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Abstract 

Background Bacterial contamination poses a high risk to the successful establishment and maintenance of plant 
tissue cultures. The aim of this study was to identify the isolates representing the frequent bacterial contaminants 
of Prunus rootstock tissue cultures and to determine the most effective concentration of nanomaterials for Curtobac-
terium sp. strain A7_M15 elimination without a negative impact on explants.

Results Six Curtobacterium sp. strains were isolated and identified, and the whole-genome sequence was obtained 
for strain A7_M15. Two nanocomposites, reduced graphene oxide–copper–silver and silver–selenium, with the high-
est bactericidal activity were selected for elimination of Curtobacterium sp. contamination in Gisela 5 rootstock 
tissue cultures. Both nanocomposites showed 100% inhibition of bacterial plaque formation on culture medium 
at concentrations of 100, 200 and 400 mg  L-1 Ag (2 ×–8 × MBC). The quantity of Curtobacterium sp. on culture 
medium assessed using cfu enumeration was reduced by 92% and 74% in comparison to the positive control 
after treatment with reduced graphene oxide–silver–copper and silver–selenium at a concentration of 200 mg  L-1 
Ag, respectively. None of the tested concentrations resulted in a decrease in Curtobacterium sp. quantity in explants. 
Curtobacterium sp. was detected in donor Gisela 5 plants, indicating an endophytic character of this bacterium. The 
dry weight of explants was not negatively affected by the application of nanocomposites regardless of concentra-
tion, and no detrimental effect of either nanocomposite at 100 or 200 mg  L-1 Ag on the surface covered by plants 
was observed.

Conclusions Reduced graphene oxide–silver–copper and silver–selenium nanocomposites at 200 mg  L-1 Ag 
effectively limited the Curtobacterium sp. presence in micropropagated Prunus rootstock without causing phytotoxic-
ity; therefore, those treatments could be offered as prevention with a high activity against bacterial contamination 
in plant tissue cultures.
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Graphical Abstract

Background
The establishment of plant tissue cultures requires 
aseptic conditions; however, microbial contamination 
often occurs during the manipulation of explants. 
Among various microorganisms, bacteria are described 
as a serious risk in every application of plant in  vitro 
culture techniques [1, 2]. The problem of undesired 
microorganisms contaminating tissue cultures is 
present both in commercial and scientific laboratories. 
Efficient production can be achieved when losses due 
to microbiological contamination do not exceed 2% per 
subculture [1, 2]. Except for introducing safety practices 
during all steps of in  vitro plant production, there is a 
need to use antimicrobial substances. Establishment 
of tissue culture requires disinfection of initial plant 
material, and for this purpose, mercuric chloride, sodium 
and calcium hypochlorite, ethanol or antibiotics are 
routinely used [3–5]. Despite the effective elimination of 
microorganisms during this process, some contamination 
may occur during further manipulation with cultures 
from external sources or internal latent bacteria [6, 7].

Treatments of tissue cultures in which a problem with 
bacterial contamination has been recorded are mainly 
limited to antibiotics, which may show a phytotoxic 
effect [5, 8] or adaptive resistance may begin to appear 
[9]. As an alternative to antibiotics, the use of the 
generally recorded antimicrobial effect of nanoparticles is 
theoretically offered [10]. Regarding plant tissue cultures, 
nanomaterials have already been used, applied both 
for disinfection during in  vitro culture establishment 
and for maintaining a contamination-free culture [3, 
11]. Compounds or elements with already confirmed 
antimicrobial effects may exhibit effectiveness at lower 

concentrations if applied in the form of nanomaterials 
[12]. The most widely used nanomaterials with 
antimicrobial activity are silver nanoparticles [13–15], 
but zinc and copper at the nanoscale can also show 
high efficiency against microorganisms [16, 17]. Silver 
nanoparticles decreased microbial contamination when 
used as a soaking treatment and additive to medium in 
micropropagated Pennisetum alopecuroides Spreng. [3]. 
Bacterial contaminants were removed from Valeriana 
officinalis L. nodal explants [18] and tissue culture of 
Aldrovanda vesiculosa L. [19] using silver nanomaterials. 
To a lesser extent, copper nanomaterials have also been 
successfully used in plant in vitro cultures, as in the case 
of different explants of Begonia × tuberhybrida Voss, 
where the treatment stimulated maturation of somatic 
embryos [20, 21].

Graphene materials, such as reduced graphene oxide 
(rGO), are also used for studying antibacterial effects, but 
the results are not unequivocal [22–25]. Reinforcement 
of the antimicrobial activity of rGO can be achieved 
by its rearrangement, which includes metal and metal 
oxide structures [23]. The reduced graphene oxide 
nanocomposite with copper and silver nanoparticles 
was effective against Xanthomonas euvesicatoria in an 
in  vitro assay, as well as a protective agent on tomato 
plants [26]. Silver nanoparticles were deposited on rGO 
to increase the effect against Staphylococcus aureus and 
S. epidermidis [21]. The activity of rGO loaded with 
sulfur and selenium nanoparticles was tested against 
S. aureus and Enterococcus faecalis, and rGO-S/Se 
nanoparticles showed the strongest effectivity against 
both Gram-positive pathogens [27].
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The effective elimination of bacterial contaminants 
in in vitro cultures needs to be, in some cases, preceded 
by the identification of present isolates, which can help 
to adjust proper measures to avoid their occurrence [4, 
28, 29]. Bacteria contaminating different types of tissue 
cultures often originate from insufficient precautions 
during initiation and maintenance of explants or are 
present in the plant parts as endophytes and persist even 
after applied sterilization [28, 30, 31]. In a previous study, 
we identified various bacterial genera contaminating 
Prunus rootstock cultures in commercial production [32]. 
High-throughput sequencing allowed us to identify 11 
species: Acinetobacter, Lactobacillus, Methylobacterium, 
Roseomonas, Microbacterium, Mycobacterium, 
Curtobacterium, Acidovorax, Magnetospirillum, 
Chryseobacterium and Ralstonia. In another study 
analyzing contaminants of micropropagated Prunus 
yedoensis, two genera were identified and described as 
endophytes: Pantoea spp. and Curtobacterium spp. [5]. 
Romadanova et  al. [28] detected endophytic Bacillus 
megaterium in apple shoot in vitro cultures.

Species belonging to the Curtobacterium genus are 
Gram-positive, obligately aerobic chemoorganotrophs 
in the family Microbacteriaceae, phylum Actinobacteria 
[33]. For example, in this genus, the quarantine 
Curtobacterium flaccumfaciens pv. flaccumfaciens 
can be found, which is an important emerging disease 
threatening the edible legume industry around the 
globe [34]. Members of the genus Curtobacterium 
were also determined to be the most abundant bacteria 
participating in the degradation of organic matter within 
leaf litter communities. Their very well-established 
genomic background customized for the degradation of 
plant polysaccharides such as cellulose was emphasized 
[35], which may evoke the assumption that their presence 
in in vitro cultures might therefore be undesirable.

