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Abstract—Gynura pseudochina (L.) DC. is a native Zn and Cd
hyperaccumulative plant. It can be applied to rehabilitate an
old zinc mine by cooperating with a select Zn/Cd tolerant plant
endophyte that contains plant growth-promoting properties.
Therefore, this research aims to study the inoculation effects of
selected Zn/Cd tolerant endophytic bacteria on the growth and
phenolic profiles of G. pseudochina growing in Zn plus Cd
contaminated soil. Curtobacterium sp. GLDO03,
Stenotrophomonas sp. GSD10 and Chryseobacterium sp.
GTID13 were separately inoculated on tubers before growing in
nutrient-rich commercial soil supplemented with Zn (1000 mg
LY and Zn (50 mg L) for two months. The excess Zn and Cd
resulted in phytotoxicity (yellow and dead leaves) and a
decrease in dry weight. GSD10 had a direct impact on Zn and
Cd accumulation in the underground (tubers and roots) part,
while GLDO03 and GTID13 tended to promote Zn and Cd
accumulation in shoots. Interestingly, GLD03 and GTID13
seemed to degrade phenolic compounds in leaves. The total
phenolic content (TPC) and total flavonoid content (TFC)
decreased by 68-76% and 70-80%, respectively, when
compared to the non-inoculated plants. The TPC and TFC of
GTID13 decreased by 20% and 12%, respectively. HPLC and
LC-MS/MS analysis confirmed the results. Moreover, the
phenolic profile of GTID13-inoculated plants was not different
from that of uninoculated plants. Caffeoylquinic acid and
caffeic acid likely played a key role in reducing Zn/Cd stress.
The other involved compounds were salicylic acid, ethyl
chlorogenate, dicaffeoylquinic acid, ferulic acid, and methyl
3,4-dicaffeoylquinate. The results obtained can be used as
information for selecting endophytes to be applied in the field.

Keywords—bioaugmentation, cadmium, endophyte, phenolic
compounds, Zinc

I. INTRODUCTION

Phytomanagement can be used to restore an old zinc mine
that has been contaminated with zinc tailing. Planting native
plants that are tolerant of both zinc (Zn) and cadmium (Cd) is
appropriate because Cd is a guest element in zinc ores [1].
Gynura pseudochina (L.) DC., a perennial herb in the
Asteraceae family, is a Zn/Cd hyperaccumulative plant. In
addition, G. pseudochina is a native plant found in the zinc
resource area in Tak Province, Thailand [1, 2]. Zn is an
essential micronutrient for normal plant growth at a low
concentration, whereas Cd is not an essential element [3].
However, a supra-optimal Zn concentration cannot only be
toxic to plants but also aggravate the toxic effects of Cd by
inducing oxidative stress [4, 5]. Phenolic compounds are
antioxidants that can scavenge reactive oxygen species
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(ROS), catalyze oxygenation reactions by forming metallic
complexes, and inhibit oxidizing enzyme activities [6, 7]. An
in vivo system clearly indicated that G. pseudochina
responded to an excess of Zn and/or Cd concentrations by
increasing TPC and TFC, especially caffeic acid and rutin [5].
In addition, the phenolic compounds that played a role in the
esterification of the cell wall, especially chlorogenic acid,
p-coumaric, and caffeic acid, contributed to the accumulation
of Zn and Cd in the cell wall [4]. Under the stress of Cd and
Zn in Kandelia obovata, phenolic acids were mainly
synthesized with the properties of scavenging free radicals
and involved in the process of Zn and Cd uptake [8]. Besides,
the Cd toxicity caused Gynura procumbent [9] and Malva
parviflora [10] to have more TPC, TFC, and antioxidant
activity. Vaccinium corymbosum showed an increase in
chlorogenic acid when exposed to Cd stress [11]. Flavonoids,
flavonols, hydrolyzable tannins, and condensed tannins in
Phaseolus vulgaris were also induced by Cd [12].

Endophytic bacteria colonize plant tissues without causing
disease or negative effects on the host. Plant
growth-promoting endophytic bacteria (PGPEB) can directly
improve plant growth by producing phytohormones
and siderophores and getting increased limiting nutrients
(phosphate, nitrogen, and potassium) [13]. Metal-resistant
PGPEB can associate with their host hyperaccumulating
plants to enhance phytoremediation [14]. Furthermore,
Endophytic bacteria have an important role in secondary
metabolites and can either decrease or increase metal
accumulation in herbal plants [15].

Our research isolated Zn/Cd tolerant endophytic bacteria
from G. pseudochina growing in the zinc mine tailing. The
endophytic bacterial strains of Curtobacterium sp. GLDO3,
Stenotrophomonas sp. GSD10, and Chryseobacterium sp.
GTID13 contained some plant growth-promoting properties.
Reinoculation of these endophytic strains into G.
pseudochina could be beneficial for plant growth during zinc
mine rehabilitation. However, it is necessary to understand
the relationship between endophytes and host plants, as well
as the potential applications for achieving their cooperation
in reducing metal stress [14].

