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Abstract

Excessive use of chemical fertilizers and pesticides causes pollution of soil, water, and the atmosphere. Biostimulants are derived from natural
sources, which can help plants absorb nutrients and promote plant development. Chinese herbal medicine extracts are enriched with bioactive
compounds and therefore hold great potential for developing novel biostimulants. In this study, the predominant active compound, baicalin,
was detected in Scutellaria baicalensis Georgi (‘Huangqgin' in Chinese) extracts via LC-MS/MS. To explore their effects, we used three different
methods to treat tomato seedlings with Scutellaria baicalensis Georgi (S. baicalensis) extracts or baicalin, including foliar spraying (S), root
irrigation (R), and the combination of foliar spraying and root irrigation (SR). Both S. baicalensis crude extracts and commercial baicalin promoted
stem and root development, enhanced the photosynthetic capacity, and increased tomato seeding biomass, eventually making tomato
seedlings grow vigorously. Clustering analysis and principal component analysis showed that S. baicalensis extracts and baicalin had very similar
effects and showed the best effects in SR treatment. S. baicalensis extracts and its active compound baicalin could promote tomato seedling
growth, suggesting that S. baicalensis is a potential source of biostimulants.
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Introduction

Using chemical pesticides and fertilizers has promoted the
development of modern agriculture. However, the irrational
use of pesticides and fertilizers not only leads to the imbalance
of soil nutrients, low yield of crops, poor quality and reduced
stress resistance, but also causes environmental pollution!'.
Biostimulants can boost plant growth, improve crop quality,
and alleviate abiotic stress, which mainly includes humic acids,
seaweed extracts, amino acids, chitin, chitosan, and microbial
agents!?, Biostimulants can improve the utilization rate of ferti-
lizers or enhance the efficacy of pesticides, and regulate the
damage caused by the unreasonable use of fertilizers and pesti-
cides to the soil microenvironment, thereby improving the
growth of cropsB4. For instance, humic acid promotes plant
growth via regulating the activity of H*-ATPase to enhance the
absorption and transport of nutrients in rootsl. Seaweed
extracts increase plant photosynthetic capacity by enhancing
phosphatase and nitrate reductase accumulation. Chitooligo-
saccharides increase the content of secondary metabolites
related to low-temperature resistance in wheatl®l. Microbial
agents increase crop yield by enhancing respiration and
increasing microbial biomass in soill’8l, Biostimulants have
diverse origins and distinct functions in regulating crop growth
and development.

Chinese herbal medicines are taken from nature and have
the advantages of being green, having no residue, and having
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low toxicity. Chinese medicinal herbs have only been studied in
detail for fungal inhibition, medical treatment, and addition to
livestock feeds®. Previous studies have shown that secondary
metabolites derived from Chinese medicine herbs play an
important role in regulating plant growth and development!%,
Artemisia argyi extracts significantly inhibit the stem and root
length of Setaria viridis and Portulaca oleracea, thereby redu-
cing their biomass!''l. Caffeic acid is an important allelochemi-
cal extracted from Artemisia argyi, which down-regulates multi-
ple genes involved in gibberellin, phytoalexin biosynthesis, and
mitogen-activated protein kinase signaling pathways to inhibit
weed growthl'2, The allelopathy of Artemisia argyi extracts is
manifested in inhibiting seed germination and seedling growth
of Chinese cabbage, lettuce, and ricel'3.. As traditional Chinese
herbal medicine, Scutellaria baicalensis Georgi (‘Huanggin' in
Chinese) has a wide range of pharmacological effects and high
medicinal value in clinical practice. Freezing injury reduced the
content of baicalin, wogonoside, and scutellarin and increased
the content of baicalein, wogonin, and scutellarein in S.
baicalensis''*). FNSII, GUS, and UBGAT as key enzyme genes play
important roles in baicalin biosynthesisl'>l. Its root is an impor-
tant medicinal organ of S. baicalensis!'6l. Baicalin, belonging to
flavonoids and is an important bioactive component in S.
baicalensis, which can effectively inhibit the reproduction and
growth of Aspergillus niger, Aspergillus oryzae, Aspergillus
fumigatus, Candida albicans, Candida glabrata, and Candida
tropicalist'’l. To explore new ways to promote crop growth via
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the application of new biostimulants, a comprehensive study
on the regulatory effects of herbal extracts on crop growth and
quality was carried out to provide theoretical and data support
for practical production.

Biostimulants have been widely applied in crops to increase
production and incomel'8l, However, the study of active
compounds in S. baicalensis extracts as biological stimulants in
regulating plant growth and development has not been
reported. In the present study, the LC-MS/MS method was first
utilized to analyze the crude extracts of S. baicalensis and it was
verified that baicalin was the major active compound in the S.
baicalensis extract. Next the S. baicalensis extracts and the
actual standard of baicalin were applied to tomato seedlings at
the vegetative growth stage via spraying foliar (S), root irriga-
tion (R) or spraying foliar and root irrigation (SR) modes. Both S.
baicalensis extracts and baicalin had very similar effects in
promoting seeding growth and leaf photosynthetic efficiency.
Overall, S. baicalensis extracts and baicalin were more effective
on tomato seedings growth and development.

Materials and methods

Plant materials and growth conditions

Seeds of tomato (Solanum lycopersium L.) cultivar Ailsa Craig
germinated on nutrient agar medium for three days in incuba-
tor at 28 °C. When the radicle of the seed began to grow, these
seeds were sown in nutrient substrates that contained vermi-
culite, perlite, and soil (1:1:1, v/v/v) under normal conditions. At
the two-leaf stage, the uniform seedlings were selected and
transferred to the nursery pot (10 cm x 10 cm X 10 ¢cm, one
plant per pot), and Hoagland's nutrient solution was used to
water them every 3 d. All seedlings were cultured in a light
incubator. The incubator conditions were set to a temperature
of 25 °C, and a light-dark cycle of (16 h light:8 h dark), and a
light intensity of 100 pmol/m?2/s.