In the present study, we isolated and identified bacterial 
contaminants present within Prunus rootstock tissue cul-
tures collected from two different laboratories. Moreover, 

we tested the antibacterial activity of various types of 
nanomaterials based on reduced graphene oxide, silver, 
copper, zinc and selenium against the most abundant 
Curtobacterium sp. represented by the newly sequenced 
strain A7_M15. The most effective nanomaterials were 
applied in the tissue cultures during the multiplication 
procedure to eliminate the contamination.

Methods
Plant in vitro cultures with bacterial contamination
Plant in  vitro cultures with visible bacterial contamination 
were obtained from two laboratories in the Czech Republic: 
Mendeleum-Department of Genetics, Faculty of Horticul-
ture in Lednice, Mendel University in Brno and Vitrotree 
by Battistini in Šakvice. Samples from six prunus rootstock 
genotypes were collected: GF-677 (Prunus persica × Prunus 
dulcis), Gisela 5 (Prunus cerasus × Prunus canescens), Ade-
soto (Prunus insititia), Ishtara ((Prunus cerasifera × P. per-
sica) × Prunus salicina), Myrobalan 29C (P. cerasifera), and 
Torinel (Prunus domestica). All tissue cultures were grown 
on DKW/Juglans medium (Duchefa Biochemie, Haarlem, 
Netherlands).

Isolation of bacterial contaminants
To obtain single colonies, bacteria present on culture 
media were sampled using a sterile 10  µL inoculation 
loop. Samples were transferred to 2 mL sterile tubes con-
taining Luria broth (LB, HiMedia, Mumbai, India) and 
incubated for 2 h at 28 ℃ with agitation (90 rpm) on an 
orbital shaker (Biosan, Riga, Latvia). Subsequently, sam-
ples were tenfold  serially diluted in sterile phosphate 
buffered saline (PBS) from  10-1 to  10-4, and 100 µL of each 
sample was spread on Petri dishes containing Luria agar 
(LA, HiMedia, Mumbai, India). Petri dishes were incu-
bated at 28 ℃ for 24–72  h until bacterial colonies were 
visible. Single-colony isolates were prepared from mor-
phologically distinct colonies by the streak plate method 
on LA medium. The obtained isolates were stored in 25% 

Table 1 Concentrations of nanomaterials used for minimum bactericidal concentration determination

Nanomaterial concentration (mg  L-1)

rGO-Cu rGO-Zn rGO-Cu-Ag AgSe-NPs AgNPs_1 AgNPs_2

Cu Zn Ag Cu Ag Se Ag Ag

50
100
500
600
700
800
900
1000

50
100
500
600
700
800
900
1000

25
50
100

16.25
32.50
65.00

25
50
100

15.42
30.83
61.67

25
50

25
50
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glycerol at  -80  ℃ in the collection of the Mendeleum 
Department of Genetics.

Identification of bacterial isolates
Bacterial suspensions were prepared from the 
obtained isolates in sterile PBS at a concentration of 
1 ×  108  cfu   mL-1. From each suspension, 500  µL was 
centrifuged at 11 000 × g for 5  min (Andreas Hettich 
GmbH & Co. KG, Tuttlingen, Germany), the supernatant 
was removed, and the pellet was used for DNA extraction 
using a NucleoSpin Tissue kit (Macherey–Nagel, Dueren, 
Germany) according to the manufacturer’s protocol 
for bacteria. The concentration and purity of extracted 
DNA samples were measured using a Spectrostar 
Nano spectrophotometer (BMG Labtech, Ortenberg, 
Germany). For identification of the obtained bacterial 
isolates, PCR was performed using the universal 16S 
rRNA primer pair: S-D-Bact-0341-b-S-17 (5ʹ-CCT ACG 
GGNGGC WGC AG-3ʹ)  and S-D-Bact-0785-a-A-21 (5ʹ-
GAC TAC HVGGG TAT CTA ATC C-3’) [36]. Reactions of 
a 20 µL volume consisted of 1 U  GoTaq® G2 polymerase 
(Promega, Madison, WI, USA), 1 × Colorless flexi buffer 
(Promega, Madison, WI, USA), 1.5 mM  MgCl2 (Promega, 
Madison, WI, USA), 0.1  mM dNTPs, 0.5  μM of each 
primer, 50 ng of DNA per sample and PCR grade water. 
PCR conditions consisted of 95  ℃ for 3  min of initial 
denaturation and 30 cycles of 95 ℃ for 2 min, 50 ℃ for 
25 s, and 72 ℃ for 2 min followed by 72 ℃ for 5 min as 
a final extension step. PCR products were separated in 
a 1.2% agarose gel by electrophoresis, visualized with 
Midori Green (Nippon Genetics, Dueren, Germany) in 
an Azure 600 imaging system (Azure Biosystems, Dublin, 
CA, USA) and purified using a NucleoSpin Gel and 
PCR Clean-up kit (Macherey–Nagel, Dueren, Germany) 
according to the manufacturer’s protocol. Amplicons 
were sequenced using the Mix2Seq service (Eurofins 
Genomics, Ebersberg, Germany), and sequences were 
compared with the BLASTn NCBI database.

Identification of the Curtobacterium sp. A7_M15 isolate 
using a metabolic phenotyping assay
For the analysis of the Curtobacterium sp. A7_M15 
isolate phenotypic fingerprint, the Biolog Microstation 
System and the GEN III MicroPlate test panel (Biolog 
Inc., Hayward, CA, USA) were used according to the 
manufacturer’s protocol. The microplate was incubated 
for 48  h and read on the Biolog automated microbial 
analysis system software (MicroLog Secure 6.2).