Therefore, this research aims to study the effects of
inoculation of Curtobacterium sp. GLDO03,
Stenotrophomonas sp. GSD10, and Chryseobacterium sp.
GTID13 in G. pseudochina plants growing in soil
contaminated with Zn plus Cd. The investigation focused on
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plant growth, phytotoxicity, Zn and Cd accumulation, TPC,
TFC, antioxidant activity, and phenolic compounds.

Il. MATERIALS AND METHODS

A. Preparation of Zn plus Cd Contaminated Soil

A commercial compost soil (Levington R-M2, ICL, UK)
(pH 5.3-6.0, N: 192, P: 98 K: 319, and conductivity 228-414
|s) was used as a medium in the pot experiment. The soil was
air-dried and sieved to obtain 0-4 mm particle size. The Zn
plus Cd contaminated soil was prepared by thoroughly
mixing the soil with a number of metal solutions to obtain the
concentration of Zn 1,000 mg kg soil and Cd 50 mg kg soil.
The solutions were prepared from ZnS04.7H,0 and CdSOa.
The contaminated soil was left in the greenhouse for 7 days to
stabilize the metals before being sterilized at 121 <C for 15
min over three consecutive days.

B. Zn plus Cd Tolerant and PGPEB Properties

Curtobacterium sp. GLDO03, Stenotrophomonas sp.
GSD10, Chryseobacterium sp. GTID13 were isolated from
the stems, leaves, and tubers of healthy G. pseudochina
growing in the former zine mine of Padaeng Industry Public
Company Limited (PDI), Phatat Phadaeng sub-district, Mae
Sot, Tak Province, Thailand (N 16<39'6.6", E 98<39'41.2").
They were identified based on 16S rRNA gene sequencing
analysis. Details of the modified DNA extraction and
identification were presented in Ratthanapolsan et al. [16].
The partial 16S rRNA gene nucleotide sequences were
deposited in the National Center for Biotechnology
Information (NCBI) database under accession numbers
MZ314061, MZ314069, and MZ314075. Bacterial colonies
were analyzed for their characteristics on trypticase soya agar
(TSA) and blood agar [17]. Zn- and/or Cd-tolerant properties
were investigated on TSA supplemented with Zn (25-1000
mg L) and/or Cd (5-100 mg L™1). Plant growth-promoting
properties were studied under control (metal-free) and Zn
plus Cd contamination (200+50 mg L%). Indole-3-acetic acid
(IAA) production was investigated by following a modified
method of Gordan and Weber [18]. Qualitative analysis of
nitrogen fixation, phosphate solubilization, and siderophore
production was carried out by inoculating bacteria on a
nitrogen-free malate medium [19], National Botanical
Research Institute's phosphate growth medium (NBRIP) [20],
and chrome azurol S (CAS) agar [21], respectively.

Each bacterial strain was cultivated in Luria-Bertani broth
(LB broth) (Fisher, UK) at 30 <C, 18-24 h. The cell pellet
was collected by centrifugation at 13,000 rpm for 1 min and
washed twice with the ¥ Ringer solution (Sigma, Germany).
Then, the pellet was re-suspended in the ¥ Ringer solution
and adjusted ODggo to 0.1 (108 CFU mL1).

C. Plant Materials and Pot Experiment

A specimen of G. pseudochina (L.) DC. (KKU No. 28875)
was deposited in the Herbarium of Khon Kaen University
(KKU), Thailand. The plant tubers (5-6 g) were surface
sterilized by sequentially immersing in 70% (v/v) ethanol for
1 min and 3% (w/v) NaOCI for 3 min and washed three times
with sterilized deionized water. Deionized water was
sterilized by autoclaving at 121 <€ for 15 min. Then, the
tubers were separately soaked for 2 h in each bacterial
suspension and ¥ Ringer solution (control). Each treated
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tuber was transplanted into a plastic pot containing 250 g of
the Zn plus Cd contaminated soil and non-contaminated soil
(control). The plants were grown in the Envirothon
greenhouse at UWE Bristol, UK. The conditions were 25 <€,
16:8 h day/night regime. Plants were watered with 20 mL of
sterilized deionized water for three days per week. Each
treatment was performed in six replicates. After growing the
plants for 2 months, the plants were carefully harvested. Total
chlorophyll concentration per fresh weight (FW) was
determined by extraction with 95.5% (v/v) acetone [22]. Dry
weight (DW) per plant was carried out to evaluate plant
growth. The roots were immersed in 10 mM
ethylenediaminetetraacetic acid (EDTA) for 30 min and
rinsed with an excess of deionized water to remove the
surface adsorbed metals [23]. A modified nitric-perchloric
acid digestion method [24] was used to determine the total
amounts of Zn and Cd accumulated in biomass on a dry
weight basis.