Experimental treatment of S. baicalensis crude
extracts and baicalin

The dry slices of S. baicalensis roots were purchased from
Taobao web (www.taobao.com). The S. baicalensis roots were
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placed in an oven at 50-60 °C for 2—3 h with forced-air drying.
In the process of forced-air drying, the wind speed is 2.0-2.5
m/s. For experimentation of S. baicalensis crude extracts, dry
slices of S. baicalensis were first washed with flowing water and
then immersed in water for 1 h mixing every 10 min under
normal lighting conditions. The slices of S. baicalensis were
boiled in water at 100 °C for 1 h to obtain the active
compounds. According to our pre-experiment, the primitive
extracts of S. baicalensis were cooled down and diluted to a
working concentration (6 g dry S. baicalensis slices per liter) for
subsequent treatment experiments. We utilized the same batch
of S. baicalensis dry slices, and the concentration of baicalin was
determined using LC-MS/MS. The amount of 1 g S. baicalensis
dry slices contained about 7.7 mg baicalin. The baicalin
purchased from Shanghai Yuanye Bio-Technology Co., Ltd
(Shanghai, China) was dissolved in ultrapure water and diluted
to 0.046 g/L. The six uniform tomato plants with four leaves
were tested for each experiment. In this experiment, four treat-
ments (application modes) were conducted as follows: (1) S:
spraying S. baicalensis extracts or baicalin on leaves and irriga-
ting water on roots. (2) R: spraying water on leaves and irriga-
ting S. baicalensis extracts or baicalin on roots. (3) SR: spraying
S. baicalensis extracts or baicalin on leaves and irrigating S.
baicalensis extracts or baicalin on roots. (4) CK represents spray-
ing water on leaves and irrigating water on roots (Fig. 1). Plas-
tic sprinklers with 1 cm diameter round nozzles were used for
the spraying. Plants were treated once every 3 d, a total of five
treatments. Then, the physiological indexes of the treated
plants were measured. Each treatment included six biological
replicates.

Identification of the main active compound in S.
baicalensis extracts

The major active compound baicalin in S. baicalensis crude
extracts was determined by LC-MS/MS (LCMS-8050) using the
actual standard of baicalin (cas#: 21967-41-9; purity: 90%) (Xu
et al.l'9). Based on the standard curve generated for baicalin via
LC-MS/MS, the concentration of baicalin in the original S.
baicalensis extract solution was calculated to be 0.77 g/L
(Supplemental Fig. S1).

S. baicalensis extracts

Water or baicalin

S. baicalensis extracts
or baicalin

S. baicalensis extracts
or baicalin

R SR

Four treatment modes were performed as follows: (1) CK: spraying water on leaves and irrigating water on roots. (2) S: spraying S.

baicalensis extracts or baicalin on leaves and irrigating water on roots. (3) R: spraying water on leaves and irrigating S. baicalensis extracts or
baicalin on roots. (4) SR: spraying S. baicalensis extracts or baicalin on leaves and irrigating S. baicalensis extracts or baicalin on roots. In this

study, CK was the control group.
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Plant growth and photosynthetic pigment
measurement

The tomato plants with treatments were photographed.
Image) software was used to determine plant height, stem
diameter, and leaflet area after treatments. The length from the
surface of the substrate to the top of the stem was used as the
plant height. The average plant height was obtained from six
individuals. Leaf area was measured from individual leaves. The
fourth fully developed leaves were quick-frozen with liquid
nitrogen and then ground into a fine powder. Then, photosyn-
thetic pigments were extracted from 100 mg powder with 80%
acetonel?%, Six plants of each treatment were analyzed.

Photosynthetic capacity index and chlorophyll
fluorescence of leaves

The net photosynthetic rate (Pn), stomatal conductance (Gs)
and transpiration rate (E) of the fourth leaf of tomato seedlings
with treatments were measured on a sunny day from 9:00 a.m.
to 12:00 noon using the CIRAS-3 Portable Photosynthesis
System. The maximum photochemical efficiency (F,/F,) and
actual quantum efficiency (PSIl) of tomato leaves after dark
treatment was measured for 30 min using an FMS-2 portable
fluorometer. Six plants of each treatment were analyzed.

Root scanning experiment

The WINRHIZO multi-parameter plant root analysis system
was used to scan the roots of tomato seedlings after S. baicalen-
sis extracts and baicalin treatment then the total root length,
surface area, volume, diameter, number of nodes, and number
of root tips were counted. Six plants of each treatment were
analyzed.

Measurement of tissue fresh weight and dry
weight

The aboveground and underground tissues were separated
from the plants, and then the fresh weight (FW) of tissues was
quantified using balance. The aboveground and underground
tissues were placed in envelopes and then dried at 105 °C for
0.5 h, cooled to 60 °C and dried for an additional 2 d in an oven.

Nuclear DNA ploidy level analysis

Leaf and stem tissues of tomato seedlings were used for
extracting the nucleus. About 50 mg of fresh tissue was
collected, added with 1 mL cell lysis buffer, and then chopped
with a blade. The buffer contained 10 mM MgS0O,-7H,0, 50 mM
KCl, 5 mM 4-Hydroxyethylpiperazine ethane sulfonic acid
(HEPES), 2.5% Triton X-1006, and 5 mM Dithiothreitol (DTT). The
nuclei were stained with propidium iodide (Pl) at a concentra-
tion of 50 pg/mL. The cell cycle was determined and calculated
by BD flow cytometry (BD Biosciences, San Jose, California,
USA) and FlowJo_v10 software (Tree Star, Inc., Ashland, OR,
USA), respectively, according to the previously reported
methods2'l,

RNA isolation and expression analysis

Tomato seedlings were treated with S. baicalensis extracts to
detect the expression of cyclin genes. Total RNA was extracted
with the RNAiso Plus (TaKaRa, Otsu, Japan, cat. #108-95-2) from
stems. The first-strand c¢cDNA synthesis was conducted as
described in the manufacturers instructions. qRT-PCR were
conducted using the ABI QuantStudio 3 (Applied Biosystems,
USA). ACTIN (SGN-U580609) was used as the internal control22.,
Three biological replicates were detected for each treatment.

Liu et al. Vegetable Research 2024, 4: e023

Vegetable
Research

Statistical analysis

The differences among experimental groups were assessed
using DPS software. Principal component analysis (PCA) and
clustering analysis were performed in R Studio Version 1.1.456
(www.rstudio.com) with R version 3.5.2 using ggplots (www.
cran.r-project.org/web/packages/gplots) and factoextra (www.
cran.r-project.org/web/packages/factoextra) packages, respec-
tively. Six plants of each treatment were analyzed.

