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ARTICLE

Effects of cobalt ions and cobalt nanoparticles on transient expression of gus 
gene in catharanthus roseus suspension cultures
Ahmed Sayed Fouad and Rehab Mahmoud Hafez

Botany and Microbiology Department, Faculty of Science, Cairo University, Cairo, Egypt

ABSTRACT
Agrobacterium tumefaciens mediated transformation is a major tool in plant biotechnology. 
Catharanthus roseus suspension cultures were inoculated with A. tumefaciens strain carrying β- 
glucuronidase (gus) gene in presence of either Co2+ or cobalt nanoparticles (CoNPs) at 2.5, 5, 
7.5, and 10 mg/L. Co2+ at 2.5 mg/L as well as CoNPs at 2.5, 5, and 7.5 mg/L enhanced expression 
of gus gene in plant cells. The enhancing effects can be attributed to the observed increase in 
virulence B1 (virB1) gene expression and potential subsequent improvement in transformation 
efficiency through the inhibitory effect of cobalt on ethylene biosynthesis in plant cells. 
Ethylene is a major hindrance against transformation success through suppression of vir 
gene expression. The Agrobacterium friend role of cobalt was lost upon a further increase in 
cobalt concentration due to abusing defense genes working against both heavy metal-induced 
oxidative stress and Agrobacterium-associated biotic stress. Results reflected the better perfor-
mance of CoNPs, compared with Co2+ in the enhancement of expression of gus gene that can 
be attributed to lower sensitivity of plant defense system, represented with an expression of 
genes encoding phenylalanine ammonia-lyase (PAL), peroxidase (POD) and one of the class 1 
pathogenesis-related proteins (CrPR1a), to cobalt nano form than ionic form. Such enhance-
ments may suggest a potential role for CoNPs in enhancing the production of therapeutically 
important compounds employing transient expression of foreign genes in addition to improv-
ing Agrobacterium-mediated transformation that needs further investigation.

Abbreviations: The 2,4-D (2,4- dichlorophenoxyacetic acid), 5-bromo-4-choloro-3-indolyl- 
βglucuronic acid (X-gluc), aminoethoxyvinylglycine (AVG), cobalt nanoparticles (CoNPs), deio-
nized water (DW), glucuronidase (GUS), glucuronidase gene (gus), hygromycin phosphotrans-
ferase gene (hpt), indole acetic acid (IAA), malondialdehyde (MDA), Murashige, and Skoog (MS), 
negative control (NC), pathogenesis-related (PR), phenylalanine ammonia-lyase (PAL), pheny-
lalanine ammonia-lyase (PAL), peroxidase (POD), peroxidase gene (POD), polyvinylpyrrolidone 
(PVP), positive control (PC), standard deviation (SD), transmission electron microscopy (TEM), 
virulence genes (vir), YEP (yeast extract peptone)
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1. Introduction

Plant transformation is an excellent research technique 
in plant biology (Hwang et al., 2017). The first Plant 
transformation was described by De Block et al. (1984) 
in tobacco. After that, hundreds of research articles 
contributed to the rapid development of transforma-
tion technology resulting in many genetically modified 
plant species (Narusaka et al., 2012). Production of 
a stable transgenic line usually takes months to years 
that may make it useless in emergency cases like the 
necessity to develop a novel drug for a sudden infec-
tious disease. In such cases, the transient expression 
will be one of the most suitable alternatives (Sukenik 
et al., 2018).

Several gene transformation techniques were 
developed for direct DNA uptake including electro-
poration, biolistics, vacuum infiltration, ultrasound, sili-
con carbide fibers, microinjection, macroinjection, 
laser microbeams, and electrophoresis (see Rivera 
et al. (2012) for review). However, Agrobacterium tume-
faciens-mediated transformation is the preferred 
choice due to its cost-effectiveness, ease of implemen-
tation, time-saving and single-copy or few-copy inte-
gration of the transgene (Hwang et al., 2017; Kong 
et al., 2009).

