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Abstract

The effects of the cadmium-tolerant bacterium Cupriavidus taiwanensis KKU2500-3 on the growth
and grain production of jasmine rice (Oryza sativa L. var. KDML105) were studied. Bacterial cells were
inoculated onto rice seedlings before transplanting into a hydroponic system; the cells successfully
colonized, became distributed, and multiplied in the range of 10* - 10° log CFU-g" plant. The bacterial
cells were localized to the cell wall and the intercellular space of all plant parts. Moreover, inoculation of
strain KKU2500-3 significantly promoted rice growth by increasing the length, dry mass of shoots and
roots, and chlorophyll concentration in leaves, and improved yields by increasing the panicle length,
number of seeds/panicle, number of filled grains/panicle, filled grain percentage, and 100-grain weight
(13.57, 11.90, 48.20, 32.55, and 23.53 % over the control, respectively). The number of filled
grains/panicle and grain weight accounted for the increase in total yield. C. taiwanensis KKU2500-3
fixed nitrogen, produced indole-3-acetic acid, and solubilized phosphate, affecting the growth and yield
of all plants. Successful colonization of rice seedlings before transplanting is an important finding, as it
will simplify bacterial inoculation of plants, especially when grown in cadmium-contaminated rice fields.

Keywords: Cupriavidus taiwanensis KKU2500-3, KDML105 jasmine rice, colonization, hydroponic
system

Introduction

Rice is considered to be one of the most essential staple foods of humans. With the rapid growth in
the worldwide population, the amount of rice needed has increased dramatically, and enhancing
productivity per unit of land area is a major goal for meeting the increasing demand for this crop. Such
increases in production can be achieved by optimizing agricultural practices, such as nitrogen
fertilization, by improving technologies to produce higher yiclds at a lower cost, and in a worsening
environment, and by ensuring food security. Overall, it is necessary to apply innovative approaches, such
as genetic methods and the use of exogenous plant growth regulators, to increase rice production. Within
this context, numerous researchers have shown that many rice cultivars differ with regard to their growth,
grain yield, yield components, and quality.

Thai jasmine rice, or Khao Dawk Mali 105 (Oryza sativa L. var. KDML105), is the most popular
among Thai rice species. It is traditionally grown in the northern and northeastern regions of Thailand for
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export. Because it has a good cooking quality, and is aromatic and supple, many farmers have been
encouraged to plant this variety. Unfortunately, planting rice in an unsuitable area, especially in a drought
or inundation area, results in low yield and quality, as well as instability. Moreover, some regions have
been affected by environmental problems, for example, heavy metal contamination and the use of
agricultural chemicals, such as herbicides, pesticides, or chemical fertilizers, which cause soil
deterioration. These factors have direct effects on rice production. For these reasons, a major goal of this
study is to increase productivity as much as possible in a restricted area, while reducing the use of
chemical fertilizers.

Several studies have reported that the plant growth-promoting activities of various microorganisms
can improve crop growth and yield, and such growth promotion is especially true for plant growth-
promoting rhizobacteria (PGPR), which are distributed in the rhizosphere or colonized in roots. These
microbes possess advantageous mechanisms to encourage plant growth in various ways, including the
ability to generate indole-3-acetic acid (IAA) [1,2], ammonia (NHj;), hydrogen cyanide (HCN),
siderophores, soluble phosphate, and antifungal agents [1]. Some microbes of the genus Cupriavidus have
been found in association with the rhizospheres of various plants. In particular, C. taiwanensis LMG
19424, which was first discovered in Taiwan, was found to colonize the root nodule of Mimosa pudica
[3], as well as many Mimosa species around the world [4]. This bacterium is considered to be among the
rhizobia that cooperate with legumes in mutualistic endosymbiosis and induce the development of root
nodules for nitrogen fixation, providing nitrogen to the host plant.