Results

Determination and characterization of baicalin in
S. baicalensis crude extracts

LC-MS/MS was used to determine whether baicalin, major
active compound could be identified in the S. baicalensis
extracts using the chemical baicalin as the actual standard. In
negative mode, the detected parent ion for the actual standard
of baicalin was 445 ([M-H]-) and its predominant product ion
was m/z 269 (C,5sHy057) with optimized collision energy (CE) at
25 V (Fig. 2a). Therefore, the optimized mass pair for baicalin
was 445/269 (Fig. 2b), which was then used in the multiple
reaction monitoring (MRM). According to the retention time
(RT) of baicalin standard (RT = 4.0 min) and the LC chro-
matogram of S. baicalensis extracts, two large peaks (RT = 3.97
min; RT = 4.67 min) in S. baicalensis extracts were obtained and
it was confirmed that the first peak (RT = 3.97 min) was baicalin
and the second peak (RT = 4.67 min) was probably an isomer of
baicalin (Fig. 2c).

Both S. baicalensis extracts and baicalin increase
tomato plant height and stem diameter

Several runs of preliminary experiments were performed to
confirm the suitable concentrations of working solutions of S.
baicalensis extracts and the actual standard of baicalin. It was
determined that the suitable working solution concentration of
S. baicalensis extracts was 6 g/L. According to the standard
curve of baicalin, the concentration of baicalin in S. baicalensis
extracts was 0.77 g/L. According to the dilution ratio of S.
baicalensis extracts, the working concentration of baicalin was
calculated to be 0.046 g/L. So, it was finally decided to use S.
baicalensis extracts (6 g dry slices/L) and baicalin (0.046 g/L) to
treat tomato seedlings and compare their effects on plant
growth (Supplemental Fig. S1). Plant height, stem diameter,
and leaflet area of tomato seedlings after five treatments were
measured. It was found that S. baicalensis extracts promoted
tomato growth compared with control (Fig. 3a). Specifically, S.
baicalensis extracts in SR treatment enhanced plant height,
stem diameter, and leaflet area by 8.00%, 9.22% and 21.84%
compared to the control, respectively (Fig. 3b—d). Baicalin as
the main active ingredient of S. baicalensis extracts can also
significantly promote the growth of tomato seedlings (Fig. 3e).
For example, the plant height, stem diameter, and leaflet area
of the SR group under baicalin treatment were 18.72%, 11.32%,
and 1.81% higher than those of the control group, respectively
(Fig. 3f—h). The cyclin genes can affect cell growth, division, and
differentiation by affecting the cell cycle, thereby regulating
plant development!23l. The cyclin genes transcription in stems
of tomato seedlings treated with S. baicalensis extracts and
water indicate that S.baicalensis extracts may enhance cyclin
expression to promote tomato seedling growth via increasing
endoreduplication (Fig. 3i). Hereby, these data suggest that S.
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Fig.2 Mass spectrometry analysis showed that baicalin was the main active ingredient in S. baicalensis extract. (a), (b) Direct infused baicalin
standard was used to optimize compound-dependent MS/MS parameters and create a multiple reaction monitoring (MRM) method on LC-
MS/MS. (c) The predominant active compound in S. baicalensis extract was confirmed to be baicalin. The two large peaks at 3.97 min and 4.67

min were isomers of baicalin.

a S.baicalensis extracts e Baicalin

b c d f
15 _. 06 ab 9 2 a 10.8 2 & 0.6 12
5 a E b b & ab — b T a b a — a ab
s c s E |2 5 s 2 T |ab F b
£ 10 & 04 w6 E 7.2 5 0.4 o8
2 o 2 =) I} o
© £ ® © £ o
= 5 2 02 @3 = 36 g o2 S 4
= c ©
ks £ 5 ] £ 9
a 9 4 o 7] =
0 - w0+ T ! 0 T ] 0+ I R R s e ] 0+ T r . )
CK S R SR CK S R SR CK 8§ R SR CK S R SR CK S R SR CK S R SR
i SICycA3;6 SiCycB1;1 SICycB2;7 SICyeD1;1 SICycD3;3 SICyecD5;1
c 3 a 3.9 a 1.8 a 2.7 1.8 a 3.9 a
=]
ke a
8
5 2 2.6 1.2 b 1.8 1.2 b 2.6
s b
4 b
£ 1 134 P 0.6 0.9 0.6 134 b
2
0 0 0 0 0 0
CK S. baicalensis CK 3. baicalensis CK S. baicalensis CK S. baicalensis CK 3. baicalensis CK S. baicalensis

Fig. 3 Scutellaria baicalensis Georgi (S. baicalensis) extracts and baicalin affect height, stem diameter and leaflet size of tomato seedlings after
treatments. (a), (e) Morphology of tomato seedlings after application of S. baicalensis extracts and baicalin. Scale bar = 5 cm. Treatments: Water
control (CK), Spray (S), Root irrigation (R) and Spray and root irrigation (SR). (b), (f) Tomato plant height after application of S. baicalensis extracts
and baicalin. (c), (g) Tomato stem diameter after application of S. baicalensis extracts and baicalin. (d), (h) Tomato leaflet size after application of
S. baicalensis extracts and baicalin. (i) Analysis of cyclin genes expression in stems of tomato seedings treated with S. baicalensis extracts.
Results are shown as means * SD (n = 6). Values marked with the same letter within a sampling date are not significantly different at p < 0.05
according to Duncan's new multiple-range test.
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baicalensis extract and baicalin have similar effects on tomato
development. Meaningfully, SR treatment is more conducive to
tomato development.

Both S. baicalensis extracts and baicalin enhance
photosynthesis of tomato leaves

To test whether S. baicalensis extract and baicalin influence
the photosynthetic performance of tomato leaves, tomato
seedlings were treated with S. baicalensis extracts and baicalin
and determined their photosynthetic pigment content and
photosynthetic rate. Chlorophyll a content, chlorophyll con-
tent, photosynthetic rate, and Fv/Fm of tomato seedlings in S
group treated with S. baicalensis extracts were 1.05 times, 1.05
times, 1.29 times and 1.03 times higher relative to CK, respec-
tively (Fig. 4a—f). Furthermore, the chlorophyll a content, total
chlorophyll content, photosynthetic rate, PSIl, and Fv/Fm were
increased by 5.69%, 4.54%, 18.75%, 138.17%, and 8.68% in S,
11.15%, 8.49%, 14.77%, 18.69%, and 6.77% in SR, respectively,
compared with CK under the baicalin treatment (Fig. 4g-I). To
determine the mechanism of S. baicalensis extracts enhancing
photosynthesis, qRT-PCR was used to assess the expression of
photosynthetic efficiency-related genes in leaves of tomato
seedings treated with S. baicalensis extracts. Compared with
the control, S. baicalensis extracts significantly activated
expression of light-harvesting chlorophyll a/b-binding factor
(SlLhcb1;1 and SILhcb1;2)124, rubisco activase gene (SIRca1)i2],
and photosystem subunit (SIPsakE and SIPsaQ)2%! (Fig. 4m). In
summary, S. baicalensis extracts and baicalin improved photo-
synthesis of tomato seedlings by increasing chlorophyll and
carotenoid contents.