Whole genome sequencing of Curtobacterium sp. A7_M15 
isolate and data processing
For the genomic sequencing, the same DNA as for 
16S-based identification was used, i.e., extracted using 

NucleoSpin Tissue kit (Macherey–Nagel, Dueren, 
Germany) according to the manufacturer’s protocol 
for bacteria. The genomic DNA was randomly sheared 
into short fragments. The obtained fragments were 
end repaired, A-tailed and further ligated with an 
Illumina adapter. The fragments with adapters were PCR 
amplified, size selected, and purified. The library was 
checked with Qubit and real-time PCR for quantification 
and a bioanalyzer for size distribution detection. The 
quantified library was sequenced on an Illumina platform 
according to the effective library concentration and data 
amount needed. The reads containing low-quality bases 
(mass value ≤ 20) over a certain percentage (the default 
was 40%) were removed. The number of N in reads 
beyond a certain proportion (the default was 10%) was 
removed. Some reads, the overlap between them and the 
adapter, which exceeded a certain threshold (the default 
was 15  bp) and had less than 3 mismatches between 
them, were removed. After Clean Data were obtained, 
the assembly was first performed using SOAPdenovo 
(version 2.04) [37–41] assembly software and finally 
using CISA software [42] for integration. All the protein 
sequences were aligned to the genome sequences using 
BLAST, and then GeneWise was used to predict gene 
structure-based reliable alignments (evalue < 1  ×   10-5). 
Then, the coding genes were predicted by Augustus [38] 
with homologous evidence.

Nanomaterials used against Curtobacterium sp. A7_M15 
in in vitro assays
Six nanoparticles and nanocomposites selected for 
the experiment were provided by the Department of 
Chemistry and Biochemistry, Mendel University in Brno, 
Czech Republic. Three nanocomposites were based on 
reduced graphene oxide combined with zinc (rGO-Zn) 
[43], copper and copper with silver (rGO-Cu and rGO-
Cu-Ag) [26], one nanocomposite was based on silver 
and selenium (AgSe-NPs) [44] and two nanoparticles 
were based on silver (AgNPs_1, AgNPs_2) [45]. All 
used nanomaterials have been characterized using 
standard procedures, and their properties can be verified 
in the corresponding references. Stock solutions of 
nanomaterials were stored at 4 ℃ in the dark (Additional 
file 1: Fig. S1 and Fig. S2). Solutions of nanomaterials for 
all assays were prepared with distilled deionized water.

Minimum bactericidal concentrations of nanomaterials
The effectiveness of nanomaterials was tested using the 
bacterial suspension of the isolate of Curtobacterium sp. 
A7_M15, which was retrieved from cryo-preservation 
and grown on LA medium at 28 ℃ for 24 h. Subsequently, 
a liquid culture was prepared by inoculating LB medium 
with a single colony and cultivating for 24  h at 28  ℃ 
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on an orbital shaker (150  rpm, Biosan, Riga, Latvia). 
For the minimum bactericidal concentration (MBC) 
determination, a suspension of Curtobacterium sp. 
A7_M15 was treated with the tested nanomaterials at 
the scale of concentrations presented in Table  1. Stock 
solutions of AgNPs_1 and AgNPs_2 contained 100 mg  L-1 
of silver; therefore, the maximal concentration used was 
50  mg   L-1. The bacterial suspension in LB was adjusted 
to a final concentration of approximately 1 ×  106 cfu  mL-1 
based on optical density  (OD600) using a Spectrostar 
Nano spectrophotometer (BMG Labtech, Ortenberg, 
Germany). Subsequently, 500 µL of nanomaterial solution 
was mixed with 500 µL of bacterial suspension in a 2 mL 
microcentrifuge tube and incubated on an orbital shaker 
(Biosan, Riga, Latvia) (24  h, 28 ℃, 150  rpm). A positive 
control was prepared by replacing the nanomaterial 
solution with the same volume of sterile deionized water. 
After incubation, 5  µL of bacterial suspension treated 
with the tested nanomaterials and positive control were 
pipetted in triplicate on LA plates and incubated at 28 ℃ 
for 24  h. The concentration that prevented bacterial 
growth was considered the MBC.

Elimination of bacterial contamination in plant tissue 
cultures
Based on a bactericidal assay, two of the most effective 
nanomaterials, rGO-Cu-Ag and AgSe-NPs, were 
selected for the treatment of plant tissue cultures 
against the Curtobacterium sp. A7_M15 isolate. First, 
both nanomaterials at the minimum bactericidal 
concentration (1 × MBC) determined using bacterial 
suspension were tested on plant in  vitro cultures, and 
subsequently, concentrations of 2 × MBC, 4 × MBC 
and 8 × MBC were used to increase effectivity. The 
effectiveness of nanomaterials in eliminating bacterial 
contamination was tested on Gisela 5 rootstock in vitro 
cultures.

Nanomaterial application, bacterial inoculation 
and establishment of plant tissue cultures
DKW/Juglans medium was prepared in a 50  mL 
volume per glass container. Nanomaterials at selected 
concentrations were applied on the surface of solid 
medium at a volume of 2  mL, spread thoroughly by 
rotating the glass container and incubated in sterile 
conditions until the surface was dry. Subsequently, the 
medium was inoculated with bacterial suspension at 
a concentration of 1 ×  106  cfu   mL-1 in sterile PBS by 
pipetting 5 µL of suspension on 5 points and left to dry. 
Five single node shoot explants of Gisela 5 per glass 
container were transferred on treated culture medium 
and placed just at points of inoculation with bacterial 
suspension. The remaining tissues of donor plant material 
were stored at -40  ℃. To compare with the standard 
antibacterial agent used for the control of microbial 
contamination in tissue cultures,  ProClin™ 200 (Sigma‒
Aldrich, St. Louis, MO, USA) was applied to the media 
before sterilization at a concentration of 0.05% (v/v), as 
recommended by the manufacturer. For the positive 
control, the nanomaterial treatment was replaced with 
sterile deionized water, while non-treated control was 
established by replacing nanomaterials with sterile 
deionized water and bacterial inoculum with sterile PBS 
buffer. The possible phytotoxic effect of nanomaterials 
on explants was evaluated by applying nanomaterials 
at the tested concentrations and replacing the bacterial 
inoculum with sterile PBS. For each treatment, three 
replicates were established. In vitro cultures were grown 
at 22  ℃ with a 16  h  light/8  h  dark photoperiod for 
3 weeks.

Evaluation of bacterial contamination and quantification 
of Curtobacterium sp. on tissue culture medium
Before bacterial growth evaluation, each container with 
explants was recorded by a Nikon D3200 camera (Nikon, 
Minato, Japan), and the area covered by plants was 

Fig. 1 Bacterial contamination present on Gisela 5 rootstock culture medium (the Curtobacterium sp. A7_M15 isolate source sample) (a, b) 
and isolated Curtobacterium sp. A7_M15 on Luria agar (c) 
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measured using FIJI software (LOCI, Wisconsin, USA). 
Subsequently, explants were removed from the tissue 
culture medium at the end of the 3-week growth period, 
and the presence or absence of bacterial plaque was 
determined at each inoculation point. The percentage 
of bacterial growth inhibition was calculated based on 
the number of plaques per container. Five explants from 
each glass container were pooled, weighed for plant 
mass evaluation and stored for DNA extraction. The 
surface of the medium was washed with 5 mL of sterile 
PBS buffer, and the whole volume was collected in sterile 
5 mL tubes. One hundred microliters of collected sample 
were serially diluted tenfold up to  10–5 and spread on LA 
medium. Petri dishes were incubated at 28 ℃ for 24  h, 
and bacterial colonies were enumerated. Five hundred 
microliters of each sample were used for DNA extraction 
with a NucleoSpin Tissue kit (Macherey–Nagel, Dueren, 
Germany) according to the manufacturer’s protocol.

