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Abstract. In an effort to mitigate the environmental impact of chemical fertilizers,
plant growth-promoting rhizobacteria (PGPR) have emerged as a more sustainable
alternative. Streptomyces saraceticus 31 (‘SS31°), a new strain of biocontrol bacteria,
was inoculated into rhizosphere soils of ‘Benifuji’ grape to evaluate its impact on
grape roots and berries. The results indicated significant improvements in soil fertil-
ity, with higher levels of organic matter, phosphorus, potassium, and nitrate nitrogen
compared with those of the controls. Moreover, ‘SS31° application elicited a notable
reduction in soil pH levels, along with a substantial augmentation in the enzymatic ac-
tivities of both phosphatase and invertase. The grapes treated with ‘SS31° exhibited a
notable increase in the number, length, surface area, and volume of fine roots in both
0- to 10-cm and 10- to 20-cm soil profiles. The application of ‘SS31° resulted in the
observation of greater diameter, lower density, and larger lumen area, along with in-
creased specific hydraulic conductivity in the vessels of roots with 1- to 2-mm diame-
ters. Despite a slight reduction in berry weight compared with that of the controls,
‘Benifuji’ grape berries displayed higher total soluble solids and lower total titratable
acidity after ‘SS31’ application. Furthermore, ‘SS31° treatment elevated the levels of
volatile compounds in berries, especially fatty acid-derived compounds. A network
analysis revealed a robust positive correlation between the observed improvements in
grape berry quality and the morphology as well as the hydraulic conductivity of the
grape fine roots. In conclusion, these findings suggest that ‘SS31° has the potential to
enhance grape root function by expanding the root absorption area and facilitating
water transportation. This, in turn, may improve the flavor and aroma of ‘Benifuji’
grape berries.

The widespread use of synthetic chemical
fertilizers in horticultural practices has led
to significant environmental issues, including
groundwater contamination, soil salinization,
and greenhouse gas emissions (Phogat et al.
2014). To mitigate these environmental ef-
fects and reduce chemical inputs, it is urgent
to explore sustainable and environmentally
friendly alternatives as plant nutrient supple-
ments (Mosa et al. 2016). One such alternative
is the use of plant growth-promoting rhizobacteria
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(PGPR) in biofertilizers. These bacteria have
been shown to improve soil health and enhance
the uptake of mineral nutrients, leading to posi-
tive growth benefits for various crop plants
(Hafeez et al. 2006). Aslantas et al. (2007) re-
ported that certain rhizobacteria strains en-
hanced apple tree growth and fruit yield.
Similarly, Karakurt et al. (2011) found that
Bacillus subtilis OSU-142, Bacillus megate-
rium M-3, Burkholderia cepacia OSU-7, and
Pseudomonas putida BA-8 bacteria strains
improved fruit set, vegetative growth, and
chemical characteristics of sour cherry.
Other studies showed that biofertilizers in-
oculated with Acidithiobacillus increased
the yield of short-cycle grapes (Stamford
et al. 2011). Currently, numerous PGPR
strains have been identified and used as bio-
fertilizers, and their impact on plant growth
is a key focus of contemporary research.
Root traits are thought to be indicative of
the root functional status and demonstrate the

root’s plasticity in response to horticultural
practices (Ruggiero et al. 2012). The benefi-
cial effects of bacteria on roots are often
attributed to several mechanisms, including
nitrogen (N) fixation, improved nutrient up-
take, and phytohormone production (Mitter
et al. 2013). It has been estimated that ~80%
of bacteria in the rhizosphere are capable of
producing indole acetic acid, which promotes
cell division and elongation, thereby regulat-
ing root development and architecture (Naveed
et al. 2015; Spaepen et al. 2008). A recent
study by Duan et al. (2021a) reported signifi-
cant increases in the root length and volume of
Vitis vinifera when treated with a mixture of
PGPR compared with those of untreated con-
trols. In the study by Ramirez-Carino et al.
(2023), it was demonstrated that inoculation
with Priestia megaterium, Acinetobacter cal-
coaceticus, and Atlantibacter sp. promoted the
formation of secondary roots and root hairs in
tomatillo crops, thus providing a larger contact
surface for water and nutrient uptake. In addi-
tion, the root xylem is a crucial component of
the conduit tissue in trees that ensures a contin-
uous supply of water to the shoots (Paul et al.
2012). The conductivity of this tissue is deter-
mined by the size, number, and anatomy of
vessels (Hacke et al. 2016; Kirfel et al. 2017).
According to Hagen-Poiseuille’s law, water
transport efficiency increases with vessel diam-
eter and the number of vessels per unit cross-
section (Gebauer and Volarik 2013; Tyree and
Zimmermann 2002). Alsina et al. (2011) re-
ported that the root hydraulic conductance
of drought-tolerant grape (Vitis berlandieri %
V. rupestris cv. 1103P) increased during warm
summer dry periods. Although many facts
have shown that PGPR favor the growth of
horticultural crop, it is not yet known whether
this is related to their improved roots. An accu-
rate comprehension of alterations in root
morphology and function is paramount to
clarifying the influence of rhizosphere bac-
teria on plants.