Vegetable
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Both S. baicalensis extracts and baicalin boost
tomato root growth

The morphological indexes of tomato roots were measured
to investigate the effects of S. baicalensis extracts and baicalin
on underground tissues. Tomato roots were scanned and it was
found that S. baicalensis extracts promoted the root develop-
ment (Fig. 5a). Under S. baicalensis extracts treatment, total root
length, average root diameter, root surface area, root volume,
root node number, and root tip number in the SR group
increased by 29.91%, 3.39%, 27.48%, 23.03%, 42.31%, and
22.78%, respectively, compared with CK. On the contrary, R
treatment significantly inhibited root growth. Furthermore, it
was found that baicalin can also significantly improve root
development of tomato seedlings (Fig. 5h). Total root length,
average root diameter, root surface area, root volume, root
node number, and root tip number were significantly increased
in SR-treated tomato seedlings than in CK group. (Fig. 5i—n).
These data provided evidence that S. baicalensis extracts and
baicalin significantly strengthen root system architecture.

Both S. baicalensis extracts and baicalin increase
tomato seedling biomass

The dry weight of tomato seedlings after S. baicalensis
extracts and baicalin treatment were examined. Under S.
baicalensis extracts treatment, compared with CK, SR treat-
ment increased the dry weight of aboveground tissues by
26.65% (Fig. 6a). However, SR treatment slightly increased the
fresh weight of aboveground tissues. Compared with the CK
group, SR treatment increased the dry weight of underground
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Fig. 4

Leaf chIorophyII content and photosynthetlc rates of tomato seedlings in response to Scutellaria baicalensis Georgi extracts and

baicalin treatments. (a), (g) Leaf chlorophyll a contents of tomato seedlings after application of S. baicalensis extracts and baicalin. (b), (h) Leaf
chlorophyll contents of tomato seedlings after application of S. baicalensis extracts and baicalin. (c), (i) Leaf carotenoid contents of tomato
seedlings after application of S. baicalensis extracts and baicalin. (d), (j) Photosynthetic rates of tomato seedlings after application of S.
baicalensis extracts and baicalin. (e), (k) Actual quantum efficiency (PSIl) of tomato seedlings after application of S. baicalensis extracts and
baicalin. (f), (I) Maximum quantum efficiency (F,/F ) of tomato seedlings after application of S. baicalensis extracts and baicalin. (m) Expression
of the photosynthesis-related genes in the CK and tomato seedings treated with S. baicalensis extracts. Results are shown as means = SD (n =
6). Values marked with the same letter within a sampling date are not significantly different at p < 0.05 according to Duncan's new multiple-

range test.
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Fig. 5 Scutellaria baicalensis Georgi extracts and baicalin affect root physiological indicators after treatments. (a), (h) Morphology of tomato

seedling roots after application of S. baicalensis extracts and baicalin. Scale bar = 2.5 cm. Total root length (RL), average root diameter (ARD),

root surface area (RSA), root volume (RV), root node number (RNN) and root tip number (RTN) were measured after (b)—(g) application of S.

baicalensis extract and (i)—(n) baicalin via WINRHIZO multi-parameter plant root analysis system. Results are shown as means + SD (n = 6).

Values marked with the same letter within a sampling date are not significantly different at p < 0.05 according to Duncan's new multiple-range
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(c) Dry weight (DW) of tomato aboveground tissues after S. baicalensis extracts and baicalin treatments. (b), (d) DW of tomato underground
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tissue by 28.66% (Fig. 6b). Under baicalin treatment, S treat-
ment increased the dry weight of aboveground tissues by
27.03% relative to CK. The dry weight of aboveground tissues in
the S treatment were increased by 27.03% compared with CK,
respectively (Fig. 6¢). The S treatments increased dry weight of
underground tissues by 32.92% compared with CK (Fig. 6d).
Meanwhile, S. baicalensis extracts and baicalin also significantly
increased the dry weight of tomato seedlings (Supplemental
Fig. S2). Therefore, S. baicalensis extracts and baicalin signifi-
cantly enhanced the biomass of tomato seedlings.

Both S. baicalensis extracts and baicalin have an
essential role in cultivating strong tomato
seedlings

Root-shoot ratio and strong seedlings index (SSI) can be used
to objectively evaluate the robustness of seedlingsi?’l. There-
fore, the root-shoot ratio and SSI of tomato seedlings treated
with S. baicalensis extract and baicalin were determined. Under
S. baicalensis extracts treatment, the root-shoot ratio and SSI of
the SR group were 1.62 times and 1.47 times that of CK, respec-
tively (Fig. 7a, b). Under baicalin treatment, SR treatment signifi-
cantly increased the root-shoot ratio and SSI of aboveground
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tissues, which were 58.60% and 18.50% higher than CK, respec-
tively (Fig. 7c, d).

Cluster analysis and principal component analysis were
conducted based on physiological data after S. baicalensis
extracts and baicalin treatments. Compared with the control,
SR treatment dramatically enhanced tomato seedling growth
and development via cluster analysis. More meaningfully, SR
treatment can be clustered together (Fig. 7e). Principal compo-
nent analysis showed that the effect of SR treatment on tomato
seedlings was the farthest from that of CK (Fig. 7f). These data
showed that the effects of S. baicalensis extract and baicalin
treatment on most physiological indexes of tomato seedlings
were generally consistent, and showed the best effect under SR
application. In general, the effect of S. baicalensis extract treat-
ment was slightly better than that of baicalin treatment, which
may be because S. baicalensis extract is a mixture and may
contain other active compounds.

Discussion

Biostimulants are organic compounds, inorganic compounds,
or microorganisms that can improve crop resistance and

Liu et al. Vegetable Research 2024, 4: e023
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improve crop quality. When applied to plant leaves or rhizo-
sphere, biostimulants regulate physiological processes and
nutrient uptake in plantsi28l, Biostimulants have been widely
used in horticulture and agricultural crops to increase yields.
Humic acid increases the germination rate of tomato, wheat,
and rice seeds and promotes the elongation of lateral roots,
which in turn increases the yield and improves the quality of
cropst®. Chitooligosaccharides with foliar spraying can signifi-
cantly accumulate proline in wheat and increase chlorophyll
content in leaves to improve photosynthesisi?l, Chitosan can
also inhibit the growth of pathogens in soil and improve soil
aggregate structure, thereby increasing crop yield and
qualityB9l. In summary, the application of biostimulants in agri-
culture has achieved some important results.