Absolute quantification was carried out using a 
qTOWER real-time PCR cycler (Analytik Jena, Jena, 
Germany) using a specific primer pair for the genus 
Curtobacterium: curto-F2 (5ʹ-GAA ATG GTG TTA TGG 
CCG GAT-3ʹ) and curto D-R (5ʹ-ACG GGT TAA CCT 
CGC CAC A-3ʹ) [46]. One reaction consisted of 1 × Luna 
Universal qPCR Master Mix (New England Biolabs, 
Ipswich, MA, USA), 0.4 μM of each primer, 2 μL of DNA 
and PCR grade water added to a 20  μL volume. Each 
sample was tested in duplicate. PCR conditions consisted 
of 95 ℃ for 1 min for initial denaturation and 40 cycles of 

95 ℃ for 30 s, 65 ℃ for 10 s, and 72 ℃ for 20 s and read 
on the FAM channel. The specificity of PCR products 
was verified by melting analysis after cycling. qPCRsoft 
3.4 software (Analytik Jena, Jena, Germany) was used for 
fluorescence acquisition and melt analysis.

Prior to calculation of absolute quantities, the standard 
curve was prepared. First, Curtobacterium sp. A7_M15 
cultured in LB medium (24  h, 28  ℃) was collected 
by centrifugation (4500 × g, 10  min). The pellet was 
resuspended in PBS and adjusted to approximately 3.0 
 OD600 using a Spectrostar Nano spectrophotometer 
(BMG Labtech, Ortenberg, Germany). The exact number 
of cfu   mL-1 was obtained after enumeration of colonies 
formed from tenfold serial dilutions of 3.0  OD600 
suspension after culturing on LA medium at 28 ℃ for 
24 h. In parallel, bacterial cells were collected from 1 mL 
of 3.0  OD600  suspension by centrifugation (8000 × g, 
5 min), and the pellet was subjected to DNA extraction 
using a NucleoSpin Tissue kit (Macherey–Nagel, Dueren, 
Germany) according to the manufacturer’s instructions. 
The DNA was diluted in a solution of DNA extracted 
using NucleoSpin Tissue kit  (Macherey–Nagel, Dueren, 
Germany from Curtobacterium spp.-negative plants to 
create a 6-point tenfold serial dilution, which was used 
to create a standard curve. The standard curve was 
established in qPCRsoft 3.4 software (Analytik Jena, Jena, 
Germany),  where the slope (k) of the linear regression 
line between the Ct values and a log value of bacterial 
concentration was used to calculate the amplification 

Fig. 2 The evolutionary history was inferred by using the maximum likelihood method and Tamura–Nei model [47]. The tree with the highest log 
likelihood (− 1832.07) is shown. Initial tree(s) for the heuristic search were obtained automatically by applying neighbor-join and BioNJ algorithms 
to a matrix of pairwise distances estimated using the Tamura–Nei model and then selecting the topology with superior log likelihood value. The 
tree is drawn to scale, with branch lengths measured in the number of substitutions per site. This analysis involved 8 nucleotide sequences. There 
were a total of 1196 positions in the final dataset. Evolutionary analyses were conducted in MEGA X [48]. The tree is based on a 1190-bp-long 16S 
rDNA sequence. Curtobacterium sp. A7_M15 is highlighted by an asterisk
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efficiency (E). The squared regression coefficient  (R2) was 
determined after linear regression. Absolute quantities 
were expressed as Curtobacterium sp. A7_M15 cfu per 
whole DNA sample (referred as sample).

DNA extraction and quantification of Curtobacterium sp. 
in donor plant material and explants
During multiplication, each explant was assigned to 
donor plants, which allowed us to determine whether 
Curtobacterium sp. was already present during culture 
establishment. Donor plants, as well as five pooled 
samples from each replicate, were homogenized with 

5  mL of PBS in extraction bags (Bioreba, Reinach, 
Switzerland), and 500  µL of homogenate was used 
for DNA extraction with a NucleoSpin Tissue kit 
(Macherey–Nagel, Dueren, Germany) according to the 
manufacturer’s protocol. Detection (donor plants) and 
absolute quantification (explants after treatment) of 
Curtobacterium sp. were conducted using the same qPCR 
protocol as employed for quantification on the culture 
medium  and the absolute quantities were expressed as 
Curtobacterium sp. A7_M15 cfu per gram of plant tissue.

Fig. 3 Minimum bactericidal concentrations of tested nanomaterials against Curtobacterium A7_M15. Bacterial growth after treatment with rGO-Cu 
(a) and rGO-Zn (b) at 50–1000 mg  L-1 Cu/Zn, rGO-Cu-Ag and AgSe-NPs at 25–100 mg  L-1 Ag (c), and AgNPs_1 and AgNPs_2 at 25–50 mg  L-1 Ag (d) 
compared with the positive control (PC)
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Statistical analysis
Variant analysis and Tukey’s test were carried out 
to analyze the obtained data and to determine the 
significant differences in the parameters of plants and 
Curtobacterium sp. quantity after the treatments at 
p < 0.05. The statistical software package STATISTICA 
(version 14.0.0.15, TIBCO Software Inc., Palo Alto, CA, 
USA) was used for all statistical analyses.