D. Plant Extraction

The leaves were collected and washed with deionized
water before blotting and freeze-drying. Then, the dried
leaves were ground into a fine powder. A 3-mL disposable
syringe (NIPPO, Japan) was used to perform percolation and
solvent partition. A series of solvents was in the order of
increasing polarity, 95% (v/v) Hexane, 99.5% (v/v) ethanol,
99.9% (v/v) methanol, and 50% (v/v) methanol. A 0.30 g of
leaf powder was packed into a syringe to obtain 0.5 mL bed
volume. An effluent of 10 mL per loading was collected as a
fraction for each solvent. A vacuum manifold was used to
control the flow rate to 0.1-0.2 mL per minute. Each extract
was stored at -20 T until analysis in an amber glass bottle
with a tight stopper.

E. TPC, TFC, and FRSA Determination

TPC was measured using the modified Folin Ciocalteu
method [25]. A test used 100 L of samples or a standard
Gallic acid (GA) solution. A 500 pL of 10% (v/v)
Folin—Ciocalteu phenol reagent, 100 L of 7.5% (w/v)
Na2COs, and 300 pL of distilled water were added to the
sample. After incubating in darkness for 90 min, the
absorbance was measured at 731 nm. The TPC value was
expressed in terms of a GA equivalent (Lmol GAE g dry
weight).

TFC was evaluated by a modified colorimetric method
[26]. The analysis used 100 pL of sample or standard
epicatechin (EC) solution, 500 pL of deionized water, and 30
pL of 5% (w/v) NaNO,. The mixture was incubated in the
dark for 5 min. Then, 60 uL of 10% (w/v) AICl; was added
before incubation for 6 min. Finally, 200 uL of 1 M NaOH
and 110 pL of deionized water were added and incubated in
the dark for 5 min. The absorbance was measured at 510 nm.
The TFC values were presented in terms of an EC equivalent
(umol ECE g dry weight).

FRSA was investigated using the
2,2-Diphenyl-1-picryl-hydrazyl (DPPH) free radical method
[27]. A 20 piL sample was mixed with 180 pL of 0.08 mM
DPPH solution and allowed to incubate in the dark for 30 min.
The absorbance was investigated at 515 nm. FRSA was
assayed by DPPH in terms of ICso (half-maximal inhibitory
concentration) (mg crude extract L™ reaction).
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F. HPLC and LC-MS/MS Analysis

Phenolics and flavonoids in the extracts were primarily
investigated by high-performance liquid chromatography
(HPLC). Briefly, an HPLC (Shimadzu SIL-10AD, Japan)
with a C-18 guard column (4.6 mm>250 mm>& pm)
(VetiSepTM UPS C-18, Thailand) and a C-18 reversed-phase
column (4.6 mm>25 mm>5 pm) (GL Science Lab
InsertSustain C-18, Japan) was performed. The mixture of
3% (v/v) acetic acid in water (solvent A) and 99.9% (v/v)
methanol (solvent B) was used to form a gradient mobile
phase [28]. The temperature of the column was 40 <C, and the
flow rate was 1 mL per minute. A 0.22-um nylon filter
(Whatman, GE Healthcare, UK) was used to filter the extract.
A 20 pL of the sample was injected. The HPLC
chromatogram was detected by a UV-diode array detector
(SPD-M20A, Shimadzu, Japan) at 280 nm.

LC-MS/MS, with a quadrupole time of flight (QTOF)
mass analyzer, was used to investigate unknown compounds
[4]. Briefly, an Agilent HPLC 1260 series coupled with a
QTOF 6540 UHD accurate mass (Agilent Technologies,
Waldbronn, Germany) was used for analysis. A Luna C18 (2)
150%4.6 mm, 5 um (Phenomenex, USA) was used to separate
the 5 pL of the filtrated extract. The mobile phase consisted
of gradient elution between water (solvent A) and acetonitrile
(solvent B), which both contained 0.1% v/v formic acid. The
flow rate and temperature of the column were controlled at
500 pL per minute and 35 <C, respectively. A QTOF 6540
UHD with accurate mass was used for the mass analysis. The
data was analyzed using Agilent Mass Hunter Qualitative
Analysis Software B06.0 (Agilent Technologies, CA, USA).

G. Data Analysis

The data was analyzed using a one-way analysis of
variance (ANOVA). Duncan's new multiple range test
(DMRT) was used to analyze variance and the separation of
means. The statistical analysis was performed using IBM
SPSS Statistics 29.0 for Windows (IBM, USA).