Currently, biostimulants are of great value in efficient agricul-
tural production and are therefore widely used to enhance crop
productivity capacityB®'l. The application of biostimulants with
alginate and chitooligosaccharides as the main components
are becoming more and more extensiveB2. Chinese herbal
medicines possess the advantages of being green, pollution-
free, and environmentally friendly33l. However, application of
Chinese herbal medicine extracts as plant-derived biostimu-
lants in agriculture is rarely described. It was observed that the
S. baicalensis extracts and baicalin significantly promote stem
and root growth, increase tomato biomass, enhance leaf
photosynthetic capacity, and eventually lead to the robust
growth of tomato seedlings (Fig. 8). This is consistent with
previous reports that the application of Boosten, Megafol, and

Liu et al. Vegetable Research 2024, 4: e023

Promoting stem and root growth
Increasing leaf area

Enhancing photosynthetic capacity
Increasing plant biomass

Improving strong seedling index

Fig. 8 Schematic illustration of a proposed model showing
effects of S. baicalensis extracts and baicalin on growth and
development of tomato seedlings.

Isabion significantly promoted plant growth and increased
plant biomassB4.

The manner of biostimulant treatment is an important factor
influencing plant development3>l. The main function of plant
leaves is to carry out photosynthesis to produce organics, and
can also absorb exogenous nutrients. Foliar spraying can make
plants absorb and utilize biostimulants quickly and evenly,
which can effectively improve the photosynthesis efficiency
and ultimately promote the rapid growth of plantsi¢l. Plant
roots are the foundation of life. Reasonable irrigation can
directly provide proper biostimulants for plant roots, which
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significantly enhances the vitality of roots, thereby further
improving the absorption capacity of plants for water and
fertilizerB7l. Therefore, the combination of spraying and root
irrigation can have an overall better effect on plant growth.
Cluster analysis and PCA were carried out based on all pheno-
typic data with three treatments and it was found that the SR
treatment was better in this study.

S. baicalensis, a natural herb, is rich in active substances that
do not pollute the environment and cause pesticide
residuesB38], Some studies have reported that Chinese herbal
extracts affect plant hormone biosynthesis and their gene
expression to regulate plant development!'?l. However, there
are few studies on the role of S. baicalensis in plant growth.
Spraying and root irrigation with S. baicalensis extracts and
baicalin can significantly promote the growth, stomatal conduc-
tance, and transpiration rate of tomato seedlings (Supplemen-
tal Fig. S3). Plants store energy through photosynthesis, which
is conducive to the formation of crop yield and qualityl.
Chlorophyll and carotenoids of leaves participate in light
absorption and transmission. Therefore, the content and
composition of photosynthetic pigments play an important
role in the photosynthetic rate of leaves!““l. The reason may be
that S. baicalensis extracts and baicalin improve photosynthesis
in leaves and ultimately make plants grow robustly. The root
system has the function of absorbing, transporting, and storing
nutrients, which determines the vigorous growth of plants/*l. S,
baicalensis extract treatment can expand the root system
(Fig. 5a). The accumulation of biomass is an important charac-
terization of plant growth and metabolismi2. S. baicalensis
extracts treatment dramatically increased tomato seedling
biomass (Fig. 6a, b). Chinese herbal medicine extracts play an
active role in plant growth. As a plant-derived biostimulant, it
does not produce drug residues on plants. Therefore, Chinese
herbal medicine extract as a biostimulant has great prospects
in agriculture. The photosynthesis of plants directly influences
the synthesis and accumulation of organic matter, which is a
direct factor affecting crop yield“3.. Interestingly, the expres-
sion of photosynthesis-related genes (SILhcb1;1, SILhcbl,2,
SIRca1, SIPsaE, and SIPsaQ) was verified by gRT-PCR (Fig. 4). The
results showed that the treatment of S. baicalensis extracts
increased the expression of multiple photosynthesis-related
genes, which was consistent with the increased photosyn-
thetic rate of tomato after treatment with S. baicalensis extracts.
Moreover, cyclins can regulate the division and differentiation
of cells by affecting the cell cycle process, and ultimately modu-
late the biomass of plantsi*4. Several Chinese herbal extracts
have been confirmed to be involved in plant photosynthesis['9l.
S. baicalensis extracts recognize a set of genes involved in cell
cycle progression, by the increased endoreduplication of
tomato stems (Fig. 3). The mechanism of S. baicalensis extracts
enhancing photosynthetic capacity and increasing biomass
requires further research.

As an exogenous non-nutritive chemical, biostimulants can
be absorbed and transferred to different tissues of plants,
affecting their growth and metabolic processes(*3l. The effect of
biostimulants are affected by many factorsil. The low concen-
tration also promoted tomato seedling growth and develop-
ment without statistical significance, while the high concentra-
tion of the extract can inhibit the growth of tomato seedlings
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possibly due to overdosage. In conclusion, biostimulants are
not equivalent to conventional fertilizers, but improve the
physiological state of plants to affect plant growth and
development[#748], Here, mass spectrometry was used to detect
the possible active compounds in S. baicalensis extracts, which
is baicalin. We then applied a certain dosage of baicalin on
plants to compare its effects on plant development with S.
baicalensis extracts and confirmed that baicalin indeed is the
predominant active compound in the extract. The effect of S.
baicalensis extracts on tomato seedling growth were slightly
better than that of baicalin, which may be due to the fact that S.
baicalensis extracts as a mixture may contain other active
components. At the vegetative growth stage of the tomato
seedlings, both S. baicalensis extracts and baicalin treatments
promoted seedling growth, improved leaf photosynthetic effi-
ciency and increased seedling index. These data suggest that
the Chinese herbal extracts and their active compounds are
important sources of biostimulants and play an important role
in regulating plant growth and development, which may
contribute to the development of sustainable agriculture.

Conclusions

The application of biostimulants in agricultural production
may solve a series of problems such as environmental pollu-
tion caused by the excessive use of chemical fertilizers“9l.
These results showed that S. baicalensis extracts and baicalin
had very similar effects in boosting stem and root develop-
ment, increasing leaf photosynthetic capacity, improving
tomato biomass, and eventually contributed to the tomato
seedling vigorous growth (Fig. 8). Therefore, S. baicalensis has
the potential to serve as a source of biostimulants that can
enhance resistance to abiotic stress and promote plant
nutrient absorption.