Results
Identification of bacteria isolated from contaminated 
tissue cultures
Bacterial contaminants present in in  vitro cultures of 
6 Prunus rootstock genotypes (GF 677, Gisela 5, Ade-
soto, Ishtara, Myrobalan 29C, Torinel) were isolated and 
identified based on 16S rRNA sequencing. In this way, 
11 different bacterial isolates were obtained and identi-
fied, and Curtobacterium sp. with a total of six isolates 
was the most numerous. In all six isolates, the sequenced 
DNA fragments of 16S rRNA were identical. The 16S 
rRNA sequences of six Curtobacterium sp. isolates were 
deposited in the NCBI database and are available through 
accession numbers OR474083 (M7), OR474084 (M9), 
OR474085 (M14), OR474086 (A7_M15), OR474087 
(M25), OR474088 (M27). NCBI BLASTn analysis of 
these sequences showed their identity with Curtobacte-
rium flaccumfaciens, C. luteum, C. oceanosedimentum or 
C. albidum. As a representative of this group, the Cur-
tobacterium sp. A7_M15 isolate was selected for further 
work. The Prunus rootstock Gisela 5 culture with visible 
contamination by Curtobacterium sp. A7_M15 and the 
isolated strain on Luria agar are presented in Fig.  1a–c. 
The metabolic phenotype profile of the  Curtobacterium  
sp. A7_M15  isolate showed the highest similarity to 

Table 2 Effect of tested nanomaterials on inhibition (%) of 
bacterial plaque formation on inoculated plant tissue media

Treatment Concentration
(mg  L-1  of Ag)

Inhibition (%)

rGO-Cu-Ag 50 45

100 100

200 100

400 100

AgSe-NPs 50 30

100 100

200 100

400 100

ProClin  200™ 0.5% 10

Non-treated control – 0

Positive control – 0

Fig. 4 Quantification of Curtobacterium sp. using qPCR in samples obtained from the surface of tissue culture medium treated with nanomaterials 
at a concentration of 1 × MBC (50 mg  L-1 Ag). The same letters indicate no significant difference according to Tukey’s test (p < 0.05)
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that of Curtobacterium flaccumfaciens; however, whole-
genome sequencing confirmed that Curtobacterium   sp. 
A7_M15 is not Curtobacterium flaccumfaciens. The phy-
logeny based on the 1190 bp part of 16S rDNA indicates 
the highest similarity of Curtobacterium sp. isolate A7_
M15 to Curtobacterium sp. isolate BH-2-1-1 (Fig. 2). The 
biochemical characteristics of the Curtobacterium sp. 
A7_M15 isolate are listed in Additional file 2: Table S1.

Genomic information of Curtobacterium sp. A7_M15
The genome of Curtobacterium sp. A7_M15 reported 
here has been deposited in GenBank under Acc. No. 
JAUZED000000000 (BioProject No. PRJNA1000426). De 
novo assembly of Curtobacterium sp. A7_M15 resulted 
in a genome size of 3,833,925  bp, G + C content of 
71.08%, and 231 contigs, with a scaffold length at which 
50% of the total assembly length is covered (N50) value 
of 28,780.

Minimum bactericidal concentration of nanomaterials
The antibacterial activity of the tested nanomateri-
als against Curtobacterium sp. A7_M15 was evalu-
ated, and minimum bactericidal concentrations (MBCs) 
were determined. The nanomaterials varied in effectiv-
ity, and the lowest MBC was observed for rGO-Cu-Ag 

(50.00  mg   L-1  Ag and 32.50  mg   L-1  Cu) and AgSe-NPs 
(50.00 mg  L-1 Ag and 30.83 mg  L-1 Se) (Fig. 3c). rGO-Cu 
had bactericidal activity at a concentration of 500 mg  L-1, 
and rGO-Zn was not effective even at a concentration 
of 1000 mg  L-1 (Fig. 3a, b). Bacterial growth was present 
after treatment with AgNPs_1 and AgNPs_2 at a con-
centration of 50  mg   L-1, which was the highest achiev-
able concentration in the case of these two nanoparticles 
(Fig. 3d).

Bacterial growth inhibition on tissue culture medium
The effectiveness of the tested nanomaterials in the 
inhibition of bacterial contamination on plant growth 
medium was evaluated based on the number of plaques 
present on the medium surface and is expressed as a 
percentage reduction in the number of plaques compared 
to the positive control (Table 2). Complete inhibition was 
observed for both nanomaterials at concentrations of 
100, 200 and 400 mg  L-1. rGO-Cu-Ag at a concentration 
of 50 mg   L-1 reduced bacterial contamination by 45% 
and AgSe-NPs at the same concentration by 30%. The 
use of ProClin  200™ at the recommended concentration 
of 0.5% (v/v) resulted in a 10% reduction in bacterial 
contamination. The treatment was considered effective 
when 100% bacterial growth inhibition was observed. 

Fig. 5 Quantification of Curtobacterium sp. using qPCR in samples obtained from the surface of tissue culture medium treated with nanomaterials 
at concentrations of 2 ×–8 × MBC (100–400 mg  L-1 Ag). The same letters indicate no significant difference according to Tukey’s test (p < 0.05)
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Bacterial growth was also observed on noninoculated 
variants, which is probably a consequence of naturally 
occurring internal contamination of tested plants.

Quantification of Curtobacterium sp. on plant tissue 
medium
The effectiveness of the tested nanomaterials in the reduc-
tion of Curtobacterium sp. quantity on the surface of plant 
tissue medium was evaluated using two approaches: qPCR 
absolute quantification and determination of living bac-
teria by cfu enumeration on culture medium. The results 
from qPCR show that none of the treatments with nano-
materials at 1 × MBC (50  mg   L-1) or 0.5%  ProClin™ 200 
was effective in reducing the Curtobacterium sp. cfu num-
ber in comparison to the positive control (Fig. 4). Subse-
quently, in the experiment, where higher concentrations 
of 2 ×–8 × MBC were used, qPCR absolute quantification 
confirmed that both nanomaterials at concentrations of 
200 and 400  mg   L-1 significantly limited the Curtobacte-
rium sp. cfu number in comparison to the positive control 
(Fig.  5). The strongest decrease was observed after treat-
ment with 400 mg   L-1 of rGO-Cu-Ag, where the Curto-
bacterium sp. cfu number was by  85% lower than that 
in the positive control. A concentration of 200  mg   L-1 

of  rGO-Cu-Ag and AgSe-NPs reduced the cfu quan-
tity by 70% and 73%, respectively, in comparison to the 
positive control and was significantly more effective than 
100 mg  L-1.

The results obtained by enumeration of living bacteria 
in samples corresponded to the results of qPCR quantifi-
cation in the experiment where nanomaterial concentra-
tions of 2 ×–8 × MBC were used. In the experiment with 
1 × MBC, colonies grown on Petri dishes were too numer-
ous and uncountable; therefore, quantification by this 
approach was not possible. For rGO-Cu-Ag 400  mg   L-1, 
similar results were obtained by enumeration of Curtobac-
terium sp. colonies as from qPCR quantification, where 
the cfu number was the lowest and reduced by 98% in 
comparison to the positive control (Fig.  6). Additionally, 
200  mg   L-1 of rGO-Cu-Ag significantly decreased living 
Curtobacterium sp. quantity in comparison to the posi-
tive control (93%). In the case of AgSe-NPs, the concen-
tration of 400 mg  L-1 was more efficient than 100 mg  L-1, 
reducing Curtobacterium sp. by 92% in comparison to the 
positive control. No statistically significant difference was 
observed between the tested nanomaterials at the same 
concentrations, regardless of the method used for Curto-
bacterium sp. cfu quantification. Both approaches showed 

Fig. 6 Quantification of Curtobacterium sp. using the method of enumeration of living bacteria on medium in samples obtained from the surface 
of tissue culture medium treated with nanomaterials at concentrations of 2 ×–8 × MBC (100–400 mg  L-1 Ag). The same letters indicate no significant 
difference according to Tukey’s test (p < 0.05)
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that Curtobacterium sp. was present in non-treated con-
trol samples.