The volatile organic compounds (VOCs),
which are biochemical and agronomical sig-
natures, of certain horticultural crops play piv-
otal roles in determining their quality and
taste. To enhance VOCs in grape berries, tra-
ditional practices have involved rhizospheric
and foliar fertilization with minerals. The
impact of the N supply on the volatile com-
pounds of Pinot noir berries and Vitis vinifera L.
cv. Sauvignon Blanc has been well-documented
(Lacroux et al. 2008; Yuan et al. 2018). A re-
cent study by Chen et al. (2022a) further ex-
plored the effects of foliar fertilization with
potassium (K) alone or in combination with
girdling on the terpene content in ‘Han-
xiangmi’ grapes. However, recent studies have
convincingly demonstrated that PGPR have
the potential to enhance plant growth and safe-
guard against abiotic stress using distinct ge-
netic and protein-based mechanisms (El-Serafy
and El-Sheshtawy 2020; Jimenez-Gomez et al.
2020). The plant immune system can be acti-
vated through induced systemic resistance mech-
anisms, leading to enhanced aroma, flavor,
and juice qualities of the fruits (Kafi et al.
2021). Additionally, PGPR can promote
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photosynthesis and increase the sugar content
in fruits, thereby enhancing volatiles such as
3(2H)-Furanone, 4-methoxy-2,5-dimethyl, and
phenylalanine-derived compounds (Duan et al.
2021b). Despite these advancements, research
of the modulation of grape berry volatiles by
PGPR remains limited. Therefore, screening
for PGPR that enhance volatile compounds
in grape berries represents a promising
area of research with significant practical
implications.

Streptomyces saraceticus 31 (‘SS31°), a
strain of biocontrol and growth-promoting
bacteria, has been found to significantly en-
hance the growth of jujube and strawberry
plants (Hua et al. 2019; Wu et al. 2021;
Zhang et al. 2014). This remarkable capacity
highlights the potential of ‘SS31” in agricul-
tural applications. Furthermore, our previous
research showed that the application of ‘SS31°
treatment could effectively enhance the meta-
bolic activity and diversity of soil microbial
communities in the rhizosphere of grapes (Su
et al. 2020). The Benifuji grape cultivar (Vitis
vinifera X V. labrusca cv. Benifuji) is known
for its exceptional qualities, including robust
flavor, large fruit grains, sweet pulp, and high
yield. Thus, studying how ‘SS31’ affects the
‘Benifuji’ grape is crucial to understanding its
biological properties and optimizing sustain-
able production methods. To address this
knowledge gap, the current study was de-
signed to investigate the impact of ‘SS31°
on root morphology and vessel anatomy
across various soil profiles. The objective
of this research was to validate the hypoth-
esis that the PGPR strain has a favorable
impact on root growth and function, leading
to enhanced quality and volatile compounds
of ‘Benifuji’ grape berries.

A

Materials and Methods

Plant materials. The ‘Benifuji’ grape (V.
vinifera x V. labrusca cv. Benifuji), a hybrid
descendant of European and American grape
cultivars, belongs to the second generation of
the ‘Kyoho’ grape series. This cultivar is re-
nowned for its distinctive traits, which encom-
pass generous clusters and berries exhibiting a
range of colors from delicate pink hues to rich
purples. The robust growth potential and ex-
ceptional germination rates of ‘Benifuji’ grape
are testaments to its remarkable adaptability
and viability. However, challenges persist be-
cause environmental factors and improper
cultivation practices can lead to fruit shedding
and inconsistent quality.

This experiment was conducted in the
greenhouse of the Grape Research Center at
Tianjin Agriculture University, located in
Tianjin, China (lat. 39°16’ N, long. 117°4’ E)
during the 2020 growing season. This region
has a sunshine duration of 2590.5 h and expe-
riences a frost-free period that extends for
189 d, with an average annual temperature of
12.1°C and annual solar radiation of 129.5
MJ-cm ™2, Within the greenhouse, ‘Benifuji’
grapes (5-year-old and self-rooting) were cul-
tivated in 1-m-wide plastic root-restriction
containers. Each container housed a single
plant. The soil mixture used for planting con-
sisted of a 1:1:1 ratio of sand, loam, and per-
lite that provided an optimal substrate for
grape growth. The grapes were pruned using
horizontal double arms placed at 1.0-m x 1.5-
m spacing between plants and rows, with the
trellis height maintained at 1.8 m. Six grapes
with similar growth were selected for the ex-
periment and divided into two groups. Three
grapes were treated with ‘SS31” biofertilizer,

acrylic tubes

restriction container
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and the other three served as the control
group.

Preparation of ‘SS31° biofertilizer. The
strain of bacteria, Streptomyces saraceticus
31, was originally isolated by the Department
of Plant Pathology of Chung Hsing University
in Taiwan, which is a member of the biocon-
trol and growth-promoting bacteria (Tong’an
Agricultural Technology Co., Ltd.). Before the
experiments, the bacteria were fermented using
soybeans and white granulated sugar under
aerobic conditions at 28 °C. This process
yielded a mixture containing 3% to 5% organic
matter, less than 5 g~L7l water insoluble matter,
16 types of amino acids, and 156 to 167 g-L~"
free amino acids. The stock solution was
characterized by a concentration more than
2.5 x 10" cfuL™" of single effective viable
bacteria with a density of 1.23 g-cm™> at 25 °C.

Experimental design. In a controlled green-
house study, the stock solution of ‘SS31” was
diluted 300-fold with distilled water. To evalu-
ate its effect on grapes, three plastic root-re-
striction containers were irrigated with the
‘SS31” dilution containing 120 L of diluted so-
lution per container at a concentration of 8.3 x
107 cfu-L™". The treatment was administered
during the following four critical growth stages
in 2020: budbreak (5 Apr), fruit set (23 May),
pea-sized berries (23 Jun), and veraison period
(7 Jul) (Coombe 2010). Beyond the four previ-
ously mentioned periods, daily water manage-
ment primarily comprised limited hanging
spray irrigation, thus ensuring precise consis-
tency in water volume and duration across
both the control and ‘SS31’ treatments. For
each grape, regardless of treatment, an addi-
tional standardized fertilizer application of
0.1 kg of a N-phosphorus-K compound was
used. Other cultivation practices, including
short pruning, fruit thinning, pest control, and

Fig. 1. Root morphology detected by the minirhizotron method. Tubes are positioned in the restriction container (A, B). Root image scanned by the CI-600

System (C).
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Table 1. Effects of the control (CK) and Streptomyces saraceticus 31 (‘SS31°) treatments on soil physicochemical properties and enzyme activities.