Agroinfiltration is widely used for transient expres-
sion in planta using A. tumefaciens (Chen et al., 2013). It 
took only 3 weeks to produce research-grade vaccine 
for the 2009 A/H1N1 outbreak employing such 
a technique (D’Aoust et al., 2010). However, the chal-
lenges accompanied by a manipulation of whole plant 
and purification of biosynthesized material from asso-
ciated plant biomass give priority to the cell culture 
system. In addition, in vitro approach allows 
a controlled and optimized environment for plant 
growth and production of the target substance 
(Sukenik et al., 2018).

The plant gas hormone ethylene is produced and 
perceived as a response to several developmental and 
environmental cues, including seed germination, flow-
ering, biotic and abiotic stresses (Abeles, 1992). It is 
a fundamental player in limiting the Agrobacterium- 
mediated transformation through inhibiting expres-
sion of virulence (vir) genes; whose products are essen-
tial for the processing and transferring of T-DNA 
(Hwang et al., 2017; Nonaka & Ezura, 2014; Nonaka 
et al., 2008).

In response to pathogen attack, ethylene contri-
butes to stress signaling and provoking defense 
arsenal including pathogenesis-related (PR) proteins 
and several defense enzymes (Liang et al., 2013; 
Müller & Munné-Bosch, 2015; Taranto et al., 2017). 
Therefore, several attempts to enhance transformation 
efficiency aimed to manipulate ethylene (Han et al., 
2005; Malambane et al., 2018; Nonaka et al., 2008; 
Seong et al., 2005; Sgamma et al., 2015).

Cobalt ion blocks the last step in ethylene biosynthesis 
(Yu & Yang, 1979). It is widely employed to manipulate 
ethylene levels in plant tissue cultures (Chae & Park, 2012; 
Hays et al., 2000; Javed & Anis, 2015). However, the 
utilization of such heavy metal should be optimized to 
reach the desired effects without oxidative stress symp-
toms associated with phytotoxic doses. Besides concen-
tration and treatment duration, the unique characteristics 
of substances at the nano-scale provide a novel tool for 
dose optimization (Fouad & Hafez, 2018a). Little attention 
is paid to the applications of cobalt nanoparticles in 
biotechnology (Fouad & Hafez, 2018a; Ghasemi et al., 
2015).

β-glucuronidase (gus) gene encoding E. coli- 
originated β-glucuronidase (GUS) is commonly 
employed as a reporter gene in plant transformation. 
The expression of gus gene is monitored through the 
histochemical assessment of GUS activity that pro-
duces blue color in presence of 5-bromo-4-choloro- 
3-indolyl-β-glucuronic acid (X-gluc) as substrate 
(Jefferson, 1987). gus is regularly used as a model 
gene for plant transformation experiments (Kapusi 
et al., 2013; Khan et al., 2010).

Catharanthus roseus (family: Apocynaceae) is an 
alkaloid-rich medicinal plant synthesizes about 130 of 
valuable terpenoid indole alkaloids (Jacobs et al., 
2004). It is a model plant for studying secondary meta-
bolism (Facchini & De Luca, 2008). Having 
a comparably small genome and chromosome number 
put it as a model for studying transcriptomics, proteo-
mics, and metabolomics (Guimarães et al., 2012; 
Murata et al., 2008; Rischer et al., 2006).

Thus, enhancement of transient gus expression in 
this important plant will contribute to further stu-
dies aiming to trace and enhance biosynthetic path-
ways for many important alkaloids that fasten the 
development of novel drugs and other important 
pharmaceutics. Therefore, the aim of this investiga-
tion is to enhance the Agrobacterium-mediated 
transformation of C. roseus through the sole appli-
cation of cobalt nanoparticles (CoNPs) as well as 
cobalt ions.

2. Material and methods

2.1. CoNPs characterization and dispersion

CoNPs employed in this study were provided from 
Nanotech, Cairo, Egypt, as polyvinylpyrrolidone (PVP)- 
coated particles suspended in deionized water (DW). 
As confirmed with aid of the transmission electron 
microscopy (TEM) in our previous work (Fouad & 
Hafez, 2018a), particles were almost spherical with an 
average diameter of 20–50 nm. A stock solution (1 g/L) 
in DW was diluted and sonicated at 100 W and 30 kHz 
for 30 min to prepare experimental concentrations just 
before use.
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2.2. Plant material and Bacterial Strain

Seeds of C. roseus employed in this work was kindly 
afforded by Horticulture Research Institute, 
Agricultural Research Center, Giza, Egypt. For transfor-
mation experiments, we used LBA 4404 A. tumefaciens 
strain harboring the binary vector pCambia1301with 
the hygromycin phosphotransferase (hpt) and gus 
genes as plant selectable marker and reporter genes, 
respectively. The plasmid was purchased from Marker 
Gene Technologies, Inc, USA.