A. Endophytic Identification and PGPEB Properties

The phylogenetic analysis of Curtobacterium sp. GLDO03,
Stenotrophomonas sp. GSD10, and Chryseobacterium sp.
GTID13 was shown in Fig. 1. The endophytes tolerated high
Zn and Cd concentrations, and they were able to grow on
TSA supplemented with 1000 mg L of Zn or 100 mg L™ of
Cd. Table 1 showed that the three endophytes grew well on
TSA supplemented with 200 mg L™ of Zn plus 50 mg L of
Cd. However, the Zn plus Cd stress led to a decrease in IAA
production and N fixation properties of GLD03. Meanwhile,
the metal stress stimulated GSD10 to produce more 1AA and
stimulate siderophore gene expression. In addition, the N
fixation property of GSD10 was still effective under the
metal stress. The IAA and siderophore production of GTID13
under metal-free and the Zn plus Cd stress were unchanged.
The pathogenic test on the G. pseudochina leaves showed no
symptoms by the three strains. Due to the abilities of GLDO3,
GSD10, and GTID13, especially in terms of Zn/Cd tolerance
and 1AA production, reinoculation of the endophytes into G.
pseudochina should be studied as a guideline for promoting
plant growth in Zn/Cd contaminated soil.

RESULTS
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Fig. 1. Phylogenetic analysis of 16S rRNA gene sequencing of three endophytic bacteria isolated from G. pseudochina and sequences from NCBI databases
using neighbor joining statistical method with 1000 bootstrap raplicates. There were in 1545 positions in final dataset. Evolutionary analyses were conducted
with MEGA XI. Bootstrap values are indicated at node. Bar indicates 0.05 substitutions per nucleotide position.

Table 1. Characteristics of plant growth promoting properties of three Zn/Cd endophytic bacteria under control (metal-free) and Zn (200 mg L) plus Cd (50
mg L) stress, and pathogenicity test on G. pseudochina plant
Growth on TSA Plant growth-promoting properties under control, and Zn plus Cd

Endophytic bacteria Plant

pathogenicity contamlng Zn+ Cd_1AA production® (mg L) N fixation® P solubilization® _Siderophore production®
Control Zn+Cd Control Zn+Cd Control Zn+Cd _Control Zn+Cd
Curtobacterium sp. GLD03 ~ No symptoms +++ 17.5240.69 7.5841.19 +, slowly weak* - - - -
Stenotrophomonas sp. GSD10 No symptoms +++ 13.0340.04 21.1622.38 ++, slowly weak* +, slowly weak* ++
Chryseobacterium sp. GTID13 No symptoms +++ 12.3440.15  14.7440.87 ++ ++

2 The symbol of growth: — no growth, + growth/weak, + low growth, ++ moderate growth, +++ high growth. Growth on TSA contalnlng Zn200 mg Lt +
Cd50mgL*

® Indole acetic acid (IAA) production is expressed as mean3SD (n=3).

¢Nitrogen fixation: — no color change from green to blue in nitrogen-free malate medium, + little, ++ moderate, +++ high production

dPhosphate solubilization: — not able to solubilize phosphate (tricalcium phosphate), + little, ++ moderate, +++ high production

¢ Siderophore production: — not able to change color in chrome azurol S (CAS) agar, + little, ++ moderate, +++ high production

* Slowly weak is expressed as able to produce at 48-72 h.
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Fig. 2. Morphology of G. pseudochina plants growing for (a) one month and

(b) two months under non-contaminated soil, Zn plus Cd contaminated soil,

and the plants inoculated with GLD03, GSD10, and GTID13 growing in the

contaminated soil, and (c) percentage of phytotoxicity.
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Fig. 3 shows the dry weight, total chlorophyll content, and
the accumulation of Zn and Cd in the plant biomass. The dry
weight of plants grown in soil contaminated with Zn plus Cd
was lower than those of control plants (Fig. 3(a)). Moreover, a
greater decrease in dry weight was significantly caused by
inoculation with the endophytic strains. The plants grown in
the Zn plus Cd contaminated soil showed a significant
decrease in total chlorophyll a and b compared to control
plants (Fig. 3(b)). However, the total chlorophyll content of
the inoculated plants was not significantly different from the
plants of Control+ZnCd. The accumulation of Zn and Cd in
the plant biomass was shown in Fig. 3(c) and Fig. 3(d),
respectively. For the plants of Control+ZnCd, Zn was
accumulated in both the above-ground (shoot) part and
underground (tuber+root) part, and Cd accumulation was
mainly in the shoot part. GSD10 inoculation had a direct
impact on Zn and Cd accumulation in tubers and roots, while
GLDO03 and GTID13 tended to promote Zn and Cd
accumulation in shoots.

