Aliasgharzadeh N., Laiegh S.F., Poschenre-
ider C. (2010): Colonization with arbuscular mycorrhizal 
fungi improves salinity tolerance of  tomato (Solanum 
lycopersicum L.) plants. Plant and Soil, 331: 313–327.

Hu D., Li S.H., Li Y., Peng J.L., Wei X.Y., Ma J., Zhang C.M., 
Jia N., Wang E.T., Wang Z.W. (2020): Streptomyces sp. 
strain TOR3209: A  rhizosphere bacterium promoting 
growth of tomato by affecting the rhizosphere microbial 
community. Scientific Reports, 10: 20132.

Hu D., Li X., Chang Y., He H., Zhang C.M., Jia N., Li H.T., 
Wang Z.W. (2012): Genome sequence of Streptomyces sp. 
strain TOR3209, a  rhizosphere microecology regulator 
isolated from tomato rhizosphere. Journal of  Bacteriol-
ogy, 194: 1627.

Hugh L.M., Todd M.K., Tracy A., Richard J.G. (2002): 
Photoacclimation of photosynthesis irradiance response 
curves and photosynthetic pigments in  microalgae and 
cyanobacteria. Journal of Phycology, 38: 17–38.

Liu D., Wang X., Lin Y., Chen Z., Xu H., Wang L. (2012): 
The effects of cerium on the growth and some antioxidant 
metabolisms in rice seedlings. Environmental Science and 
Pollution Research, 19: 3282–3291.

Liu G.Y., Du Q.J., Li J.M. (2017): Interactive effects of nitrate-
ammonium ratios and temperatures on  growth, photo-

synthesis, and nitrogen metabolism of tomato seedlings. 
Scientia Horticulturae, 214: 41–40.

Liu Y.F., Zhang G.X., Qi M.F., Li T.L. (2015): Ef﻿﻿fects of calcium 
on photosynthesis, antioxidant system, and chloroplast ul-
trastructure in tomato leaves under low night temperature 
stress. Journal of Plant Growth Regulation, 34: 263–273.

Ma J., Peng J.L., Tian S., He Y.X., Zhang C.M., Jia N., 
Wang  E.T., Wang Z.W., Hu D. (2023): Streptomyces sp. 
TOR3209 alleviates cold stress in  tomato plants. New 
Zealand Journal of  Crop and Horticultural Science, 
51: 662–682.

Major I.T., Nicole M.C., Duplessis S., Séguin A. (2010): Pho-
tosynthetic and respiratory changes in leaves of poplar elic-
ited by rust infection. Photosynthesis Research, 104: 41–48.

Moustakas M., Bayçu G., Sperdouli I., Eroğlu H., Elefthe-
riou  E.P. (2020): Arbuscular Mycorrhizal symbiosis 
enhances photosynthesis in  the medicinal herb Salvia 
fruticose by  improving photosystem II photochemistry. 
Plants, 9: 962.

Ré M.D., Gonzalez C., Escobar M.R., Sossi M.L., Valle E.M., 
Boggio S.B. (2017): Small heat shock proteins and the 
postharvest chilling tolerance of tomato fruit. Physiologia 
Plantarum, 159: 148–160.

Ritonga F.N., Chen S. (2020): Physiological and molecular 
mechanism involved in  cold stress tolerance in  plants. 
Plants, 9: 560.

Sharkey T.D., Zhang R. (2010): High temperature effects 
on electron and proton circuits of photosynthesis. Journal 
of Integrative Plant Biology, 52: 712–722.

Sun Y.F., Chen P., Duan C.R., Tao P., Wang Y.P., Kai J., Hu Y., 
Li Q., Dai S.J., Wu Y., Luo H., Sun L., Leng P. (2013): Tran-
scriptional regulation of genes encoding key enzymes of ab-
scisic acid metabolism during melon (Cucumis melo L.) 
fruit development and ripening. Journal of Plant Growth 
Regulation, 32: 233–244.