Quantification of Curtobacterium sp. in plants treated 
with nanomaterials
The effect of applied nanomaterials on the quantity of 
Curtobacterium sp. in explants was investigated and 
analyzed using qPCR. Donor plants were tested for the 
presence of Curtobacterium sp. in tissues, and in all sam-
ples, the bacterium was detected. Treatments with both 
nanomaterials at almost all concentrations and 0.5% 
 ProClin™ 200 did not significantly affect Curtobacterium 
sp. quantity in the tested plants (Figs. 7 and 8), with the 
exception of 400 mg  L-1 AgSe-NPs, where the number of 
bacteria was higher than that in all other variants.

Effect of nanomaterial treatments on in vitro plant mass
After a 3-week growth period, in vitro Gisela 5 rootstock 
plants were collected from the medium and weighed. 
In the experiment where a nanomaterial concentra-
tion of 1 × MBC was applied, nanomaterials and 0.5% 
 ProClin™  200 did not significantly affect plant mass 
in comparison to the non-treated control and positive 
control (Fig.  9). In the experiment where nanomaterial 

concentrations of 2  ×, 4 × and 8 × MBC were applied, 
plants from the positive control had the highest mass, but 
it was not significantly higher than that of non-treated 
control plants (7.77  g and 7.28  g, respectively) (Fig.  10). 
After treatments with both nanomaterials, a trend of 
decreasing plant mass corresponding to increasing con-
centration was observed; however, treatment with rGO-
Cu-Ag at all tested concentrations, as well as AgSe-NPs 
at a concentration of 100  mg   L-1, did not significantly 
reduce plant mass in comparison to the positive control 
and non-treated control. A significant decrease in mass, 
in comparison to the non-treated control and positive 
control, was observed for plants treated with 200 and 
400  mg   L-1 AgSe-NPs (4.18 and 2.54  g, respectively). 
Plants treated with 400  mg   L-1 AgSe-NPs also had sig-
nificantly lower mass than plants treated with 100 mg  L-1 
AgSe-NPs (6.77 g).

Effect of nanomaterial treatments on the size of the surface 
covered by plants
The effect of the tested nanomaterials on in  vitro plant 
development was evaluated by determining the sur-
face covered by plants. In the experiment with nano-
material treatment at a concentration of 1 × MBC, the 
positive control plants covered the largest surface area 

Fig. 7 Quantification of Curtobacterium sp. using qPCR in plants grown on medium treated with nanomaterials at a concentration of 1 × MBC 
(50 mg  L-1 Ag). The same letters indicate no significant difference according to Tukey’s test (p < 0.05)
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(41.21   cm2) (Fig.  11). The surface covered by plants 
treated with 50  mg   L-1 of rGO-Cu-Ag and AgSe-NPs, 
0.5%  ProClin™  200, and non-treated plants was simi-
lar (30.11, 27.81, 32.06 and 32.88   cm2, respectively), 
and it was significantly smaller than that of the positive 
control. In the second experiment, where concentra-
tions of 2 ×–8 × MBC were used, a decrease in the sur-
face covered by plants with increasing concentration 
was observed for both nanomaterials (Fig. 12); however, 
only plants treated with 400  mg   L-1 of rGO-Cu-Ag and 
AgSe-NPs (31.89 and 29.87   cm2) covered a significantly 
smaller surface than both the positive control and non-
treated control (38.52 and 38.31  cm2) (Fig. 13). AgSe-NPs 
at a concentration of 400 mg  L-1 significantly reduced the 
surface covered by plants in comparison with 100 and 
200  mg   L-1. Comparison between treatments with the 
same concentrations of two nanomaterials shows no sig-
nificant difference between surfaces covered by plants.

Phytotoxicity of nanomaterials and effect on plant dry 
weight
The possible negative effect of the tested nanomaterials 
on plants developed in in  vitro cultures was evaluated 
in comparison to non-treated control plants. No vis-
ible phytotoxic effect was observed on plants, regardless 

of the applied concentrations. Plants collected after the 
growth period were analyzed to determine the dry weight 
content. Nanomaterials at all tested concentrations did 
not affect the dry weight content of plants (Fig. 14).

Discussion
Micropropagation is one the most effective approaches 
for obtaining a large number of highly uniform plants 
in a short time. Microbial contamination poses a high 
risk during all stages of in  vitro plant production. 
Even microorganisms that are nonpathogenic or even 
beneficial in  vivo can have a critical impact on plant 
tissue cultures, and for successful maintenance of in vitro 
cultures, it is necessary to prevent contamination [49].

The spectrum of bacterial species contaminating plant 
in  vitro cultures is very wide depending on different 
factors, such as plant species, culture medium and 
source of contamination [6, 32, 50]. In the present study, 
tissue cultures of six Prunus rootstock genotypes were 
screened for the presence of bacterial colonies, and six 
Curtobacterium sp. isolates were identified. This finding 
is consistent with our previous results obtained using 
High-Throughput Amplicon Sequencing, showing the 
presence of the genus Curtobacterium in contaminated 
Prunus rootstock tissue cultures [32]. Curtobacterium 

Fig. 8 Quantification of Curtobacterium sp. using qPCR in plants grown on medium treated with nanomaterials at concentrations of 2 ×–8 × MBC 
(100–400 mg  L-1 Ag). The same letters indicate no significant difference according to Tukey’s test (p < 0.05)
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spp. were also identified as contaminants of mint 
in  vitro cultures [51], and bacterial colonies appearing 
on the medium surface of Pancratium maritimum L. 
explants were isolated and identified as Curtobacterium 
flaccumfaciens by Tumbarski, Georgiev [52]. The results 
obtained in this study therefore probably extend to 
in vitro cultures of other plant species besides Prunus sp. 
Curtobacterium spp. were also identified in the in  vitro 
culture of Prunus yedoensis, where they initially acted as 
endophytic organisms but subsequently caused unwanted 
shoot tip necrosis after outgrowing the culture media 
[53]. The fact that overgrowth of endophytes in some 
tissue cultures may disrupt normal shoot tip growth and 
proliferation was also referred to by Cantabella, Teixidó 
[54], who recommend using endophyte-free cultures 
to achieve smooth plant micropropagation. According 
to Orlikowska, Nowak [2], bacterial plaques on media 
can change the medium composition as well as the 
composition of the atmosphere in the vessels, which may 
negatively influence plant culture growth. On the other 
hand, the promotion of plant development by endophytic 
bacteria in the case of their presence in in vitro cultures 
was also observed. Within the range of Curtobacterium 
spp., the positive effect of Curtobacterium pusillum 
presence in tissue cultures was reported by Zawadzka, 

Trzcinski [55], who observed stimulated axillary shoot 
formation in different plant species cultivated in  vitro. 
Such observations suggest that the exact effect of 
Curtobacterium sp. on our donor Gisela 5 plants would 
require more focused characterization; however, the 
tendency of our particular isolate A7_M15 to form 
unwanted bacterial plaques on the media is obvious just 
from the beginning of our experiment.