Soil profile 0-10 cm

Soil profile 10-20 cm

CK SS31 t value P CK SS31 t value P
Available phosphorus (mg-kg ™) 70.54 + 13.04! 87.43 + 13.10 3.17 ol 67.70 + 10.29 80.09 + 10.87 2.86 **
Available potassium (mg-kg ') 43.60 + 8.02 67.80 + 4.83 8.95 #R% 3444 4633 56.27 + 4.01 10.09 oo
Ammonium nitrogen (mg-kgfl) 6.89 + 1.43 7.60 = 1.46 1.20 NS 544 +1.13 631 +1.21 1.82 NS
Nitrate nitrogen (mg-kgfl) 1.05 £0.22 1.85 £ 0.41 5.96 HAk 0.83 £0.17 1.53 £ 0.34 6.38 oAk
Organic matter (mg~kg’1) 17.54 £ 1.37 20.97 + 0.45 8.24 HoHE 13.86 + 0.88 17.41 £ 0.37 12.88 xRk
pH 8.04 £ 0.07 7.72 £ 0.07 11.19 HAk 7.75 £ 0.06 7.61 £ 0.06 5.71 Ak
Urease activity (umol-g~-d™!) 0.67 £ 0.28 0.73 + 0.18 0.62 NS 0.42 + 0.09 0.49 +0.11 1.71 NS
Phosphatase activity (mg-g~'-d™ ") 7.44 + 0.54 9.01 +0.37 8.31 HoHE 5.96 + 0.17 7.09 + 0.39 9.20 xRk
Invertase activity (mg-g71~d71) 532+ 045 6.28 + 0.51 4.89 HAk 4.65 + 0.43 5.28 £0.37 3.84 Ak
‘ Values were presented as means + SD.
NS, *, #* *** indicate nonsignificant or significant at P < 0.05, 0.01, or 0.001 according to the ¢ test, respectively.
disease control, were executed according to 4 °C icebox. Upon arrival at the laboratory, the @ ax & min

strict operational guidelines to maintain uni-
formity across all treatment groups. Addition-
ally, environmental variables such as lighting
and temperature were meticulously maintained
at uniform levels within the same greenhouse,
thus mitigating any potential confounding fac-
tors during the comparison between the con-
trol and ‘SS31” fertilizer treatment.

Root minirhizotron and morphology anal-
yses. Four transparent acrylic tubes (each had
a length of 100 cm and inner diameter of
7-cm) were installed at a 45° angle to the
ground in four intersecting directions within
each plastic container (Fig. 1). The upper sec-
tions of the tubes at the aboveground level
were shielded from light using black tape and
rubber covers. On 13 Sep 2020, images were
obtained using a root scanner system (CI-600
Growth Monitoring System; CID, Camas,
WA, USA). Then, the captured images were
analyzed separately for both soil profiles of 0
to 10 cm and 10 to 20 cm. The split image of
each soil profile had a size of 19.56 cm x
14.14 cm. Using an image analysis program
(WinRHIZO Tron MF; Regent, Quebec, Can-
ada), the number, length, surface area, and
volume of fine roots with diameters =1 mm
and 1 to 2 mm on the collected images were
measured (Tarin et al. 2020).

Root sampling and anatomy analyses. On
15 Sep 2020, root sample collection was per-
formed. At a distance of 20 cm from the
main stem of the grape, soil blocks (0.2 m x
0.2 m x 0.1 m) were excavated at two soil
profiles (0-10 cm and 10-20 cm) in four
intersecting directions. The roots, still embedded
in soil, were carefully placed in plastic bags, la-
beled, and transported to the laboratory in a

soil was removed from the root samples using a
0.25-mm mesh sieve under running water.
Then, the fine roots were categorized based on
their diameter using a caliper. For the purpose
of the analysis, they were divided into the follow-
ing two categories: =1 mm and 1 to 2 mm (in-
cluding 2 mm but excluding 1 mm) (Zadworny
et al. 2018).

For the root anatomy analyses, 30 meticu-
lously selected root segments, all within the
same diameter class, were gathered from each
soil profile of the respective treatment groups.
A total of 720 segments were stained using
safranin-fast green solution. Then, the sam-
ples were dehydrated in a series of alcohol
solutions (70%, 85%, 95%, and 100%) and
embedded in paraffin. Microtome sections
with a thickness of 18 wm were prepared for
each sample (Gu et al. 2014). These slides were
observed under a compound microscope (Leica
DM4000B), and images were captured using a
Leica DFC450 CCD camera (Leica Microsys-
tems, Wetzlar, Germany). Using the Motic 3000
Imaging System (Motic Co., Fujian, China), root
cross-sections for each root segment were used
to measure root anatomical parameters, includ-
ing the maximum (d,x) and minimum (dp,;,)
vessel diameter, the number of vessels per stele
(VD), and the lumen area of vessels (4jyy)-

The specific conductivity (K;) was calcu-
lated using Hagen-Poiseuille’s law (Tyree
and Ewers 1991).