C. taiwanensis strain KKU2500-3 was not isolated directly from a plant but, instead, from cadmium-
contaminated soils of paddy fields in Mae Sot District, Tak Province, Thailand. KKU2500-3 was able to
improve rice seedling growth in the presence of 200 mM CdCl,, and the plants also produced the greatest
number of fibrous roots [5]. KKU2500-3 was observed to colonize root surfaces, becoming distributed
and multiplying in the roots and shoots of rice plants. The plants also exhibited enhanced growth in a
medium lacking nitrogen, with increased chlorophyll content (~8 times) when cultured in the presence of
CdCl, [6,7]. Due to varying environmental factors and field conditions, including weather, soil properties,
and the diversity or activity of native microorganisms in the host and soil, interactions between microbes
and plants may be unstable. Therefore, it is necessary to develop rice plants that grow efficiently under
greenhouse conditions in a hydroponic system, and possible approaches include exploring plant growth-
promoting activities and plant adaptation to particular microbial communities. Accordingly, this study
aimed to clarify the effects of C. taiwanensis KKU2500-3 on rice growth and yield and to elucidate
various plant growth-promoting activities. The findings of this study may provide an efficient method to
promote plant productivity through bioinoculants, which may have potential use as biofertilizers in the
field, especially in cadmium-contaminated soils.

Materials and methods

Materials

Seeds of KDML105 jasmine rice were kindly provided by the Khon Kaen Rice Research Center,
Thailand. C. taiwanensis KKU2500-3 was isolated from a cadmium-contaminated paddy field in the Mae
Sot District of Tak Province [5].

Bacterial growth in N-free and N-enrich medium

The growth of C. taiwanensis KKU2500-3 was evaluated in Burk's N-free medium or nutrient broth
(NB), a nitrogen-rich medium, at 30 °C and 150 rpm. Bacterial growth was observed at 6-hr intervals
until reaching stationary phase. The growth curves of the bacterial strain cultured in both media were then
compared.

TIAA production assay

The ability of the bacteria to synthesize IAA was examined via IAA quantification using a modified
method of Bric et al. [9]. C. taiwanensis KKU2500-3 was grown in NB supplemented with 0, 50, 150,
300, 400, or 500 uM-mL" tryptophan for 24 h at 30 °C and 120 rpm. The cells were separated by
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centrifugation for 15 min at 4 °C and 6,000 rpm. Orthophosphoric acid solution (2 drops) and Salkowski
reagent (4 mL) were added to the supernatant (2 mL). The reaction was kept at room temperature until a
pink color developed, and the amount of IAA in the solution was quantified by spectrophotometry at 530
nm [1].

Siderophore production assay

The ability of the bacteria to synthesize siderophores was determined by growing C. taiwanensis
KKU2500-3 in NB at 30 °C and 120 rpm until reaching the mid-log phase (approximately 18 to 19 h).
We dripped 10 pL of a cell suspension at a concentration of 10° CFU-mL™" onto chrome azurol S agar
medium, and allowed the bacteria to grow at 30 °C for 48 - 72 h. The appearance of an orange color
surrounding the colonies indicates siderophore production [1,10].

Phosphate solubilization assay

The phosphate solubilization capacity of the bacteria was assessed by growing C. taiwanensis
KKU2500-3 on Pikovskaya's medium at 30 °C for 48 - 72 h. A clear zone surrounding the colony
indicates the ability to dissolve phosphate [11,12]. The amount of tricalcium phosphate solubilized by C.
taiwanensis KKU2500-3 was measured using the method of King [13] by growing the cells in
Pikovskaya's broth at 30 °C for 96 h. The broth was then centrifuged at 4 °C and 15,000 rpm for 30 min
to collect the supernatant, which was combined with chloromolybdic acid solution (1 mL) and distilled
water (10 mL) to yield approximately 45 mL. Chlorostannous acid (0.25 mL) was then added to the
mixture, followed by distilled water to reach 50 mL of the total amount, before incubating at room
temperature to generate a blue color. The concentration of solubilized phosphate in the solution was
measured at 600 nm and quantified by comparison to a standard curve of KH,PO,.