The production of phenolic compounds was a main Zn and
Cd tolerant mechanism of G. pseudochina [5]. Therefore, the
impact of endophytic strains on plant growth, phytotoxicity,
and Zn/Cd accumulation could be linked to modifications in
phenolic profiles.
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Fig. 3. The growth of G. pseudochina on fertile soil (control), fertile soil contaminated with Zn plus Cd (Control+ZnCd), and the contaminated soil inoculated
with GLDO03, GSD10, and GTID13. Dry weight per plant (a), total chlorophyll content (b), Zn, and Cd accumulated in biomass (c, d) after two months of
growing in a pot system. The data are given as the means =SD (n = 5). The different letters (s) are significant differences.

B. Analysis of phenolic compounds

Table 2 shows TPC, TFC, ICsq, crude extract amount, and
some phenolic compounds identified by HPLC. The crude
extracts obtained from the leaves of the plants grown in the
Zn plus Cd contaminated soil were higher than the crude
extracts obtained from control plants. In addition, inoculation
of the endophytic strains also resulted in a tendency for
higher amounts of crude extracts from leaves, especially in
the GSD10+ZnCd. In addition, the crude extracts from
Control and Control+ZnCd did not have significant
differences in TPC, TFC, and ICso. A high ICs indicates a
low level of antioxidant activity. The crude extracts from

plants inoculated with GTID13 had a slight decrease in TPC,
TFC, and ICso values when compared with Control+ZnCd.
On the other hand, the TPC, TFC, and ICs of the crude
extracts from the plants inoculated with GLDO03 and GSD10
were dramatically decreased.

In comparison with Control, an increase in chlorogenic
acid (CGA) and a decrease in caffeic acid (CA) in the crude
extracts of Control+ZnCd might involve the Zn/Cd tolerant
mechanism of G. pseudochina (Table 2). The amounts of
CGA, CA, and rutin (RUT) seemed to be consistent with the
results of TPC, TFC, and I1Cso. The low levels of TPC, TFC,
and antioxidant activity of the crude extracts from
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GLD03+ZnCd and GSD10+ZnCd might be caused by the
low content of CGA, CA, and RUT in the extracts. The TPC
and TFC of GLD03+ZnCd and GSD10+ZnCd significantly
decreased by 68-76% and 70-80%, respectively, when
compared to those values of Control+ZnCd. The CGA, CA,
and RUT decreased by 82-83%, 37-59%, and 54-56%,
respectively. Moreover, the areas of unknown compounds in
the crude extracts of GLD03+ZnCd and GSD10+ZnCd were
also decreased. In the case of GTLD13+CdZn, the TPC and

TFC values decreased by 20% and 12%, respectively, when
compared to those values of Control+ZnCd. In addition, the
amounts of CGA, CA, and RUT in the crude extracts of
GTID13+ZnCd were close to those found in the crude
extracts of Control+ZnCd. The peak area of the unknown
compound was not significantly different from that of the
control. The increase in crude extracts and decrease in
phenolic compounds could be a sign of changes in phenolic
profiles.

Table 2. Crude content, TPC, TFC, IC50, CGA, CA, and RUT in the leaf extracts of G. pseudochina growing in non-contaminated soil and Zn plus Cd
contaminated soil, without and with Zn/Cd tolerant endophytic inoculation

Treatment Crude content TPC TFC 1Cso CGA CA RUT Unknown
(mg g* DW) (amol GAE g* DW) (umol ECE g DW) (mg clrude extract (mgg*DW) (mgg'DW) (mgg*DW) (Area)
L reaction)

Control 205.46 +38.36° 96.86 +16.66° 53.01 +6.03% 83.8 +30.2° 1.34 +0.01° 0.49 +0.01° 1.04 +£0.04° 3,656,563 +122,344°
Control+ZnCd ~ 230.91 +47.05* 93.88 +2.37% 50.07 £1.40% 108.5 £47.52 177 £0.01*  0.27 £0.02°  0.99 £0.01* 4,308,547 +7,246%
GLDO03+ZnCd  265.50 +17.36% 29.50 +3.00° 15.43 +2.78° 342.0 £83.0° 0.32 +0.05¢ 0.11 +0.01¢ 0.45+0.00° 762,286 +201,649¢
GSD10+ZnCd ~ 298.80 +25.66* 21.90 +0.36° 10.24 +0.25° 533.5 £52.5¢ 0.29+£0.00¢  0.17+0.00°  0.43 +0.01° 1,130,462 +8,2136°
GTID13+ZnCd  272.15 +18.22% 75.39 +3.80° 43.63 +£1.29° 116.5 £9.5% 153 +0.10°  0.27 +0.02°  1.01 +0.07* 3,844,917 +99,834°

Note: Differences in the letters (a-c) in the same column are significant differences according to Duncan’s test (p<0.05). Data are given as means =SD (n=3).
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Fig. 4. LC-ESI base peak chromatogram (BPC) of G. pseudochina leaf extracts obtained from the combination of ethanol, methanol, and 50% (v/v) methanol
fractions, (a) the plant growing in non-contaminated soil (control), and (b) the plant growing in Zn plus Cd contaminated soil (Control+ZnCd) and inoculated
with Zn/Cd tolerant endophytes (GLD03, GSD10 and GTID13). For determination of the main peaks, see Table 2.