T _ _
Ky = 2787;)’”41“"1 [kg-m-s~"-MPa™!]

and

4 —
7 lum =

8d2max + 8dzmin

where p is the density of water at 20°C
(998.205 kg-m ™), 7 is the dynamic viscosity
of water (1.002 x 10~° MPa-s™ '), d is the di-
ameter of the ith vessel, and » is the number
of the vessel in the xylem.

The root specific theoretical conductivity
(K;) was calculated as the sum of all of the
Ky, values in the root divided by the xylem
area of a particular root (4yy1).

Ks = ZK /Ay [kg:m-s~-MPa™!]

Soil sampling and determination. During
root sampling on 15 Sep, soil samples were
collected from both soil profiles (0-10 cm
and 10-20 cm) in four intersecting directions.
To complete testing, 12 soil samples were
collected from each soil layer for each treat-
ment, resulting in a total of 48 soil samples.
The pH of the soil was measured in soil:water
suspension (1:5) using a pH meter (PHS-3C;
Shanghai Leici Instrument, Shanghai, China).
The concentrations of soil organic matter,
ammonium N, nitrate N, available phospho-
rus, and available K were determined accord-
ing to the method established by Anderson
and Ingram (1993). The alkaline phosphatase
activity in the soil was measured using the di-
sodium phenyl phosphate method (Guan et al.
1986). To assess the soil urease activity, so-
dium phenolate—sodium hypochlorite colorim-
etry was used (Gosewinkel and Broadbent
2008). The invertase activity in soil was de-
termined using the 3,5-dinitrosa-licylic acid
method (Frankeberger and Johanson 1983).

Table 2. Effect of the control (CK) and Streptomyces saraceticus 31 (‘SS31°) treatments on fine root morphologies of ‘Benifuji’ grapes.

Soil profile 0-10 cm

Soil profile 10-20 cm

Root

Root diam morphologies CK SS31 t value P CK SS31 t value P

0-1 mm Root number (ind-m~?) 342.94 + 40.86'  618.81 £38.33  17.05  ***i 28853 +£2639 441.83 £33.99 1234  *#x
Root length (m-m’z) 10.11 £ 0.71 12.31 £ 0.86 6.83 Hkx 8.43 £0.55 12.52 £ 0.79 14.74 Hokk
Root volume (cm3‘m’2) 3.89 £0.39 543 £0.54 6.19 ok 3.98 £ 0.36 5.06 £ 0.36 7.35 ok
Root surface area (cm3-m’2) 222.24 +29.65 289.79 + 28.56 5.68 o 215.85 £ 11.57 283.1 +20.61 9.86 o

1-2 mm Root number (indm’z) 186.97 £ 26.03 265.21 £ 24.59 11.43 Hkx 128.72 + 13.38  189.46 + 17.35 9.60 Hokk
Root length (m-m’z) 443 +0.33 5.27 £ 0.40 6.18 o 4.23 +£0.26 5.36 £ 0.47 7.31 o
Root volume (cm*-m~?) 9.83 +0.36 12.68 + 1.45 672  wxx 9.41 + 0.36 12.29 + 1.08 8.76  wxx
Root surface area (cm3-m’2) 231.31 £ 31.46 289.79 £ 30.01 4.66 Hkx 219.11 £9.04 289.61 £ 20.61 10.85 Hkx

vaalues were presented as means + SD.

NS, *, ** *** indicate nonsignificant or significant at P < 0.05, 0.01, or 0.001 according to the ¢ test, respectively.
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Table 3. F value of the effects of the treatment, soil profile, and root diameter on the ‘Benifuji’ grape root anatomy through a mix-level three-way analysis

of variance.

Factors dmax dimin Am VD K
Treatment 25.642% % 0.043N 160.821 %% 16.137%%% 77.808%**
Soil profile 21.938%%%* 11.535%+ 9.240%* 18.057%%* 33.084% %
Root diameter 18.758%%%* 39.907* % 29.660%%* 57.755%%% 138.143%*%*
Treatment x soil profile 1.578N8 1.709N8 20.484%%% 0.106™S 0.536"
Treatment x root diameter 1.0038 23268 26.463% %% 1.609™ 84.604+**
Soil profile x root diameter 22208 1.139N 15.934% %% 0.371N 2.510N
Treatment x soil profile x root diameter 5.011* 0.465NS 10.298%* 0.265N8 0.974N8

NS, *, ** *#* indicate nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.

Berry quality and volatile organic com-
pounds analyses. On 15 Sep, 30 healthy grape
berries that had attained full industrial ripe-
ness were randomly chosen from diverse
locations within the clusters of the identical
treatment. This process was repeated three times,
resulting in a total of 180 grape berries. Then,
these berries were divided into the control
and ‘SS31° groups based on their assigned
experimental conditions. The fresh weight of
each berry was accurately measured using an
electronic balance (ES20K-1D; Shenyang
Longteng Electronic Co. Ltd., Liaoning,
China). The berries were squeezed to ex-
tract the juice, which was then filtered using
a Whatman filter 520 A 1/2. The juice was
centrifuged for 5 min at 3 500 rpm in a
15-mL Falcon tube to remove any solid par-
ticles. The total soluble solids (TSS) content of
the clarified juice was determined using an elec-
tronic refractometer (PAL-1; ATAGO, Saitama,
Japan). The total titratable acidity (TA) was de-
termined using the sodium hydroxide (NaOH)
titration method. Finally, the TSS-to-TA ratio
was calculated by dividing the TSS and TA val-
ues (Jia et al. 2023).