Rice growth under phosphate-free and phosphate-enriched conditions

The KDML105 jasmine rice seeds were surface sterilized with 90 % ethanol for 3 min, followed by
an incubation with 0.2 % mercuric chloride for 30 min. Next, the seeds were washed 3 times with sterile
distilled water and then stored in the dark for germination. Three days after germination (0.5 mm-long-
roots), the seedlings were separated into 2 sets. For the first set, 5 ml of a bacterial suspension (5x10°
CFU'mL" in normal saline) was added to generate bacterial-colonized rice plants (RB), and the same
amount of normal saline was added to the second set to generate non-bacterial colonized rice plants (R),
with both sets maintained in the dark for 2 days. Afterwards, the seedlings were transferred to grow in
Hoagland’s agar, prepared from a combination of 0, 10, 20, 50, and 100 % soluble phosphate (KH,PO,
0.0068 g/100 ml) and 100, 90, 80, 50, and 0 % insoluble phosphate (CaHPO4-2H,0), respectively. The
experiments were performed under controlled conditions in a growth chamber with 70 % relative
humidity and a 14:10 h light-dark cycle at a light intensity of 1,000 umol m™s™ for 9 days at 25 °C. Next,
the rice samples (3 plants/replicate, 3 replicates/treatment) were randomly collected to assess growth by
measuring shoot and root length and dry weight.

Colonization of C. taiwanensis KKU2500-3 in rice

The seeds of KDML105 jasmine rice were surface sterilized with 90 % ethanol for 3 min, followed
by incubation with 0.2 % mercuric chloride for 30 min, after which the seeds were washed 3 times with
sterile distilled water. The sterile seeds were grown on sterile 0.1 % tryptic soya agar [14] for 3 days.
Sterile seedlings (without bacterial colonies on or around the agar) were selected and transplanted onto a
semisolid solution of Hoagland and Arnon [15] in sterile bottles. The experiments were performed under
controllable conditions in a growth chamber: 70 % relative humidity and 16:8 h light-dark cycle at a light
intensity of 1,000 umol m™s™ for 3 days after transplanting (DAT) at 28 °C. Bacterial cells were prepared
by culturing in NB at 30 °C and 150 rpm in a rotating incubator for 18 - 19 to obtain cells in mid-log
phase. The bacterial suspension was centrifuged, and the pellet was double washed with sterile saline
before being resuspended in phosphate-buffered saline (PBS). At 3 DAT, the rice seedlings were
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separated into 2 sets for continuous growth for another 15 days in a growth chamber, including a set
inoculated with 5x10° cells-mL™" of C. taiwanensis KKU2500-3 and an uninoculated control set.

Transplantation of rice into the hydroponic system and treatments
The 2 sets of seedlings at 15 DAT were separated into 2 groups (R and RB) that were grown
separately in a hydroponic system containing Hoagland’s solution.

Bacterial colonization assessments

Inoculated rice seedlings were collected (3 plants/replicate, 3 replicates/treatment) once per month
and separated into 3 parts to assess colonization, including the roots, the shoot base, and the leaves. For
bacterial colonization on the root exterior, roots were excised, washed to remove loosely associated
bacteria, and then shaken vigorously in sterile saline for 30 s to detach rhizosphere bacteria. The
suspension was diluted with sterile saline (10-fold series) and spread onto nutrient agar containing 500
pM CdCl,, which can be used to specifically select for strain KKU2500-3 [5]. The rice-colonizing
bacteria expected to be C. taiwanensis KKU2500-3 were counted in CFU-g'1 plant and identified by 16S
rDNA analysis. Bacterial colonization in the interior of the plants was assessed by separately grinding
followed by 10-fold serial dilution of roots and shoots in sterile saline. Each dilution was then spread onto
nutrient agar containing 500 pM CdCl,. The cadmium-tolerant bacteria that colonized the plants and were
expected to be C. taiwanensis KKU2500-3 were counted in CFU~g'1 plant and identified by 16S rDNA
analysis.

Bacterial identification by 16S rDNA

A 16S rDNA-based polymerase chain reaction (PCR) technique was performed using optimized
conditions (pre-denaturation, 94 °C/3 min; denaturation, 94 °C/30 s; annealing, 66 °C/30 s; extension, 72
°C/1.30 min; and post-extension, 72 °C/3 min), and we designed specific primers to detect colonizing
bacteria isolated from plant samples and thought to be C. taiwanensis KKU2500-3 (CD3-16S rDNAF; 5'-
GGGACCGCAAGGCCTCGCGC-3' and CD3-16S rDNAR; 5'-CTCCCCCTCGCGGGTTGGCAA-3").
The theoretical size of the product is 1,071 bp. The DNA fragments were visualized by gel
electrophoretic analysis, and the sequence of the PCR product was aligned with the known sequence of C.
taiwanensis KKU2500-3 16S rDNA. BLAST searches were performed using the NCBI database.