Table 3. LC-ESI-QTOF-MS/MS analysis of phenolic compounds from G. pseudochina leaf extracts obtained from non-contaminated soil (control) and the
plant growing in Zn plus Cd contaminated soil (Control+ZnCd) and inoculated with Zn/Cd tolerant endophytes (GLD03, GSD10, and GTID13)

Peak RT ESI-MS m/z Tentative identification Formula Error
no. (min)  [M-H]- MS/MS fragment (ppm)

1 3.32 191.05 127.03, 93.03, 85.02, 59.01 Quinic acid C7H1206 -7.75
2 3.58 133.01 115.00, 71.01 Malic acid C4HeOs -7.86
3 4.29 133.01 115.00, 72.99, 71.01, 59.01 Malic acid C4HeOs -7.11
4 4.94 191.01 111.00, 87.00, 57.03 Citric acid CeHsO7 0.66
5 10.33  359.07 271.09, 243.06, 179.03, 135.04, 71.01 Rosmarinic acid C18H1608 -4.89
6 10.46 353.09 191.05, 135.05, 85.02 Caffeoylquinic acid (CGA) Ci16H1809 -12.41
7 11.28 137.02 119.01, 108.02, 81.03, 65.04 Salicylic acid C7HeO3 11.08
8 12.06  179.03 135.04, 89.03 Caffeic acid (CA) CgHsO4 -10.65
9 12.53 475.18 429.17, 325.12, 205.07, 163.05, 101.02  Phenethyl rutinoside C20H30010 2.95
10 13.82 313.07 269.07, 159.04, 147.04, 109.02 Salvianolic acid F C17H1406 3.39
11 14.34 381.11 179.03, 135.04, 85.02 Ethyl chlorogenate Ci18H2209 3.16
12 14.71 515.12 353.08, 191.05, 179.03, 135.04, 85.02 Dicaffeoylquinic acid isomer 1 C25H24012 -6.98
13 15.09 515.12 353.08, 191.00, 179.03, 135.04 Dicaffeoylquinic acid isomer 2 C25H24012 6.78
14 17.29 193.05 161.02,149.05,133.02,106.04,77.03 Ferulic acid C10H1004 -10.19
15 18.13 543.15 381.11, 161.02, 135.04 Methy! 3,4-dicaffeoylquinate Ca7H28012 -3.13

D. Phenolic Identification by LC-MS/MS

Samples were prepared to contain the same crude extract
mass/solvent volume ratio for quantitative comparisons.
LC-MS/MS chromatograms are shown in Fig. 4, and the main
peaks of chemical profiles are identified as shown in Table 3.

The MS/MS fragmentation patterns and structures of the
fifteen compounds are shown in Fig. 5 (a)-(0). An increase in
peak height was observed for phenolic compounds in the
crude extracts of Control+ZnCd (Fig. 4(b), but the peak
height of the quinic, malic, and rosmarinic acids was lower
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than the peaks found in the Control (Fig. 4(a)). In addition,
the peaks of ethyl chlorogenate and methyl
3,4-dicaffeoylquinate  were found in the plants of
Control+ZnCd. Interestingly, the peaks of extracts from
GTID13+ZnCd were not different from those found in
Control+ZnCd (Fig. 4(b)). The peaks of CGA, CA, salicylic
acid, and dicaffeoylquinic acid were increased.

In contrast, only peaks of CGA and CA were clearly found
in the extracts of GLD03+ZnCd and GSD10+ZnCd (Fig.
4(b)). Although there are a little content of rutin in the
extracts from Control, Control+ZnCd, and ZnCd+GTID13
(Table 2), the rutin peak was not found in the samples
prepared for LC-MS/MS. The phenethyl rutinoside, a side
chain of rutin, was presented only in the control plant.
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Fig. 5 MS/MS fragmentation patterns and structures of (a) compound 1: quicid acid, (b) compound 2: malic acid, (c) compound 3: malic acid, (d) compound
4: citric acid, (e) compound 5: rosmarinic acid, (f) compound 6: caffeoyl quinic acid, (g) compound 7: salicylic acid, (h) compound 8: caffeic acid, (i)
compound 9: Phenethyl rutinoside, (j) compound 10: Salvianolic acid F, (k) compound 11: ethyl chlorogenate, (I) compound 12: dicaffeoylquinic acid isomer
1, (m) compound 13: dicaffeoylquinic acid isomer 2, (n) compound 14: ferulic acid, and (0) compound 15: methyl 3,4-dicaffeoylquinate