On 15 Sep, a meticulous sampling proce-
dure was performed; six berries (~50 g) were
delicately gathered from diverse clusters within
the same grapevine. This sampling process was
replicated three times within the same treatment
group. These berries were promptly stored in a
freezer to ensure their preservation in a state

CK

that retained their original characteristics. To
obtain a clear juice for further analyses, the
hand-peeled fruit samples were pulverized in
liquid N, centrifuged, and filtered. The gas
chromatography-mass spectrometry analysis
was performed using an Agilent 7890B-5977A
system equipped with a HP-SMS chromato-
graphic column (Agilent Technologies, Santa
Clara, CA, USA). The chromatographic condi-
tions were meticulously controlled as follows
(Chen et al. 2022a; Sasaki et al. 2020): the sam-
ple inlet temperature was set at 250 °C; helium,
which served as the carrier gas, was circulated
at a constant flow rate of 1 mL-min~'; the gas
chromatography inlet was set in the splitless
mode to ensure an optimal sample injection;
and the column temperature was programmed
to initially heat to 35°C and hold for 2 min.
Then, it was increased to 200°C at a rate of
4°C-min~" and held for 5 min. Afterward, the
temperature was increased by 30°C-min~' for
another 5 min until it reached 250 °C. For mass
spectrometry, the ion source temperature was
set at 230 °C, whereas the quadrupole tempera-
ture was maintained at 250 °C. The ionization
mode was electron ionization with an ionization
energy of 70 eV. The mass spectrometric data
range was set from 30 to 300 m-z~".

The sample vial was equilibrated at 45°C
for 5 min. Subsequently, a solid phase micro-
extraction fiber (50/30 pm DVB/CAR/PDMS;
Supelco, Bellefonte, PA, USA) was used to ex-
tract volatile compounds from the sample at

200pm
—r—

45 °C for 50 min. Immediately after extraction,
the fiber was inserted in the gas chromatograph
(Agilent 7890B GC; Agilent Technologies) in-
jection port. The fiber was desorbed in the
splitless mode at 250°C for 2 min. The gas
chromatography system was equipped with a
5977A mass-selective detector (Agilent Tech-
nologies) to facilitate compound identification.
For compound identification, the NIST li-
brary along with the mass spectrum and re-
tention times of chromatographic standards
(Sigma-Aldrich, Burlington, MA, USA) were
used (Sun et al. 2022).

Statistical analysis. To assess the differ-
ences in variables between the control and
‘SS31° treatments, such as soil characteris-
tics, root morphology, root anatomy, and
berry quality, Student’s ¢ test (independent
samples # test) was used (significance level =
0.05). The interactions among the treatment,
soil profile, and root diameter on root vessel
anatomy and hydraulic conductivity were
conducted by a mixed-level three-way analy-
sis of variance with IBM SPSS Statistics data
processing software (version 24.0; IBM,
Armonk, NY, USA). Multivariate correlations
between anatomical characteristics of vessels
and specific hydraulic conductivity were ana-
lyzed using the Pearson method. Network analy-
sis methods were used to visualize the intricate
relationships among variables with the ‘igraph’
package in the R programming environment. All
diagrams were meticulously constructed using

SS31

Fig. 2. Effects of the control (CK) and Streptomyces saraceticus 31 (‘SS31”) treatments on the root anatomy of ‘Benifuji’ grapes in the 0- to 10-cm soil pro-
file (A-D) and the 10- to 20-cm soil profile (E-H). The 0- to 1-mm root diameter (A, C, E, G) and 1- to 2-mm root diameter (B, D, F, H). Co = cork

layer; Ph = phloem; Ve = vessel; X1 = xylem.
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Fig. 3. Effects of the control (CK; gray boxplot) and Streptomyces saraceticus 31 (‘SS31°; light gray
boxplot) treatments on the root vessel characteristics of ‘Benifuji’ grapes with 0- to 1-mm and 1- to
2-mm root diameters in both soil profiles. Significance levels with Student’s ¢ test: **P < 0.01;

**xP < 0.001.

R software (version 4.3.2) and the ggplot2 pack-
age to ensure high-quality visual representations.

Results

Soil physicochemical properties and enzyme
activities. Upon the application of ‘SS31°, sig-
nificant changes were observed in the physi-
cochemical properties and enzyme activities
of the rhizosphere soil of ‘Benifuji’ grapes
(Table 1). In comparison with the control, the
‘SS31’ treatment increased the amounts of
available phosphorus by 23.9% and 18.3% in
the 0- to 10-cm and 10- to 20-cm soil pro-
files, respectively. Additionally, the available
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K levels increased significantly by 55.5% and
63.4% in the 0- to 10-cm and 10- to 20-cm
soil profiles, respectively. The nitrate N also
experienced substantial increases of 76.1%
and 84.3% in the 0- to 10-cm and 10- to
20-cm soil profiles, respectively. However,
‘SS31° had no notable impact on the am-
monia N in both soil profiles. In compari-
son with the control, the levels of organic
matter increased by 19.5% and 25.6% in
the 0- to 10-cm and 10- to 20-cm soil pro-
files, respectively, after the application of
‘SS31°. Notably, the pH of both soil pro-
files was lower in the ‘SS31’ treatment
than in the control treatment. The urease

activity was not significantly affected by
‘SS31”’ in either soil profile. In contrast to
the control, the phosphatase activity of soil
increased significantly by 21.1% and 18.9% in
the 0- to 10-cm and 10- to 20-cm soil profiles,
respectively, after applying ‘SS31°. A similar
increasing trend was observed for soil invertase
activity after the application of ‘SS31’, and sta-
tistical significance was detected in both soil
profiles.