Author contributions

The authors confirm contribution to the paper as follows:
software, formal analysis, bioinformatics analysis: Liu G; concep-
tualization: Li J, Bao Z; investigation: Xin J, Li C, Ma M, Fan J, Xu
C, Ma F; methodology, data curation: Xin J; funding acquisition:
Liu G, Bao Z; resources: Fang D, Bao Z; supervision: Liu G, Ma F,
Bao Z; writing-review & editing: Liu G, Bao Z. All authors
reviewed the results and approved the final version of the
manuscript.

Data availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

Acknowledgments

This research was supported by the Taishan Scholar Founda-
tion of Shandong Province (tsqn201812034), Agricultural Seed
Project of Shandong Province (2020LZGC005), China Postdoc-
toral Science Foundation (2022M711967), Key research and
development program of Shandong Province (2021LZGC017),
and the National Natural Science Foundation of China
(31872951).

Liu et al. Vegetable Research 2024, 4: e023



S. baicalensis promotes tomato seedling growth

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary Information accompanies this paper at
(https://www.maxapress.com/article/doi/10.48130/vegres-0024-
0023)

Dates

Received 27 December 2023; Accepted 8 May 2024;
Published online 16 July 2024

References

1. WangJ, Qin L, Cheng J, Shang C, Li B, et al. 2022. Suitable chemical
fertilizer reduction mitigates the water footprint of maize produc-
tion: evidence from Northeast China. Environmental Science and
Pollution Research 29:22589—-601

2. Rahimi A, Mohammadi MM, Moghaddam SS, Heydarzadeh S, Gitari
H. 2022. Effects of stress modifier biostimulants on vegetative
growth, nutrients, and antioxidants contents of garden thyme
(Thymus vulgaris L.) under water deficit conditions. Journal of Plant
Growth Regulation 41:2059-72

3. Castiglione AM, Mannino G, Contartese V, Bertea CM, Ertani A.
2021. Microbial biostimulants as response to modern agriculture
needs: composition, role and application of these innovative prod-
ucts. Plants 10:1533

4. Aguirre E, Leménager D, Bacaicoa E, Fuentes M, Baigorri R, et al.
2009. The root application of a purified leonardite humic acid
modifies the transcriptional regulation of the main physiological
root responses to Fe deficiency in Fe-sufficient cucumber plants
(vol 47, pg 215, 2008). Plant Physiology and Biochemistry 47:966

5. Torabian S, Farhangi-Abriz S, Rathjen J. 2018. Biochar and lignite
affect H*-ATPase and H*-PPase activities in root tonoplast and
nutrient contents of mung bean under salt stress. Plant Physiology
and Biochemistry 129:141-49

6. Wang M, Chen Y, Zhang R, Wang W, Zhao X, et al. 2015. Effects of
chitosan oligosaccharides on the yield components and produc-
tion quality of different wheat cultivars (Triticum aestivum L.) in
Northwest China. Field Crops Research 172:11-20

7. Brown P, SaaS. 2015. Biostimulants in agriculture. Frontiers in Plant
Science 6:671

8. Kohl J, Kolnaar R, Ravensberg WJ. 2019. Mode of action of micro-
bial biological control agents against plant diseases: relevance
beyond efficacy. Frontiers in Plant Science 10:845

9. Zhu H, Wang X, Wang X, Pan G, Zhu Y, et al. 2021. The toxicity and
safety of Chinese medicine from the bench to the bedside. Journal
of Herbal Medicine 28:100450

10. Yazaki K, Matsuoka H, Shimomura K, Bechthold A, Sato F. 2001. A
novel dark-inducible protein, LeDI-2, and its involvement in root-
specific secondary metabolism in Lithospermum erythrorhizon.
Plant Physiology 125:1831-41

11. Chen L, Li J, Zhu Y, Zhao T, Guo L, et al. 2022. Weed suppression
and molecular mechanisms of isochlorogenic acid A isolated from
Artemisia argyi extract via an activity-guided method. Journal of
Agricultural and Food Chemistry 70:1494—-506

12. Chen L, LiJ, Zhu Y, Guo L, Ji R, et al. 2021. Caffeic acid, an allelo-
chemical in Artemisia argyi, inhibits weed growth via suppression
of mitogen-activated protein kinase signaling pathway and the
biosynthesis of gibberellin and phytoalexin. Frontiers in Plant
Science 12:802198

13. LiJ, Chen L, Chen Q, Miao Y, Peng Z, et al. 2021. Allelopathic effect
of Artemisia argyi on the germination and growth of various
weeds. Scientific Reports 11:4303

Liu et al. Vegetable Research 2024, 4: e023

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Vegetable
Research

Zhang M, Cao B, Che L, Liu L, Su Y, et al. 2023. Post-harvest freez-
ing injury reduces exterior quality of medicinal material and
promotes transformation from glycosides to aglycones in Scutel-
laria baicalensis. Industrial Crops and Products 201:116915

Lu Y, Cao B, Su Y, Yang J, Xue Y, et al. 2022. Inter-specific differ-
ences of medicinal bioactive products are correlated with differen-
tial expressions of key enzyme genes in Scutellaria baicalensis and
Scutellaria viscidula. Industrial Crops and Products 189:115758

Liao H, Ye J, Gao L, Liu Y. 2021. The main bioactive compounds of
Scutellaria baicalensis Georgi. for alleviation of inflammatory
cytokines: a comprehensive review. Biomedicine & Pharmaco-
therapy 133:110917

Da X, Nishiyama Y, Tie D, Hein KZ, Yamamoto O, et al. 2019. Anti-
fungal activity and mechanism of action of Ou-gon (Scutellaria
root extract) components against pathogenic fungi. Scientific
Reports 9:1683

Rakkammal K, Maharajan T, Ceasar SA, Ramesh M. 2023. Biostimu-
lants and their role in improving plant growth under drought and
salinity. Cereal Research Communications 51:61-74

Xu C, Ma M, Xin J, Li J, Ma F, et al. 2024. The active compound in
Rheum officinale Baill, aloe-emodin promotes tomato seedling
growth. Plant Growth Regulation 102:213-26

Liu Y, Roof S, Ye Z, Barry C, van Tuinen A, et al. 2004. Manipulation
of light signal transduction as a means of modifying fruit nutri-
tional quality in tomato. Proceedings of the National Academy of
Sciences of the United States of America 101:9897-902