IV. DISCUSSION

Understanding the impact of metal-tolerant endophytic
bacteria on host plants in a pot experiment is important before
applying them to the field. Curtobacterium sp. GLDO0S3,
Stenotrophomonas sp. GSD10 and Chryseobacterium sp.
GTID13, which produced IAA under Zn/Cd toxicity (Table
1), were investigated in this experiment. Endophytes
releasing IAA can influence the plant-endophyte association
and plant development in metal-contaminated soil [14]. The
toxic effects of Zn plus Cd or endophytic inoculation on G.
pseudochina plants were investigated by growing them in
nutrient-rich commercial soil for two months to fully
demonstrate their effects. According to the Zn plus Cd
dose-response curve, concentrations greater than 100 mg L
of Zn plus 15 mg L of Cd began to cause a decrease in the
dry weight of G. pseudochina [4]. Therefore, the decrease in
dry weight of plants in Control+ZnCd was due to the toxicity
of Zn and Cd (Fig. 2(a)). Besides, endophytic inoculation did
not appear to promote plant growth under the high Zn plus
Cd-contaminated soil. The plant morphology and
phytotoxicity (number of yellow and dead leaves) (Fig. 2)
corresponded to the total chlorophyll content (Fig. 3 (b)). The
toxicity of heavy metals can cause deficiencies and nutrient
imbalance by interfering with the uptake and distribution of
essential nutrients in plants [29]. Cd tolerance and toxicity
are closely related to the homeostasis of essential metals,
such as Ca, Fe, and Zn [29]. Metal stress significantly
impacted total chlorophyll content, particularly Cd toxicity
[30]. Chlorosis of leaves and wilting are visible symptoms of
Cd toxicity, which usually arises when the total concentration
of Cd in plant tissues exceeds 30 mg kg™ [7].

Under the condition of Control+ZnCd, G. pseudochina
was able to accumulate 18012328 mg L™* of Zn and 251466
mg L of Cd in the shoot part. The amounts of Zn and Cd that
were accumulated were comparable to those previously
studied in a tissue culture system [4]. Stenotrophomonas sp.
GSD10 significantly increased the amount of Zn and Cd
accumulated in the underground (tuber+root) part, while
Curtobacterium sp. GLD03 and Chryseobacterium sp.
GTID13 tended to promote the accumulation of metal in
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shoots (Fig. 3 (c)-(d)). The increased metal accumulation
may be due to the unique properties of the three endophyte
species. Stenotrophomonas maltophili was able to tolerate
high concentrations of Cd [31-32], and S. maltophili Sm777
accumulated up to 4% of its biomass by detoxifying Cd to
CdS [31]. Curtobacterium sp. GX 31 biomasses could
adsorb Cd?* by both live and dead onto the cell surface [33].
Curtobacterium oceanosedimentum DG-20 had high Cd
tolerance and  bioaccumulation  properties  [34].
Chryseobacterium DEMBc1 acted as stabilizers for Cd [35],
and Chryseobacterium cells and extracellular polymeric
substances (EPS) functioned as biosorbents [36]. In this
experiment, Chryseobacterium sp. GTID13 was able to
produce a mucoid that could act as a metal biosorber and
assist in cell protection.

The activation of the phenylpropanoid biosynthetic
pathway occurs under abiotic stress conditions [6]. Therefore,
the impact of environmental stresses on plants can be
analyzed by measuring the level of phenolic compounds [37].
Phenolic compounds play an important role as antioxidants
and metal detoxification [6, 7]. The amount of Zn in the Zn
plus Cd treatment could inhibit Cd-induced oxidative stress
in G. pseudochina [4]. Thus, it might be the reason that the
TPC, TFC, and ICsp of Control+ZnCd were not different
from those obtained from the Control (Table 2). The CGA,
CA, and RUT amounts tended to be consistent with TPC and
TFC. Interestingly, a significant decrease of TPC, TFC, CGA,
CA, RUT, and the unknown peak area was observed in the
leaf extracts of GLD03+ZnCd and GSD10+ZnCd (Table 2),
which might indicate the breakdown or degradation of the
compounds.

The missing peaks in the LC-ESI base peak chromatogram
(Fig. 4(b)) of GLDO03+ZnCd and GSD10+ZnCd clearly
confirmed that phenolic compounds in the plant cell might be
degraded by the endophytic strains of Curtobacterium sp.
GLDO03 and Stenotrophomonas sp. GSD10. Several
symbiotic relationships between plants and microorganisms
are based on the reciprocity of benefits for both partners.
Possible abilities to degrade phenolic compounds of
Curtobacterium and Stenophomonas have been reported.
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Curtobacterium has the potential to decompose and recycle
organic material, and it can hydrolyze various
polysaccharides [38]. Khleifat et al. [39] reported the
biodegradation of phenol by Curtobacterium flaccumfaciens.
Stenotrophomonas sp. has potential application in
bioremediation [40]. Gao et al. [41] showed that S.
maltophilia was able to decompose organic pollutants such as
phenanthrene as its sole carbon source.