Fine root morphologies. The application
of ‘SS31” had a profound impact on the
‘Benifuji’ grapes; it significantly enhanced
the number, length, volume, and surface area
of their fine roots (Table 2). In the ‘Benifuji’
grape roots with diameters between 0 and
1 mm, those treated with ‘SS31’ in the 0- to
10-cm soil profile exhibited 80.4%, 21.7%,
39.7%, and 30.3% increases in the number,
length, volume, and surface area, respec-
tively, compared with the control. Similarly,
in the 10- to 20-cm soil profile, these parame-
ters increased by 53.1%, 48.5%, 27.2%, and
31.6%, respectively. The same trend was
observed in the roots with a diameter of 1 to
2 mm. In the 0- to 10-cm soil profile, the
number, length, volume, and surface area of
‘Benifuji’ grape roots treated with ‘SS31°
increased by 78.2%, 18.9%, 28.9%, and
25.2%, respectively, compared with the con-
trol. Again, these higher values were also
observed in the 10- to 20-cm soil profile
under the ‘SS31° treatment compared with
those under the control treatment, indicating
the positive effects of the PGPR treatment on
grape root morphology.

Root vessel anatomy and hydraulic con-
ductivity. The maximum and minimum diam-
eters of fine root vessels were significantly
influenced by the soil profile and root dia-
meter, respectively. However, no interaction
between these two factors was observed
(Table 3). The application of ‘SS31° led to a
significant increase in the mean maximum
diameters (d.x) of vessels. Specifically, a
22.6% increase was observed in the root di-
ameters of 0 to 1 mm, and a 13.8% increase
was observed in the root diameters of 1 to
2 mm in the 0- to 10-cm soil profile. This
trend was also evident in the 10- to 20-cm soil
profile (Figs. 2 and 3). Notably, between the
two treatments, no significant difference was
detected in the mean minimum diameters
(dmin) of vessels (Fig. 3). The lumen area of
vessels was influenced by the treatment, soil
profile, root diameter, and their interactions
(Table 3). Root vessels treated with ‘SS31°
exhibited a larger lumen area than those un-
der the control treatment (Fig. 3). Notably,
significant increases of 34.1% in the 0- to
1-mm-diameter and 41.3% in the 1- to 2-mm-
diameter lumen area of vessels of fine roots
treated with ‘SS31° were observed within the
0- to 10-cm soil profile. Similarly, the same
parameters in the 10- to 20-cm soil profile in-
creased by 23.6% and 29.8%, respectively.
In comparison with the control, a signifi-
cant reduction in vessel density was ob-
served in roots with a diameter of 1 to 2
mm treated with ‘SS31°. This reduction
was observed in both the 0- to 10-cm and
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Fig. 4. Multivariate correlation between the anatomical characteristics of the vessel and specific hydraulic conductivity (Kj). Different colors indicate the
roots from the control (CK) and Streptomyces saraceticus 31 (‘SS31°) treatments. Significance levels: *P < 0.05; **P < 0.01; ***P < 0.001.

10- to 20-cm soil profiles, with decreases
of 23.1% and 24.6%, respectively.

The ‘SS31° treatment, root diameter, soil
profile, interaction of the root diameter with
treatment, and root diameter significantly ex-
plained variations in specific hydraulic con-
ductivity of fine roots (Table 3). In the 0- to
10-cm soil profile, roots with a diameter of 1
to 2 mm exhibited an 85.6% increase in spe-
cific hydraulic conductivity under ‘SS31’
treatment compared with that under the con-
trol treatment. Similarly, in the 10- to 20-cm
soil profile, there was a 50.7% increase in
specific hydraulic conductivity. However,
no significant differences were observed in
the specific hydraulic conductivity of roots
with a diameter of 0 to 1 mm under the
‘SS31’ treatment and control treatment. The
root specific hydraulic conductivity demon-
strated a positive correlation with the lumen
area of vessels, with a greater upsurge in the
roots of grapes treated with ‘SS31° than
that with the control treatment (Fig. 4). Ad-
ditionally, more significant negative correla-
tions were observed between root specific
hydraulic conductivity and vessel density af-
ter ‘SS31° application.
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Berry weight and quality. The application
of ‘SS31” treatment had a significant impact
on the growth and quality of ‘Benifuji’ berries
(Fig. 5). When compared with the control, the
single berry weight of ‘Benifuji’ under ‘SS31°
treatment was found to be 4.1% lighter. How-
ever, it is noteworthy that ‘SS31° treatment
significantly increased the TSS content by
10.1% and decreased the total TA by 15.4%
compared with those of the control. As a re-
sult, the TSS-to-TA ratio of ‘Benifuji’ berries
treated with ‘SS31” increased by 30.2%.

Volatile organic compounds. A total of 55
volatile compounds were identified in the
berries from both the ‘SS31” application and
the control groups. Among these, five com-
pounds originated from the amino acid meta-
bolic pathway, 44 originated from the fatty
acid metabolic pathway, and six originated
from the isoprene metabolic pathway (Fig. 6).
Notably, the SS31 treatment significantly
increased the total concentrations of VOCs
derived from the amino acid and fatty acid
metabolic pathways in the berries. How-
ever, no significant impact on the VOCs
that originated from the isoprene meta-
bolic pathway was observed (Fig. 7A).

The specific analysis of VOCs derived
from the fatty acid metabolism pathway re-
vealed a noteworthy pattern, including one
acid, 10 alcohols, five aldehydes, 24 esters, and
four ketones. The proportions of acids, esters,
and aldehydes produced through this pathway
increased, whereas the proportions of alcohols
and ketones decreased (Fig. 7B). The synthesis
of octanoic acid was observed only with the
‘SS31” treatment. The application of ‘SS31° to
‘Benifuji’ berries significantly increased the
contents of several esters, including ethyl ace-
tate, ethyl-2-methylbutyrate, ethyl propionate,
butyric acid ethyl ester, isopentyl acetate, ethyl
caproate, and diethyl succinate. Among alde-
hydes, the ‘SS31’ treatment led to a general
augmentation in leaf aldehyde levels in the
berries. Furthermore, compared with the con-
trol, there were significant elevations in the
levels of trans2-hexen-1-o0l, 1-pentanol, and
2-methyl-1-pentanol. The berries from grapes
treated with ‘SS31” had the highest level of
6-methyl-5-hepten-2-1 (Fig. 6 and Supplemental
Table 1).