2.3. Explant source

Healthy homogenous seeds were surface-sterilized 
sequentially in 70% (v/v) ethyl alcohol for 1 min and 
0.1% (m/v) mercuric chloride for 10 min then rinsed 
thoroughly in sterile-distilled water. Rinsed seeds were 
plated on basal medium and incubated at a constant 
temperature of 25 ± 2°C with a 16/8 h photoperiod at 
30 µmol m−2 s−1 photon flux. The basal medium was 
MS medium (Murashige & Skoog, 1962) to which 
sucrose (30 g/L) and agar (7 g/L) were added. The pH 
was adjusted to 5.8 before autoclaving for 20 min at 
121°C. Hypocotyl explants (0.5–0.7 cm length) were 
collected, 2 weeks later, from the developed seedlings.

2.4. Establishment of cell suspension cultures

Hypocotyl explants were plated onto callus induction 
medium [basal medium +0.5 mg/L kinetin +1 mg/L 
indole acetic acid (IAA) +1 mg/L 2,4- dichlorophenox-
yacetic acid (2,4-D)] and maintained at 25 ± 2°C in 
complete darkness. Unless otherwise referred, the 
same incubation conditions were applied all over this 
investigation. Four weeks later, the formed calli were 
separated from explants and transferred to a fresh 
medium of the same formulation. Subculture step 
was performed with 4-weeks interval to obtain callus 
stock.

To initiate cell suspension culture, 10 g callus was 
transferred into 500 ml flasks containing 200 ml liquid 
callus medium; cultures were maintained at 130 rpm 
on an orbital shaker. Every 10 days, a subculture step 
was performed by transferring aliquots of old cultures 
to fresh medium in a 1: 9 ratio.

2.5. Transformation

A single colony of A. tumefaciens was inoculated into 
50 ml of liquid yeast extract peptone (YEP) medium (An 
et al., 1988), containing 50 mg/L kanamycin and 
25 mg/L streptomycin, then shaken at 150 rpm for 
24 h in the dark at 28°C. Bacterial cells were harvested 
by centrifugation for 10 min at 2000 g then re- 
suspended in the liquid basal medium at OD600 ≈ 1; 
the suspension was used in infection.

The plant cells were inoculated with the bacterial 
suspension on the seventh day after the third subcul-
ture. Each 100 ml of plant cell culture received 1 ml 
bacterial suspension and acetosyringone at 100 μM. 
Under aseptic conditions, filter-sterilized CoNPs in DW 
were aseptically added reaching a final concentration 
of 2.5, 5, 7.5, and 10 mg/L. Two parallel experiments 
were conducted in which CoNPs in dual cutlers were 
replaced with CoCl2 and PVP. Common positive (PC) 
and negative (NC) controls was used for all experi-
ments; the first was dual culture supplemented with 
DW instead of PVP and Cobalt solutions. Negative 
control was the same as the positive one except the 
omission of Agrobacterium. All cultures were incubated 
on a shaker for 12, 24, and 48 h then centrifuged at 
5000 g for 15 min to collect cells that stored at −80°C 
till used in the analysis. Twelve and 24 h cultures were 
used for quantification of the expression of genes 
encoding phenylalanine ammonia-lyase (PAL), peroxi-
dase (POD), and one of the class 1 pathogenesis- 
related proteins (CrPR1a) and malondialdehyde 
(MDA) content while 48 h cultures were used for his-
tochemical GUS test and estimation of gus gene 
expression. virB1 gene was selected as representative 
of vir genes; whose expression was quantified in 
Agrobacterium in 24 h cultures.