Scanning electron microscopic (SEM) analysis

Rice plants were collected at 28 DAT and double cleaned with sterile water. The samples were
immersed in glutaraldehyde and paraformaldehyde in sodium cacodylate buffer (pH 7.2) at 28 °C for 2 h
and cleaned 3 times with PBS (pH 7.2). Plant tissues were cut to detach the shoots and roots and soaked
in osmium tetroxide in PBS at 4 °C for 2 h, dehydrated in an ethanol series (50 - 100 %), and desiccated
by critical point drying (modified from Mattos et al. [16]). Observations and micrographs were performed
at the electron microscopic lab of the Biology Department of Khon Kaen University.

Rice growth and yield determination

Rice samples (3 plants/replicate, 3 replicates/treatment) from both treatments were randomly
collected at 30 - 135 DAT to determine growth via biomass analysis, shoot and root length, and pigment
content [7]. After transplanting every 15 days, rice leaves were cut into small pieces. Pigments were
extracted with 80 % acetone, and absorbance was measured by spectrophotometry at various wavelengths.
The concentrations of chlorophyll a, chlorophyll b, and carotenoids were computed based on absorbance
values [17]. Grain and components of rice yield were evaluated at the end of the experiment (135 DAT).

Statistical analysis

Data from each experiment were examined using analysis of variance (ANOVA), and the means (n
=3)+ SD were compared using an independent sample T-test. Significance was considered at p < 0.05
and p <0.01.
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Results and discussion

Activities of C. taiwanensis KKU2500-3 affecting rice growth and yield

The growth curves showed that KKU2500-3 grew rapidly in NB medium for 6 - 18 h after the lag
phase, while cells cultured in Burk's nitrogen-free medium grew slowly over a longer period of time
(Figure 1A). This result demonstrated that this bacterium could grow under nitrogen-deficient conditions,
suggesting that it has the ability to fix N, from the atmosphere. In addition, strain KKU2500-3 was able to
produce IAA and release it into NB medium at approximately 4 ug-mL'l. The addition of 50 - 500
puM-mL" of tryptophan to the medium promoted IAA production by KKU2500-3, especially when 300
pM-mL™ tryptophan was used (Figure 1B). However, the strain was not able to produce more IAA when
the concentration of tryptophan increased to 400 - 500 pM-mL"™". The strain also exhibited the ability to
solubilize 643.87 ug'mL" insoluble phosphate in Pikovskaya’s medium (Figure 1C). Although the
bacterium showed many beneficial activities that resulted in enhanced plant growth, no siderophore
production was observed.
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Figure 1 Plant growth-promoting abilities of C. taiwanensis KKU2500-3. (A) Growth of the bacterium in
Burk’s nitrogen-free medium compared with that in nutrient broth (NB), (B) IAA production with
different concentrations of tryptophan, and (C) Phosphate solubilization in Pikovskaya's medium.
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Rice plant growth under phosphate-free and enriched-phosphate conditions in Hoagland’s
agar

To determine the ability of KKU2500-3 to solubilize insoluble phosphate and make it available for
plants, rice seedling plants colonized with bacteria were grown on Hoagland’s agar with or without
insoluble calcium phosphate for days after transplantation. The results showed that shoot length and dry
weight and root length and dry weight were similar between R and RB plants (Figure 2). However, the
root dry weight of RB plants was higher that of R plants when no soluble phosphate was added (Figure
2B), indicating that the bacteria were able to solubilize insoluble phosphate to promote plant growth. At
100 % soluble phosphate, the RB showed significant growth promotion compared to R plants, as assessed
by root dry weight, possibly via other mechanisms besides phosphate solubilization of KKU2500-3.
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Figure 2 Shoot and root lengths (A), shoot and root dry weight, (B) of KDML105 jasmine rice at 9 DAT
growth in Hoagland’s agar supplemented with soluble and insoluble phosphate without bacteria (R) or
inoculated with bacteria (RB), means = SD, n = 3. ** = significant difference at p < 0.01 (t-test).