Network analysis. The network analysis
method was used to investigate the intricate
relationships among root morphology, root
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vessel anatomy, hydraulic properties, fruit
quality, and volatile organic compounds
(Fig. 8). Root morphology emerged as a
significant determinant of TSS and TA in ber-
ries. Specifically, a strong positive correlation
of 0.608 was observed between the fine root
volume and TSS in berries, whereas a negative
correlation of 0.607 was noted for TA. Further-
more, the vessel lumen area in roots emerged
as the primary factor that influenced berry
weight, with a robust positive correlation of
0.809. In terms of VOCs in berries, root spe-
cific hydraulic conductivity, root vessel lumen
area, and fine root length were identified as
key variables, with positive correlations ex-
ceeding 0.7 and each playing a pivotal role in
determining their number and contents.

Discussion

Plant growth-promoting rhizobacteria, in-
cluding strains of Pseudomonas fluorescens,
Pseudomonas putida, Bacillus circulans, Pae-
nibacillus alvei, and Lysinicacillus sphaericus,
are frequently used as alternatives to chemical
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fertilizers because of their ability to improve
soil fertility and plant growth (Itelima et al.
2018). The key objective of this research was
to determine whether applying PGPR could
improve the root growth and berry quality of
the ‘Benifuji’ grapes. Obviously, the applica-
tion of Streptomyces saraceticus strain ‘SS31’
confirmed our hypothesis, leading to signifi-
cant increases in root number, length, volume,
and surface area across both soil profiles
(Table 2). These findings align with those of a
previous study by Liu et al. (2016), who re-
ported that inoculation with phosphate-solubi-
lizing bacteria significantly boosted root dry
weight. Walker et al. (2011) also observed that
maize seed inoculation with Azospirillum
strains resulted in increased root biomass.
The mechanism behind these positive effects
may be the improvement of rhizosphere con-
ditions following microbial application, which
promotes root proliferation and expansion. Lu
et al. (2020) recently maintained that the en-
hancement of Vitis vinifera growth in re-
sponse to the introduction of Pseudomonas

putida Rs198 in the rhizosphere was primarily
attributed to the soil’s increased invertase and
alkaline phosphatase activity triggered by this
particular strain. This suggests that specific
bacteria can enhance the activation of mineral
elements in the soil, thereby enhancing their
availability to plants. Moreover, PGPR have
been identified as producers of phytohormones,
namely [AA, indole-3-pyruvic acid, gibber-
ellins, and polyamines, which have been veri-
fied to regulate plant growth (Botha 2011). It
has been established that ‘SS31” has the ability
to produce IAA, which promotes the devel-
opment of strawberry and oilseed rape
(Hua et al. 2019; Nima et al. 2017). Future re-
search should focus on the comprehensive
identification of other metabolites produced
by ‘SS31° that may contribute to its growth-
promoting effects.

The vessels within the root xylem serve as
the primary conducting tissue and are a prom-
ising indicator of water and nutrient transpor-
tation efficiency. Practical adjustments to soil
conditions can influence how these root vessels
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develop structurally (Wang et al. 2018). In this
study, the ‘SS31” treatment increased the maxi-
mum vessel diameter, with no significant effect
on the minimum vessel diameter. However, it
significantly increased the lumen area and de-
creased density, particularly in roots with a di-
ameter of 1 to 2 mm. Rajaei et al. (2013)
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reported that the roots of V. vinifera cv. Ya-
ghooti-Syah Shiraz exhibited a larger mean
vessel diameter and fewer vessel numbers un-
der irrigation. Theoretical models proposed that
wider and fewer vessels are more efficient at
transporting water than multiple narrower
vessels (Zanne et al. 2010). However, wider

vessels are more prone to cavitation and embo-
lism during drought conditions. High hydrau-
lic conductivity in plant organs generally
indicates adaptation to long-term growth in fa-
vorable habitats (Wang et al. 2016). In this
study, an improvement in root hydraulic con-
ductivity was observed, which was driven by
an expansion of the vessel lumen area, particu-
larly under the ‘SS31° treatment (Figs. 2 and
3). Marulanda et al. (2010) reported that plants
inoculated with a Bacillus megaterium strain
exhibited elevated root hydraulic conductance
under both unstressed and salt-stressed condi-
tions. This suggested that the beneficial effects
of PGPR on plants may be linked to their abil-
ity to minimize hydraulic resistance and en-
hance water use efficiency in the roots.