2.6. GUS Test

Histochemical GUS test was carried out according to 
the protocol described by Jefferson (1987). 100 mg 
fresh cells were incubated in 500 µl reaction mix-
ture containing 1.0 mg/L of X-gluc, 50 mM sodium 
phosphate buffer (pH 7), 0.5% Triton X-100 (v/v), 
and 20% methanol (v/v). After 24 h at 37°C, the 
blue color demonstrates positive results for trans-
formation while no color change indicates transfor-
mation failure.

2.7. Lipid peroxidation assay

Lipid peroxidation assay was conducted through the 
quantification of malondialdehyde (MDA) formation 
employing the thiobarbituric acid-based method 
(Stewart & Bewley, 1980). Frozen-powdered cells were 
homogenized in 100 mM Tris–HCl buffer, pH 7.4 to 
which PVP at 1.5% (m/v) was added. The homogenate 
was filtered then centrifuged for 20 min at 10 000 g. 
1 ml supernatant was heated for 30 min with 4 ml of 
0.5% (m/v) thiobarbituric acid in 20% (m/v) trichloroa-
cetic acid at 90°C. After cooling and centrifugation for 
20 min at 10 000 g, the absorbance of the supernatant 
was read at 532 nm. The MDA concentration was 
calculated using an extinction coefficient of 
155 mM−1 cm−1 after subtraction of the nonspecific 
absorbance read at 600 nm.
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2.8. Real-time quantitative PCR

Total RNA was extracted from the frozen plant and 
bacterial cells using Direct-zol™ RNA MiniPrep 
(http://www.zymoresearch.com) and purified of 
residual genomic DNA using DNase (Fermentas, 
Waltham, MA, USA). After purity and concentration 
check using Nanodrop spectrophotometer (ND- 
2000 c, Thermo Fisher Scientific, Wilmington, DE, 
USA), one μg RNA of each sample was reverse 
transcribed into cDNA employing SensiFAST™ 
cDNA synthesis kit (http://www.bioline.com). 
Quantitative amplifications were implemented 
using a Mx3000P (Stratagene, CA, USA) qPCR sys-
tem employing specific primers listed in (Table 1). 
The transcription level of actin was used as an 
endogenous control to which results of PAL, POD, 
CrPR1a, and gus genes were normalized while 16 
S rRNA gene expression was used with virB1. The 
amplification protocol was 10 min at 95°C fol-
lowed by 40 two-step amplification cycles of (95° 
C for 15 s and 60°C for 60 s). Gene expression 
measured in PC cultures was considered as 
a quantification unit for the gus gene. For the 
remaining genes, expression estimated in 
C. roseus cultures just before introducing 
A. tumefaciens was used as a quantification unit.

2.9. Statistical analysis

Results of all treatments were expressed in the form 
of the mean of three replicates ± standard deviation 
(SD). For all measured parameters, differences 
among means were estimated using the least sig-
nificant difference (LSD) range test with a family 
error rate of 0.05 using the SPSS v. 14 software 
(Norusis, 2005). Results presented graphically using 
GraphPad Prism 5.0 (GraphPad Software, Inc., San 
Diego, CA).

3. Results

3.1. GUS test and expression of gus gene

Based on the histochemical GUS test (Figure 1a), 
C. roseus cells were successfully transformed employ-
ing A. tumefaciens strain harboring the binary vector 
pCambia1301 following the previously detailed proto-
col. PVP has no significant effect on the expression of 
gus gene in transformed C. roseus cells (Figure 1b). On 
the other hand, a form-dependent effect was recorded 
applying cobalt treatments. Co2+ significantly 
enhanced expression of gus gene to reach 142% of 
PC at 2.5 mg/L. Such stimulatory effect disappeared 
at 5 mg/L; thereafter, transcripts significantly 
decreased gradually reaching 32% of PC at 10 mg/ 
L. A significant stimulatory effect was observed utiliz-
ing CoNPs at 2.5–7.5 mg/L with a maximum of 3.46 
folds of PC at 5 mg/L. Further increase in CoNPs con-
centrations was not accompanied with a significant 
change in expression of the gus gene, compared 
with PC.