Colonization of C. taiwanensis KKU2500-3 on KDML105 jasmine rice

C. taiwanensis KKU2500-3 successfully colonized the root surfaces and migrated into roots and
shoots from 30 DAT, ranging from 3 - 8 log CFU-g" plant (Figure 3). Throughout the experiment, the
bacteria spread to different parts of the plant, with the highest numbers on the root surface, indicating that
C. taiwanensis KKU2500-3 did not affect rice growth in Hoagland’s solution. Agarose gel electrophoresis
of the PCR products using DNA from all isolates revealed the same size as that of C. taiwanensis
KKU2500-3 16S rDNA. The sequences of these PCR products show at least 97 % similarity to the 16S
rDNA of other strains of C. taiwanensis, and 100 % similarity to KKU2500-3. After root inoculation,
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SEM (Figure 4) showed colonization of the root surface by KKU2500-3 from observations of cell
attachment and transfer into the roots, shoots, and leaves through the vascular bundle, enclosing cells
within intercellular spaces.
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Figure 3 Number of cadmium-tolerant bacteria, likely to be C. taiwanensis KKU2500-3, isolated from
rice plants at 30 - 120 DAT.

Effects of C. taiwanensis KKU2500-3 on rice growth and pigment content

The R rice plants (not inoculated with bacteria) showed continuous growth with timely increases in
the length and biomass of the shoot and root from 30 - 135 DAT (Figure 5A). In contrast, the RB rice
plants (colonized with bacteria) showed a longer root length than the control beginning at 45 DAT.
Although the shoot lengths of the rice plants in each treatment were similar, their dry weights were
significantly different, especially at 120 - 135 DAT (Figure SB). A pigment content analysis
demonstrated that the bacteria dramatically increased the chlorophyll a and b contents of the RB rice
plants. The chlorophyll content between the 2 treatments was markedly dissimilar at 75 DAT, whereas
carotenoid levels were similar (Figure SC). The overall morphology of non-inoculated and inoculated
rice plants showed that C. faiwanensis KKU2500-3 promotes root hair formation (Figure 6) in young
plants, and the RB rice plants appeared healthier than the R rice plants (Figures 6 and 7).

Effects of C. taiwanensis KKU2500-3 on rice yield

At 135 DAT, rice yield components and grain yield, including the panicle length and number of
seeds/panicle, were determined. The KKU2500-3 strain altered the panicle length, number of filled
grains/panicle, filled grain percentage and, most notably, the 100-grain weight (Table 1). Although the
number of seeds/panicle was not significantly different between the treatments, the filled grain yield for
the RB plants was greater than that of the R plants. The most important results were the significant
differences in the number of filled grains/panicle and the grain mass of the rice plants inoculated with the
bacteria, with both parameters demonstrating that both the quality and quantity of the total product was
higher than that of the control plants.
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Figure 4 Electron micrographs of bacteria (arrows), which are likely C. taiwanensis KKU2500-3,
colonizing the root surface, the root interior, the shoot base, and the shoot tip of KDML105 rice in control
plants (R; shown in A, C, E, G) and bacterium-inoculated plants (RB; shown in B, D, F, H) when grown
in Hoagland’s solution for 28 days, h = root hair, x = xylem.
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Figure 5 Shoot and root lengths (A), shoot and root dry weights (B), and pigment contents (C) of KDML
jasmine rice plants at 30 - 135 DAT in hydroponic systems without bacteria (R) and inoculated with
bacteria (RB; means = SD, n = 3). ns = no significant difference, * = significant difference at p < 0.05 (T-
test).
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R[14 DAT] &

Figure 6 Light micrographs of KDML 105 rice seedling roots at 4, 7, 14, 21, and 28 DAT in hydroponic
systems without bacteria (R; shown in A, C, E, G, I) or inoculated with bacteria (RB; shown in B, D, F, H,
).
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10 cm

Figure 7 Rice plant characteristics at 135 DAT of growth in hydroponic systems without bacteria (R) or
inoculated with bacteria (RB).

Table 1 Yield parameters and grain yield (means + SD, n = 3) of rice at 135 DAT.