The identification of occurring bacteria is an important 
part of the search for suitable measures and can help to 
select the appropriate antibacterial agent. Our six Curto-
bacterium sp. isolates were identified with high mutual 
similarity based on 16S  rRNA sequencing. Regarding 
the phylogeny based on the 1190  bp part of 16S rDNA 
(Fig.  2), the Curtobacterium sp. isolate A7_M15 is the 
most similar to Curtobacterium sp. isolate BH-2-1-1, 
which is the biofilm-forming Curtobacterium sp. isolated 
from lettuce (Lactuca sativa L.) originating from a con-
ventional field in Norway [56]. The genome of the Nor-
wegian isolate is 3.8 Mb and contains 3 662 genes, 3 576 
protein-coding sequences and 59 noncoding sequences. 
The Czech Curtobacterium sp. isolate A7_M15 is 3.8 Mb 
in size, with 3 725 genes, 3 626 protein-coding sequences 
and 56 noncoding sequences. Based on endophytic and 

Fig. 9 Mass (g) of Gisela 5 rootstock in vitro plants treated with nanomaterials at a concentration of 1 × MBC (50 mg  L-1 Ag). The same letters 
indicate no significant difference according to Tukey’s test (p < 0.05)
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yellow-pigmented biofilm-forming features, these two 
bacterial strains are very similar to each other.

Crucial for limiting the losses caused by the presence 
of microorganisms in tissue cultures is the selection of 
disinfectants with high effectiveness but also without 
phytotoxic action on sensitive developing tissues. 
Disinfectants such as ethanol, sodium hypochlorite, 
mercury chloride or antibiotics are usually applied to 
plant material in in vitro cultures; however, they can have 
negative side effects [57–60], including the development 
of resistant strains of microbial contaminants in the case 
of antibiotic overuse [61, 62]. In the present study, we 
tested two nanocomposites as alternatives to eliminate 
bacterial growth on the surface of tissue culture medium, 
and we also analyzed their effect on explant development 
and in planta Curtobacterium sp. quantity. The 
antibacterial activity of nanomaterials could be explained 
by several mechanisms of their functionality that were 
currently reviewed by Xie, Gao [63]. The principal modes 
of action are based on the release of metal ions as well 
as the direct contact of nanoparticles with cell structures 
[64, 65]. Following the abovementioned properties, 
the antibacterial effect can be enhanced through the 
synergistic effect of composite nanomaterials [66]. 
Cruces, Arancibia-Miranda [67] published the effective 

antibacterial effect of Cu/Ag NPs against Escherichia 
coli and Staphylococcus aureus. Perdikaki, Galeou 
[68] demonstrated the bactericidal effect of a Ag/Cu 
bimetallic nanocomposite against E. coli, while Ag- and 
Cu-based monometallic NPs only reduced bacterial 
growth. Reduced graphene oxide (rGO) decorated by 
sulfur and selenium nanoparticles displayed inhibitory 
action against S. aureus and Enterococcus faecalis [27]. 
In a study by Mostafa, El-Sayyad [69], Ag-Se NPs showed 
antibacterial activity against various strains of pathogenic 
bacteria. Such a tendency was also confirmed by our 
results, when out of the six tested nanomaterials, the 
rGO-Cu-Ag and AgSe-NPs as bimetallic nanoparticles 
proved to be the most effective.

rGO-Cu-Ag and AgSe-NPs were selected as the 
most effective nanomaterials based on the MBC 
results. These nanocomposites have also been proven 
to have antimicrobial effects in other works [26, 44]. 
Nevertheless, the MBC (50  mg   L-1) determined by 
testing the nanocomposites against the pure culture of 
the Curtobacterium sp. isolate A7_M15 was not effective 
when used in the experiment with the plant tissue. In 
fact, despite the long-term exposure of the young plant 
material to the 1 × MBC nanomaterial concentration, 
bacterial cells were not eliminated, and their amount 

Fig. 10 Mass (g) of Gisela 5 rootstock in vitro plants treated with nanomaterials at concentrations of 2 ×–8 × MBC (100–400 mg  L-1 Ag). The same 
letters indicate no significant difference according to Tukey’s test (p < 0.05)
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remained similar to that in the control. This could be 
explained by the fact that Curtobacterium was already 
detected in donor plant material, and thus, the natural 
presence of this bacterium within plant tissues could 
provide a source of inoculum that is difficult to disrupt or 
exhaust. This interpretation is further confirmed by the 
fact that Curtobacterium spp. is described as a relatively 
common part of the microbiome in stone fruits [70, 
71] and that in Prunus spp. Curtobacterium spp. have 
even been described as not epiphytic but exclusively 
endophytic [72]. On the other hand, an increase in the 
concentration of nanocomposites induced a significant 
reduction in Curtobacterium sp. contamination. Both 
nanocomposites showed 100% inhibition of bacterial 
plaque formation on culture medium at concentrations 
of 100, 200 and 400  mg   L-1 Ag (2  ×–8 × MBC). The 
treatments with 200 mg  L-1 Ag resulted in a reduction in 
living Curtobacterium sp. quantity on culture medium 
by 92% in the case of rGO-Cu-Ag and a decrease in 
cfu number assessed using qPCR by 73% in the case of 
AgSe-NPs. This concentration simultaneously had no 
retardation effect on explants. Up to a 98% reduction 
in living bacteria was observed after treatment with 
nanocomposites at a concentration of 400 mg  L-1.