Sveshnikov D., Ensminger I., Ivanov A.G., Campbell D., 
Lloyd  J., Funk C., Hüner N.P.A., Öquist G. (2006): Ex-
citation energy partitioning and quenching during cold 
acclimation in Scots pine. Tree Physiology, 26: 325–336.

Theocharis A., Bordiec S., Fernandez O., Paquis S., Dhondt-
Cordelier S., Baillieul F., Clément C., Barka E.A. (2012): 
Burkholderia phytofirmans PsJN Primes Vitis vinifera L. 
and confers a better tolerance to low nonfreezing tempera-
tures. Molecular Plant-Microbe Interactions, 25: 241–249.

Wang F., Guo Z., Li H., Wang M., Onac E., Zhou J., Xia X., 
Shi K., Yu J., Zhou Y. (2016a): Phytochrome A and B func-
tion antagonistically to regulate cold tolerance via abscisic 
acid-dependent jasmonate signaling. Plant Physiology, 
170: 459–471.

Wang F.B., Liu J.C., Chen M.X., Zhou L.J., Li Z.W., Zhao Q., 
Pan G., Zaidi S.H.R., Cheng F.M. (2016b): Involvement 



271

Horticultural Science (Prague), 52, 2025 (3): 261–271	 Original Paper

https://doi.org/10.17221/90/2024-HORTSCI

of  abscisic acid in  PSII photodamage and D1 protein 
turnover for light-induced premature senescence of rice 
flag leaves. PLoS One, 11: e0161203.

Wellburn A.R., Lichtenthaler H. (1984): Formulae and 
program to determine total carotenoids and chlorophylls 
a and b of leaf extracts in different solvents. In: Sybesma C. 
(ed.): Advances in  Photosynthesis Research. Advances 
in Agricultural Biotechnology. Dordrecht, Springer: 9–12.

Weng J.H., Chen C.T., Chen C.W., Lai X.M. (2011): Ef﻿﻿fects 
of osmotic- and high-light stresses on PSII efficiency of at-
tached and detached leaves of three tree species adapted 
to different water regimes. Photosynthetica, 49: 555–563.

Weston D.J., Pelletier D.A., Morrell-Falvey J.L., Tschaplin-
ski T.J., Jawdy S.S., Lu T.Y., Allen S.M., Melton S.J., Mar-
tin M.Z., Schadt C.W., Karve A.A., Chen J.G., Yang X.H., 
Doktycz M.J., Tuskan G.A. (2012): Pseudomonas fluores-
cens induces strain-dependent and strain-independent host 
plant responses in defense networks, primary metabolism, 
photosynthesis, and fitness. Molecular Plant-Microbe 
Interactions, 25: 765–778.

Wu Q.S., Zou Y.N. (2010): Beneficial roles of arbuscular my-
corrhizas in citrus seedlings at temperature stress. Scientia 
Horticulturae, 125: 289–293.

Xu Z., Zhou G. (2008): Responses of  leaf stomatal density 
to  water status and its relationship with photosynthesis 
in a grass. Journal of Experimental Botany, 59: 3317–3325.

Yang H.S., Xu J., Guo Y., Koide R.T., Dai Y., Xu M.M., Bian L.P., 
Bian X.M., Zhang Q. (2016): Predicting plant response 
to  arbuscular mycorrhizas: The role of  host functional 
traits. Fungal Ecology, 20: 79–83.

Zhang N., Zhao H.Y., Shi J.W., Wu Y.Y., Jiang J. (2020): 
Functional characterization of class I SlHSP17.7 gene re-
sponsible for tomato cold-stress tolerance. Plant Science, 
298: 110568.

Zhang T., Shen Z.G., Xu P., Zhu J.Y., Lu Q.Q., Shen Y., 
Wang Y., Yao C.Y., Li J.F., Wang Y.X., Jiang H.X. (2012): 
Analysis of  photosynthetic pigments and chlorophyll 
fluorescence characteristics of different strains of Porphyra 
yezoensis. Journal of Applied Phycology, 24: 881–886.

Zhang X., Wollenweber B., Jiang D., Liu F.L., Zhao J. (2008): 
Water deficits and heat shock effects on photosynthesis 
of a transgenic Arabidopsis thaliana constitutively express-
ing ABP9, a bZIP transcription factor. Journal of Experi-
mental Botany, 59: 839–848.