Panicle No. of seeds/ No. of filled Filled grain 100 grain weight
Treatment

length (cm) panicle grains/panicle percentage (€4)
R 205+ 1.1 532483 339+59 63.7+6.2 1.8981 +0.0882
RB 233+1.0 59.6 +3.0 502+14 84.5+4.8 2.3446 + 0.0395
T-test * ns * * *

T-test (n = 3), ns = non-significant difference, * = significant difference (p < 0.05)

Discussion

The results of this study demonstrate that the growth and yield of KDML105 jasmine rice plants was
significantly increased by colonization of C. taiwanensis KKU2500-3. The observed differences between
non-colonized and colonized rice plants indicated that this bacterial strain enhanced the growth of rice
plants with respect to several characteristics (Figure 5). At 45 DAT, the root length and shoot dry mass
were greater in RB rice plants than in R rice plants. However, the longer roots of RB rice plants did not
exhibit increased dry weight at that time, although they increased notably at 120 DAT until the ripening
stage. As roots are important plant structures implicated in the acquisition of water and minerals,
production of some hormones, anchoring of plants, and interactions with soil bacteria [18,19], their
structures and functions are intimately related to the growth and development of the aerial parts of plants.

Possible explanations for the observed interactions include the following.

(1) The IAA produced by the bacteria enhanced root growth and development by encouraging root
elongation, lateral root formation, and mineral accumulation, as reflected in the growth of plant shoots
[20,21]. Consistent with our previous observations, KKU2500-3 can produce IAA and, thus, improve
lateral root production [5]. Auxins are widely used in tissue culture to enhance initiation of new root
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primordia and stimulate root elongation. New root formation is initiated by relatively high levels, whereas
root elongation is motivated by lower doses. Corresponding to our findings, Yang et al. [22] also reported
that a high root biomass and high levels of other plant hormones, such as abscisic acid (ABA) and
cytokinin, are needed for high grain-filling rates, grain-filling percentages, and grain yields. These
requirements may be the result of spreading of the colonized bacteria from the root to the shoot of
KDMLI105 rice. Inoculation with KKU2500-3 markedly increased root growth in young plants by
promoting root elongation and lateral root formation (Figure 6) and in mature plants by enhancing root
biomass accumulation (Figure 5), allowing plants to access more nutrients and water. This result is
interesting because the morphological modifications induced by these bacteria were beneficial. Thus,
colonization and activities of such bacteria likely affect plant growth and development.

(i1) The root exudate tryptophan is a substrate in the IAA biosynthetic pathways of rhizosphere
bacteria, and an important component of bacterial IAA is then distributed to the root [23]. As
demonstrated by our study, exogenous tryptophan improved IAA production by strain KKU2500-3,
confirming the symbiotic relationship between KDML105 jasmine rice and the bacteria. In addition to
tryptophan, other precursors, such as root-secreted pyruvate, can enter IAA production through several
biosynthetic pathways [24]. Whether the KKU2500-3 strain enhanced IAA production in colonized rice
plants remains to be elucidated.

(iii) The ability to convert atmospheric nitrogen to ammonium (NH,") is one of the strongest effects
of KKU2500-3 in enhancing rice growth and yield. The ability to fix nitrogen is widespread among plant-
promoting rhizobacteria, including many rhizobia and C. taiwanensis strains [25,26]. An important factor
in this reaction is the enzyme nitrogenase [27,28]. Although the application of nitrogen fertilizer is central
to high-yield rice production, the mass, length, and surface area of the root also increased with increasing
nitrogen [29]. Moreover, biological nitrogen fixation by microorganisms is a very important nitrogen
source for rice plants [30]. In this study, although we found that C. taiwanensis KKU2500-3 affected
plant growth, the impact may depend on the application method, dose, and timing [31].

(iv) According to our results, C. taiwanensis KKU2500-3 can be used as a biofertilizer, as this strain
can produce phytohormones such as TAA, fix nitrogen, and solubilize insoluble phosphate. Interestingly,
the ability of KKU2500-3 to reduce cadmium accumulation in rice seedlings [5] makes it a promising
strain for further investigations of the production of low-cadmium-accumulating rice plants grown in
contaminated rice fields.

Conclusions

Colonization of KDML105 jasmine rice plants by C. taiwanensis KKU2500-3 enhanced the growth
and increased plant dry matter and chlorophyll contents, as well as the quality and quantity of rice yield.
These improvements led to noteworthy increases in grain yield with regard to both number and weight,
with a value 48.20 and 23.53 % greater than that of the control, respectively. All plant growth and yield
results were due to a combination of bacterial activities, including nitrogen fixation, IAA production, and
phosphate solubilization.
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