The ascertained antibacterial effect of the tested 
nanomaterials on Curtobacterium sp. was limited to 
the medium surface, and no significant decrease in the 
quantity of this bacterium was determined in explants. 
The reason is likely to be the disruption of one of the 
mechanisms involved in the process of nanoparticle dis-
tribution in the plant [73]. Nanomaterials are showing 
various bioavailability to plant systems what is modulated 
by different nanomaterials features related to their type, 
size, surface coating, borne energy, as well as their sus-
ceptibility to agglomeration and dissolution [74]. These 
chemical and physical properties influence processes as 
adsorption, internalization and intracellular fate, under-
going with correlation to environmental factors. Moreo-
ver, the genotype and anatomy of plant are other factors 
determining the ability and effectiveness of nanomateri-
als uptake [75]. These make every nanomaterials–plant 
interaction very complex and challenging for evaluation. 
The impact of nanomaterials on plants can be related 
either to their ability to release ions or being incorporated 
in plants tissues. After the uptake by plants, nanomateri-
als are submitted to plant-mediated transformation [76]. 
It may concern changes in their structure and chemistry 
[77], formation of complexes with other elements [78], 
size modification [76]. Except uptake, transport and 

Fig. 11 Surface  (cm2) covered by Gisela 5 rootstock in vitro plants treated with nanomaterials at a concentration of 1 × MBC (50 mg  L-1 Ag). The 
same letters indicate no significant difference according to Tukey’s test (p < 0.05)
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accumulation by plants, other issues should be included 
in the risk assessment of nanomaterials when introduc-
ing them to plant production sector, as life cycle analysis, 
bio-distribution and access to the food chain [79].

Specifically, in the case of rGO-Cu-Ag, the inabil-
ity to eliminate Curtobacterium sp. in planta could be 
explained by the fact that the Ag and Cu NPs are locally 
immobilized on the relatively large rGO sheets, which 
prevents the translocation of Cu and Ag ions into the 

Fig. 12 Gisela 5 explants after 3 weeks of growth on medium treated with rGO-Cu-Ag (a) and AgSe-NPs (b) at concentrations of 2 ×–8 × MBC 
(100–400 mg  L-1 Ag) compared with the non-treated control (c) and positive control (d)
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plant tissues [80]. Moreover, the translocation ability of 
graphene-based nanomaterials can vary between dif-
ferent plant organs and species [80–82]. Some studies 
revealed that NPs can be trapped or aggregated on the 
surfaces or inside the plant tissues [83, 84], which could 
also reduce the efficiency of the used NPs in terms of 
eliminating internal Curtobacterium sp. occurrence in 
plants.

The applicability of nanomaterials for reducing 
bacterial contamination must also be assessed with 
respect to possible adverse effects on plants. Different 
effects of nanoparticles have been reported, i.e., 
from beneficial impacts on plant growth to retarded 
growth of treated plants [73]. In our experiment, rGO-
Cu-Ag and AgSe-NPs were used for in  vitro plant 
treatment, and the effect on explant growth through 
three parameters—plant mass, plant dry weight and 
surface of media covered by plants—was assessed. As 
reported, graphene-based nanomaterials can positively 
and negatively affect plant growth [85, 86]; however, no 
positive impact of the treatment was observed on any 
measured growth parameters in the present study. In 
their studies, Wang, Li [80], Arab, Yadollahi [87], Du, 
Zhang [88], Zhang, Gao [89] noted an undesirable effect 
of nanosilver on the viability of stone fruit rootstock 

buds at a concentration of 200  mg   L-1 and increasing 
viability at a concentration of 100  mg   L-1. No negative 
effect of nanosilver at concentrations up to 100  mg   L-1 
was mentioned Abdi, Salehi [18], which is similar to our 
results. In the case of copper, Bao et al. [20] published the 
positive effect of CuNPs (100–300  mg   L-1) application 
on Begonia x tuberhybrida Voss in vitro cultures. In our 
treatments, the copper content ranged from 32.50 to 
260  mg   L-1 (1 ×–8 × MBC). Nanoselenium at doses up 
to 4 mg  L-1 positively impacted biomass accumulation in 
the in vitro culture of bitter melon (Momordica charantia 
L.) seedlings; however, higher Se concentrations (10–
50  mg   L-1) led to phytotoxic effects [90]. Analogous 
results were published by Sotoodehnia-Korani, 
Iranbakhsh [91] with in  vitro cultures of Capsicum 
annuum L. According to our observations, the lowest Se 
concentration that had a negative impact on plants was 
123.34  mg   L-1 (200  mg   L-1 Ag), which reduced explant 
mass but not dry weight or surface covered by plants. 
The only parameter that was not affected by the tested 
nanomaterials at any concentration was plant dry weight. 
For the explant mass, we observed a reduction only 
after treatment with AgSe-NPs at concentrations of 200 
and 400 mg  L-1. Thus, unfortunately, we did not observe 
a synergistic effect when the reduction of bacterial 

Fig. 13 Surface  (cm2) covered by Gisela 5 rootstock in vitro plants treated with nanomaterials at concentrations of 2 ×–8 × MBC (100–400 mg  L-1 
Ag. The same letters indicate no significant difference according to Tukey’s test (p < 0.05)
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contamination would lead to a higher growth of plant 
tissues treated with nanomaterials.

Conclusions
Bacterial contaminants present on in  vitro cultures of 
different  Prunus rootstocks were isolated and identified 
as Curtobacterium sp. The genome of the Curtobacte-
rium sp. A7_M15 isolate has been deposited in GenBank 
under Acc. No. JAUZED000000000 (BioProject Acc. No. 
PRJNA1000426). Two nanocomposites, rGO-Cu-Ag and 
AgSe-NPs, at concentrations of 100, 200 and 400 mg  L-1 
Ag effectively prevented visible bacterial growth on 
Gisela 5 rootstock in  vitro cultures. A concentration of 
200 mg  L-1 of both nanocomposites significantly reduced 
Curtobacterium sp. quantity on the surface of plant tissue 
medium and did not reduce the surface covered by plants 
or plant dry weight. Curtobacterium sp. was detected in 
all donor plant materials, which suggests its endophytic 
character, and the quantity of this bacterium in plant 
tissues was not decreased even after treatment with the 
tested nanomaterials. To summarize, the results of this 
work indicate the potential use of rGO-Cu-Ag and AgSe-
NPs at a concentration of 200 mg  L-1 as preventive agents 
with strong activity against bacterial contamination 
occurring during in  vitro plant production and without 

Fig. 14 Dry weight (%) of plants treated with 1 × MBC to 8 × MBC (50–400 mg  L-1 Ag). The same letters indicate no significant difference according 
to Tukey’s test (p < 0.05)

a negative impact on explant development. It is therefore 
possible to state nanocomposites as perspective for this 
application however, it is necessary to consider optimiza-
tion of the cost of such a treatment in a large-scale use, 
taking as an aim to minimize the treatment cost below 
economical losses caused by microbial contaminations. 
Extension of effectivity evaluation to wider bacterial con-
taminants spectrum should be performed in the experi-
ments following this study.
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