Barow M, Meister A. 2003. Endopolyploidy in seed plants is differ-
ently correlated to systematics, organ, life strategy and genome
size. Plant, Cell & Environment 26:571-84

Liu G, Yu H, Yuan L, Li C, Ye J, et al. 2021. SIRCM1, which encodes
tomato Lutescentl, is required for chlorophyll synthesis and
chloroplast development in fruits. Horticulture Research 8:128

Qu L, Wei Z, Chen H, Liu T, Liao K, et al. 2021. Plant casein kinases
phosphorylate and destabilize a cyclin-dependent kinase inhibitor
to promote cell division. Plant Physiology 187:917-30

Zhang Q, Ma C, Wang X, Ma Q, Fan S, et al. 2021. Genome-wide
identification of the light-harvesting chlorophyll a/b binding (Lhc)
family in Gossypium hirsutum reveals the influence of GhLhcb2.3 on
chlorophyll a synthesis. Plant Biology 23:831-42

Fukayama H, Mizumoto A, Ueguchi C, Katsunuma J, Morita R, et al.
2018. Expression level of Rubisco activase negatively correlates
with Rubisco content in transgenic rice. Photosynthesis Research
137:465-74

Suzuki S, Endoh R, Manabe RI, Ohkuma M, Hirakawa Y. 2018. Multi-
ple losses of photosynthesis and convergent reductive genome
evolution in the colourless green algae Prototheca. Scientific
Reports 8:940

Song S, Liu G, Ma F, Bao Z. 2022. Brassinazole represses tomato
hypocotyl elongation via inhibition of cell division. Plant Growth
Regulation 96:463—72

Zhang Y, Yin H, Zhao X, Wang W, Du Y, et al. 2014. The promoting
effects of alginate oligosaccharides on root development in Oryza
sativa L. mediated by auxin signaling. Carbohydrate Polymers
113:446-54

Liu H, Zhang Y, Yin H, Wang W, Zhao X, et al. 2013. Alginate
oligosaccharides enhanced Triticum aestivum L. tolerance to
drought stress. Plant Physiology and Biochemistry 62:33—40

Zhang Y, Liu H, Yin H, Wang W, Zhao X, et al. 2013. Nitric oxide
mediates alginate oligosaccharides-induced root development in
wheat (Triticum aestivum L.). Plant Physiology and Biochemistry
71:49-56

Panfili I, Bartucca ML, Marrollo G, Povero G, Del Buono D. 2019.
Correction to application of a plant biostimulant to improve maize
(Zea mays) tolerance to metolachlor. Journal of Agricultural and
Food Chemistry 67:14005

Bi D, Yang X, Lu J, Xu X. 2022. Preparation and potential applica-
tions of alginate oligosaccharides. Critical Reviews in Food Science
and Nutrition 63:10130—-47

Page 90f 10


https://www.maxapress.com/article/doi/10.48130/vegres-0024-0023
https://www.maxapress.com/article/doi/10.48130/vegres-0024-0023
https://www.maxapress.com/article/doi/10.48130/vegres-0024-0023
https://www.maxapress.com/article/doi/10.48130/vegres-0024-0023
https://www.maxapress.com/article/doi/10.48130/vegres-0024-0023
https://doi.org/10.1007/s11356-021-17336-2
https://doi.org/10.1007/s11356-021-17336-2
https://doi.org/10.1007/s00344-022-10604-6
https://doi.org/10.1007/s00344-022-10604-6
https://doi.org/10.3390/plants10081533
https://doi.org/10.1016/j.plaphy.2009.06.004
https://doi.org/10.1016/j.plaphy.2018.05.030
https://doi.org/10.1016/j.plaphy.2018.05.030
https://doi.org/10.1016/j.fcr.2014.12.007
https://doi.org/10.3389/fpls.2015.00671
https://doi.org/10.3389/fpls.2015.00671
https://doi.org/10.3389/fpls.2019.00845
https://doi.org/10.1016/j.hermed.2021.100450
https://doi.org/10.1016/j.hermed.2021.100450
https://doi.org/10.1104/pp.125.4.1831
https://doi.org/10.1021/acs.jafc.1c06417
https://doi.org/10.1021/acs.jafc.1c06417
https://doi.org/10.3389/fpls.2021.802198
https://doi.org/10.3389/fpls.2021.802198
https://doi.org/10.1038/s41598-021-83752-6
https://doi.org/10.1016/j.indcrop.2023.116915
https://doi.org/10.1016/j.indcrop.2022.115758
https://doi.org/10.1016/j.biopha.2020.110917
https://doi.org/10.1016/j.biopha.2020.110917
https://doi.org/10.1016/j.biopha.2020.110917
https://doi.org/10.1038/s41598-019-38916-w
https://doi.org/10.1038/s41598-019-38916-w
https://doi.org/10.1007/s42976-022-00299-6
https://doi.org/10.1007/s10725-023-00995-1
https://doi.org/10.1073/pnas.0400935101
https://doi.org/10.1073/pnas.0400935101
https://doi.org/10.1046/j.1365-3040.2003.00988.x
https://doi.org/10.1038/s41438-021-00563-6
https://doi.org/10.1093/plphys/kiab284
https://doi.org/10.1111/plb.13294
https://doi.org/10.1007/s11120-018-0525-9
https://doi.org/10.1038/s41598-017-18378-8
https://doi.org/10.1038/s41598-017-18378-8
https://doi.org/10.1007/s10725-022-00798-w
https://doi.org/10.1007/s10725-022-00798-w
https://doi.org/10.1016/j.carbpol.2014.06.079
https://doi.org/10.1016/j.plaphy.2012.10.012
https://doi.org/10.1016/j.plaphy.2013.06.023
https://doi.org/10.1021/acs.jafc.9b07118
https://doi.org/10.1021/acs.jafc.9b07118
https://doi.org/10.1021/acs.jafc.9b07118
https://doi.org/10.1080/10408398.2022.2067832
https://doi.org/10.1080/10408398.2022.2067832

Vegetable
Research

33.

34.

35.

36.

37.

38.

39.

40.

41.