Chryseobacterium species are classified as aerobic
chemoorganotrophs that can grow on commercial organic
media and produce polysaccharide-degrading enzymes
[42-44]. Chryseobacterium are also considered to play
important roles in the degradation of polycyclic aromatic
hydrocarbons [45] and 2,4-dinitrotoluene in soil [46].

However, the results in Table 2 and the chemical profiles (Fig.

3) obtained from GTID13+ZnCd and control+ZnCd were
slightly different. Additionally, the genome analysis of
Chryseobacterium revealed superoxide dismutase, hydrogen
peroxidase, and catalase [47-49], which could assist in
reducing metal-induced oxidative stress in plants.
Furthermore,  Chryseobacterium sp. MDR7  [16],
Chryseobacterium sp. DEMBc1 [35] and Chryseobacterium
sp. LKS04 [50] were characterized as Zn and/or Cd-resistant
plant growth promotion of endophytes and well recolonized
to their host plants.

The LC-ESI base peak chromatogram (Fig. 4) clearly
confirmed that G. pseudochina produced phenolic
compounds to reduce toxicity caused by Cd and excess Zn.
This study also revealed that only Chryseobacterium sp.
GTID13 was able to maintain phenolic content in leaf
extracts. In addition, GTID13+ZnCd did not generate any
new peaks that differed from Control+ZnCd. The phenolic
profile in the extracts of plants grown in a tissue culture
system [4] was slightly different from the results of the
phenolic profiles found in this study. Citric acid and malic
acid are in the metabolic pathway of the tricarboxylic acid
cycle. The shikimic acid pathway is the metabolism of
carbohydrates and aromatic amino acids. Then,
phenylalanine from the Shikimic acid pathway is the starting
point of the phenylpropanoid pathway. The phenylpropanol
pathway is the precursor for the biosynthesis pathway of
caffeic acid, ferulic acid, and salicylic acid [51]. Rosmarinic
acid is an ester of caffeic acid and 3, 4-dihydroxyphenyllactic
acid [52]. Salvianolic acid, which is formed by rosmarinic
acid, is a caffeic acid dimer [53]. Phenethyl rutinoside is an
o-gylcosyl compound. Caffeoylquinic acid is an ester of
caffeic acid and (-)-quinic acid. Dicaffeoylquinic acid
contained two caffeic acid molecules, which had several
isomers in our extract. Methyl 3,4-dicaffeoyl quinate is the
formal condensation of hydroxy groups at positions 3 and 4
of methyl quinate with two molecules of trans-caffeic acid.
Ethyl chlorogenate is a structure of caffeoyl quinic acid [54].

Rosmarinic acid, salvianolic acid, and phenethyl
rutinoside were found only in the Control (Fig. 4 (a)).
According to the peaks in Fig. 3 (b), caffeoyl quinic acid,

salicylic acid, caffeic acid, ethyl chlorogenate,
dicaffeoylquinic  acid, ferulic acid, and methyl
3,4-dicaffeoylquinate  involved with Zn/Cd tolerant

mechanism of G. pseudochina. In particular, caffeoylquinic
acid and caffeic acid remained in GLD03+ZnCd and
GSD10+ZnCd.
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V. CONCLUSION

Curtobacterium sp. GLDO03, Stenotrophomonas sp.
GSD10, and Chryseobacterium sp. GTID13 were selected for
this study because of their plant growth-promoting abilities,
especially 1AA production, under the stress of 200 mg L™ of
Zn plus 50 mg L* of Cd. Each endophyte was separately
inoculated in G. pseudochina, and the impact of both
inoculation and Zn plus Cd toxicity was. The results obtained
from this study indicated that inoculation of PGPEB to host
plants under metal stress may not always be beneficial for
host plants. GLDO03 and GSD10 caused plants to experience
increased phytotoxicity, a decrease in dry weight, and
degradation of phenolic compounds. The more significant
accumulation of Zn and Cd in plants might be due to the
unique properties of the endophytes as metal biosorbents.
The loss of phenolic compounds occurred in Curtobacterium
sp. GLDO03 and Stenotrophomonas GSD10 have been
reported to have properties related to the degradation of
phenolic compounds. Chryseobacterium sp. GTID13 was the
only strain in this study that caused a small reduction in TPC
and TFC, as confirmed by HPLC and LC-MS/MS. The
phenolic profiles of G. pseudochina regarding Zn/Cd
tolerance both without and with GTID13 inoculation were
mainly composed of caffeoylquinic acid, caffeic acid, and
their derivatives. Finally, a metabolomics analysis study can
clearly understand the complex interaction between
endophytes and plant metabolites [55], which should be
studied further.
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