Zhang Y., Zhang H., Sun X., Wang L., Du N., Tao Y., Sun G.Q., 
Erinle K.O., Wang P.J., Zhou C.J., Duan S.W. (2016): Ef﻿﻿fect 
of dimethyl phthalate (DMP) on germination, antioxidant 
system, and chloroplast ultrastructure in  Cucumis sati-
vus  L. Environmental Science and Pollution Research, 
23: 1183–1192.

Zhu C.X., Song B.F., Xu W.H. (2010): Arbuscular mycorrhizae 
improves low temperature stress in maize via alterations 
in host water status and photosynthesis. Plant and Soil, 
331: 129–137.

Received: May 9, 2024
Accepted: March 5, 2025

Published online: September 10, 2025


	OLE_LINK52
	OLE_LINK58
	OLE_LINK5
	OLE_LINK6
	OLE_LINK175
	OLE_LINK176
	_Hlk179709360
	OLE_LINK73
	OLE_LINK166
	OLE_LINK183
	_Hlk62156369
	_Hlk62553892
	_Hlk180652971
	_Hlk180652988
	_Hlk179729002
	OLE_LINK12
	OLE_LINK15
	OLE_LINK11
	OLE_LINK21
	_Hlk109326398
	_Hlk109326511
	_Hlk180071429
	_Hlk188869324
	OLE_LINK1
	OLE_LINK2
	OLE_LINK3
	_Hlk109326217
	OLE_LINK17
	OLE_LINK173
	OLE_LINK19
	OLE_LINK50
	OLE_LINK51
	_Hlk180050954
	_Hlk100680171
	_Hlk139967870
	OLE_LINK25
	OLE_LINK174
	_Hlk62586420
	OLE_LINK8
	OLE_LINK9
	OLE_LINK10
	OLE_LINK23
	OLE_LINK24
	OLE_LINK159
	OLE_LINK160
	OLE_LINK13
	OLE_LINK14
	OLE_LINK158
	OLE_LINK161
	OLE_LINK26
	OLE_LINK27
	OLE_LINK28
	OLE_LINK29
	_Hlk62758631
	OLE_LINK32
	OLE_LINK33
	OLE_LINK30
	OLE_LINK31
	OLE_LINK38
	OLE_LINK39
	OLE_LINK42
	OLE_LINK43
	OLE_LINK46
	OLE_LINK47
	OLE_LINK44
	OLE_LINK45
	OLE_LINK48
	OLE_LINK49
	_Hlk62673496
	OLE_LINK62
	OLE_LINK63
	OLE_LINK219
	OLE_LINK220
	OLE_LINK66
	OLE_LINK67
	OLE_LINK64
	OLE_LINK65
	OLE_LINK163
	OLE_LINK164
	OLE_LINK68
	OLE_LINK69
	OLE_LINK82
	OLE_LINK83
	OLE_LINK84
	OLE_LINK85
	OLE_LINK233
	OLE_LINK234
	_Hlk109988625
	OLE_LINK90
	OLE_LINK91
	OLE_LINK7
	OLE_LINK40
	OLE_LINK100
	OLE_LINK101
	_Hlk62658340
	OLE_LINK114
	OLE_LINK115
	OLE_LINK116
	OLE_LINK117
	OLE_LINK245
	OLE_LINK246
	OLE_LINK126
	OLE_LINK127
	OLE_LINK4
	OLE_LINK18
	OLE_LINK130
	OLE_LINK131
	OLE_LINK136
	OLE_LINK137
	OLE_LINK177
	OLE_LINK178
	OLE_LINK138
	OLE_LINK139
	OLE_LINK140
	OLE_LINK141
	OLE_LINK146
	OLE_LINK147
	OLE_LINK255
	OLE_LINK256
	OLE_LINK148
	OLE_LINK149
	OLE_LINK152
	OLE_LINK153
	OLE_LINK150
	OLE_LINK151
	OLE_LINK154
	OLE_LINK155