Liu M, Yang Q, Hua Q, Liu J, He W, et al. 2021. Chinese medicinal
herbs for idiopathic membranous nephropathy in adults with
nephrotic syndrome: a systematic review of effectiveness and
safety. Medicine 100:e27953

Niu C, Wang G, Sui J, Liu G, Ma F, et al. 2022. Biostimulants allevi-
ate temperature stress in tomato seedlings. Scientia Horticulturae
293:110712

Ebinezer LB, Franchin C, Trentin AR, Carletti P, Trevisan S, et al.
2020. Quantitative proteomics of maize roots treated with a
protein hydrolysate: a comparative study with transcriptomics
highlights the molecular mechanisms responsive to biostimulants.
Journal of Agricultural and Food Chemistry 68:7541-53

Lee HJ, Lee JH, Lee SG, An S, Lee HS, et al. 2019. Foliar application
of biostimulants affects physiological responses and improves
heat stress tolerance in Kimchi cabbage. Horticulture, Environment,
and Biotechnology 60:841-51

Fernandes A, Chaski C, Pereira C, Kosti¢ M, Rouphael Y, et al. 2022.
Water Stress alleviation effects of biostimulants on greenhouse-
grown tomato fruit. Horticulturae 8:645

Cameron A, Sarojini V. 2014. Pseudomonas syringae pv. actinidiae:
chemical control, resistance mechanisms and possible alterna-
tives. Plant Pathology 63:1-11

Xu'Y, Wieloch T, Kaste JAM, Shachar-Hill Y, Sharkey TD. 2022. Reim-
port of carbon from cytosolic and vacuolar sugar pools into the
Calvin-Benson cycle explains photosynthesis labeling anomalies.
Proceedings of the National Academy of Sciences of the United States
of America 119:€2121531119

Sukkasam N, Incharoensakdi A, Monshupanee T. 2022. Disruption
of hydrogen gas synthesis enhances the cellular levels of NAD(P)H,
glycogen, poly(3-hydroxybutyrate) and photosynthetic pigments
under specific nutrient condition(s) in cyanobacterium Syne-
chocystis sp. PCC 6803. Plant and Cell Physiology 63: 135—-47
Salas-Gonzalez |, Reyt G, Flis P, Custédio V, Gopaulchan D, et al.
2021. Coordination between microbiota and root endodermis
supports plant mineral nutrient homeostasis. Science
371:eabd0695

Page 100f 10

42.

43,
44.

45.
46.

47.

48.

49.

S. baicalensis promotes tomato seedling growth

Wu J, Zhao H, Wang X. 2022. Soil microbes influence nitrogen limi-
tation on plant biomass in alpine steppe in North Tibet. Plant and
Soil 474:395—-409

Furbank RT, Quick WP, Sirault XRR. 2015. Improving photosynthe-
sis and yield potential in cereal crops by targeted genetic manipu-
lation: Prospects, progress and challenges. Field Crops Research
182:19-29

Tamirisa S, Vudem DR, Khareedu VR. 2017. A cyclin dependent
kinase regulatory subunit (CKS) Gene of pigeonpea imparts abiotic
stress tolerance and regulates plant growth and development in
Arabidopsis. Frontiers in Plant Science 8:165

Chan Z. 2012. Expression profiling of ABA pathway transcripts indi-
cates crosstalk between abiotic and biotic stress responses in
Arabidopsis. Genomics 100:110-15

Kulkarni MG, Stirk WA, Southway C, Papenfus HB, Swart PA, et al.
2013. Plant growth regulators enhance gold uptake in Brassica
juncea. International Journal of Phytoremediation 15:117-26

Xiao T, Boada R, Marini C, Llugany M, Valiente M. 2020. Influence of
a plant biostimulant on the uptake, distribution and speciation of
Se in Se-enriched wheat (Triticum aestivum L. cv. Pinzon). Plant and
Soil 455:409-23

Chennappa G, Sreenivasa MY, Nagaraja H. 2018. Azotobacter
salinestris: a novel pesticide-degrading and prominent biocontrol
PGPR bacteria. In Microorganisms for Green Revolution, eds.
Panpatte D, Jhala Y, Shelat H, Vyas R. Vol. 7. Singapore: Springer.
pp. 23—-43. https://doi.org/10.1007/978-981-10-7146-1_2

Jing J,Zhang S, Yuan L, Li Y, Zhang Y, et al. 2022. Synergistic effects
of humic acid and phosphate fertilizer facilitate root proliferation
and phosphorus uptake in low-fertility soil. Plant and Soil
478:491-503

Copyright: © 2024 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This

article is an open access article distributed under Creative
Commons Attribution License (CC BY 4.0), visit https:/creative-
commons.org/licenses/by/4.0/.

Liu et al. Vegetable Research 2024, 4: e023


https://doi.org/10.1097/MD.0000000000027953
https://doi.org/10.1016/j.scienta.2021.110712
https://doi.org/10.1021/acs.jafc.0c01593
https://doi.org/10.1007/s13580-019-00193-x
https://doi.org/10.1007/s13580-019-00193-x
https://doi.org/10.3390/horticulturae8070645
https://doi.org/10.1111/ppa.12066
https://doi.org/10.1073/pnas.2121531119
https://doi.org/10.1073/pnas.2121531119
https://doi.org/10.1093/pcp/pcab156
https://doi.org/10.1126/science.abd0695
https://doi.org/10.1007/s11104-022-05343-2
https://doi.org/10.1007/s11104-022-05343-2
https://doi.org/10.1016/j.fcr.2015.04.009
https://doi.org/10.3389/fpls.2017.00165
https://doi.org/10.1016/j.ygeno.2012.06.004
https://doi.org/10.1080/15226514.2012.683207
https://doi.org/10.1007/s11104-020-04686-y
https://doi.org/10.1007/s11104-020-04686-y
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/978-981-10-7146-1_2
https://doi.org/10.1007/s11104-022-05486-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials and growth conditions
	Experimental treatment of S. baicalensis crude extracts and baicalin
	Identification of the main active compound in S. baicalensis extracts
	Plant growth and photosynthetic pigment measurement
	Photosynthetic capacity index and chlorophyll fluorescence of leaves
	Root scanning experiment
	Measurement of tissue fresh weight and dry weight
	Nuclear DNA ploidy level analysis
	RNA isolation and expression analysis
	Statistical analysis

	Results
	Determination and characterization of baicalin in S. baicalensis crude extracts
	Both S. baicalensis extracts and baicalin increase tomato plant height and stem diameter
	Both S. baicalensis extracts and baicalin enhance photosynthesis of tomato leaves
	Both S. baicalensis extracts and baicalin boost tomato root growth
	Both S. baicalensis extracts and baicalin increase tomato seedling biomass
	Both S. baicalensis extracts and baicalin have an essential role in cultivating strong tomato seedlings

	Discussion
	Conclusions
	Author contributions
	Data availability
	References