In various crop production systems, the uti-
lization of PGPR induces beneficial outcomes
and has the capacity to enhance yield (Ibrahim
et al. 2005; Mosa et al. 2016). According to
Esitken et al. (2003), Pseudomonas, Rhizo-
bium, and Klebsiella species of bacteria can
effectively stimulate plant growth, boost yield,
and enhance crop quality of apple and apricot.
Wu et al. (2021) previously found that the ap-
plication of ‘SS31’ led to increased biomass
yields of water spinach across three growing
seasons, as compared with that during the first
season. In our study, a slight reduction in the
weight of a single berry was observed under
the ‘SS31° treatment as compared with that
under the control treatment, indicating a lim-
ited impact of ‘SS31” on crop yield during the
initial year of fertilization. Additionally, it was
observed that ‘Benifuji’ berries treated with
‘SS31” exhibited an increase in soluble solids
and a decrease in TA compared with those un-
der the control treatment, indicating the effec-
tiveness of ‘SS31° to enhance grape berry
quality (Fig. 5). The improvement in berry
quality has been found to exhibit a strong posi-
tive correlation with fine root morphologies
(Fig. 8). This correlation may be attributed to
the fact that the application of ‘SS31”° not only
significantly elevated the levels of available
phosphorus, K, and nitrate N in the soil but
also enhanced root morphology indices,
thereby improving the efficiency of mineral
nutrient absorption and translocation. In a
study conducted by Chen et al. (2022b),
it was observed that treatment with the
Bacillus velezensis strain GUMT319 led to
increased sugar/acid ratios and vitamin C
contents in grapes compared with those of
the control group.

During fruit ripening, VOCs emerge as
crucial metabolites that significantly impact
grape quality, thereby defining the organolep-
tic value of the horticulture commodity
(Alem et al. 2019). In this study, applying
‘SS31” resulted in a significant change in the
concentrations of volatile compounds found
in ‘Benifuji’ berries, particularly those that
originate from the fatty acid metabolic path-
way (Fig. 7). In fruits, this metabolic pathway
is primarily responsible for the synthesis of
straight-chain aliphatic alcohols, aldehydes,
ketones, and esters (Ma et al. 2021). When
‘SS31” was applied, the concentrations of
ethyl-2-methylbutyra-te, ethyl propionate,
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butyric acid ethyl ester, and ethyl caproate
within ‘Benifuji’ grape berries were signifi-
cantly higher than those of the control. These
esters are characteristically abundant in the
strawberry-like aroma of grapes. These find-
ings aligned with the observations of China-
chanta et al. (2021), who reported similar
enhancements in the aroma of Thai jasmine
rice through the application of Sinomonas sp.
strain ORF15-23. The plant-microorganism
interaction plays a pivotal role in dictating
the emission of plant volatiles (Miransari
2010; Velasquez et al. 2020). Specifically,
rhizosphere microorganisms enhance plants’
resilience to biotic and abiotic stressors
through the regulation of gene expression in-
volved in plant immune responses, including
the ethylene-mediated response (Gupta et al.
2019; Schuman and Baldwin 2018). During
this process, the upregulated expression of
genes related to fatty acid metabolism, such
as the LOX gene family, is considered to be
the reason for the increased VOC concentra-
tions. However, VOC emission is greatly in-
fluenced by environmental factors such as
light intensity, atmospheric CO, concentration,

temperature, relative humidity, and nutrient sta-
tus (Dudareva et al. 2013; Velasquez et al.
2020; Yuan et al. 2018). The signaling mecha-
nisms that regulate fluctuations in VOCs in
response to PGPR are intricate and com-
plex; therefore, further investigations are
warranted.

Conclusion

In summary, the results of this comprehen-
sive study demonstrated that the application of
Streptomyces saraceticus strain ‘SS31° had nu-
merous beneficial effects on soil physicochem-
ical properties. By elevating the available
phosphorus, K, and nitrate N levels as well as
the organic matter content, ‘SS31” enhanced
soil fertility. Furthermore, it reduced pH levels
and improved soil phosphatase and inver-
tase activity, which are vital for nutrient cy-
cling and plant growth. The application of
‘SS31” also stimulated the growth of ‘Benifuji’
grape fine roots, thus increasing their number,
length, surface area, and volume. A detailed
investigation of fine roots =2 mm in diameter
revealed that ‘SS31° performed significantly

Type
B root vessel anatomy and hydraulic conductivity
O fine root morphology
O Dberry qualities and VOCs

Ir-value| Correlation (+) Degree
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Fig. 8. Network analyses of berry qualities and volatile compounds with fine root characteristics in

‘Benifuji’ grapes. Aym =

root vessel lumen area; K; =

root hydraulic conductivity; RL = root

length; RN = root number; RS = root surface area; RV = root volume; TA = berry titratable acid-
ity; TSS = berry total soluble solids; weight = single berry weight; TSS.TA = ratio of total soluble
solids to titratable acidity; VD = root vessel density; VOCsC = the total content of volatile organic
compounds; VOCsN = the number of volatile organic compounds.
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better than the control in terms of root vessel lu-
men area and specific hydraulic conductivity.
This was achieved by increasing the maximum
diameter and reducing the vessel density of fine
roots. Notably, the beneficial effects of ‘SS31°
were more pronounced in roots with a diameter
of 1 to 2 mm. Moreover, the TSS of the berry
grew by 10.1%, and the total TA decreased by
15.4% following ‘SS31” fertilization; however,
the berry weight of ‘Benifuji’ grapes treated
with ‘SS31” was lower than that of the control.
Additionally, the application of ‘SS31” substan-
tially elevated the formation of volatile com-
pounds in the berries, especially those derived
from the fatty acid metabolic pathway. A net-
work analysis revealed that root morphology
played a pivotal role in enhancing fruit quality,
whereas a notable positive correlation existed
between the root vessel anatomy and VOCs
within fruits. These findings offered a fresh in-
sight into how root morphology and water con-
ductivity may be related to the stimulation of
plant growth and fruit quality when the plant
growth-promoting rhizobacterium is used. De-
spite the preliminary findings of this study, the
limited sample size and experimental dura-
tion posed constraints on the generalizability
of the hypothesis. Future research is impera-
tive to further explore this hypothesis among
diverse microorganisms, thereby expanding
the understanding of the underlying mecha-
nisms and potential applications.
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