3.2. Lipid peroxidation

No, significant lipid peroxidation was observed follow-
ing 12 h exposure to A. tumefaciens, compared with 
the corresponding NC (Figure 2). The doubling expo-
sure period was accompanied with a 32% significant 
increase in MDA content, regarding NC co-cultivated 
with bacterial cells at the same time. Compared with 
PC, adding PVP did not significantly alter lipid perox-
idation in both 12 and 24 h treatments. Only Co2+ at 
10 mg/L induced about 28% significant increase in 
MDA content, compared with PC; otherwise, both 
cobalt forms had no significant effects following 12 h 
treatments. In 24 h treatments, a significant gradual 
increase in MDA content was recorded starting at 
5 mg/L Co2+ reaching about 58% of PC at 10 mg/L. 
Replacing Co2+ with CoNPs was associated with sig-
nificantly with smaller MDA content at all used 
concentrations.

3.3. Expression of virB1 gene

Results of the present investigation reflected no sig-
nificant effect of PVP on the expression of the virB1 
gene, compared with PC (Figure 3). On the other hand, 
both cobalt forms significantly enhanced gene expres-
sion at all used doses reaching a maximum of 1.5–1.6 
folds of control recorded at 5–10 mg/L Co2+ as well as 
7.5 and 10 mg/L CoNPs.

3.4. Expression of PAL, POD and CrPR1a genes

Compared with NC, A. tumefaciens did not provoke 
expression of PAL, POD, and CrPR 1a genes in 
C. roseus cells following 12 h co-cultivation (Figure 4). 

Table 1. Primer sequences (5ʹ ->3ʹ).
Gene Primers sequence Reference

Actin 5’-GCTTCCCGATGGTCAAGTCA-3’/ 
5’-GGATTCCAGCTGCTTCCATTC-3’

(Nicot et al., 2005)

PAL 5’-GATTTGAGGCATTTGGAGGA-3’/ 
5’-CGAAAACATATTCGCGGTCT-3’

(Nishanth et al., 2018)

POD 5’-CTTGCTTCGCCTTCATTTTC-3’/ 
5’-GATCCTGAAAGCCTGCTGAC-3’

CrPR1a 5’-TGTAGGTCCGATGAGATGGGACAA-3’/ 
5’-AGTCATAGAATCGCCTCTCGGCAA-3’

(Tai et al., 2013)

GUS 5’-GTCGCGCAAGACTGTAACCA-3’/ 
5’-TGGTTAATCAGGAACTGTTG-3’

(Zhao et al., 2017)

16S rRNA 5’-GCGATGTCGAGCTAATCTCC-3’ 
5’-CGCACTACCTTCGGGTAAAA-3’.

(Kimura et al., 2015)

virB1 5’- GCCCCATCAGTTGCGACATC-3’ 
5’-GACGACTTGGGTTGCTTGGC-3’
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Figure 1. Effect of different concentrations of PVP, Co2+ and CoNPs on visual GUS activity (a) and relative transient expression of 
gus gene (b) in transformed C. roseus cell suspension cultures. Seven-days old cultures were inoculated with A. tumefaciens and 
subjected to PVP, Co2+ and CoNPs treatments for 48 h. Values are fold changes from average expression quantified in dual cultures 
devoid of cobalt and PVP. Bars flagged with different letters are significantly different, based on the LSD test, at P ≤ 0.05. Means + 
SDs, n = 3.

Figure 2. Effect of different concentrations of PVP, Co2+ and CoNPs on MDA content in C. roseus cell suspension cultures. Seven- 
days old cultures were inoculated with A. tumefaciens and subjected to PVP, Co2+ and CoNPs treatments for 12 and 24 h. Bars 
flagged with different letters are significantly different, based on the LSD test, at P ≤ 0.05. Means + SDs, n = 3.
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However, expression was dramatically increased reach-
ing 2, 5.2, and 7 folds of corresponding NC for PAL, 
POD, and CrPR 1a genes, respectively, 12 h later. 
Adding PVP or cobalt did not alter results recorded 
following co-cultivation for 12 h except the expression 
of POD gene that was doubled at 10 mg/L Co2+. 
Conversely, both cobalt forms were able to modify 
results collected from 24 h treatments.

Compared with the corresponding PC, Co2+ had no 
significant effect on PAL gene expression at 2.5 mg/L; 
further increase in Co2+ was accompanied with 
a significant gradual increase in gene expression reach-
ing about 2.15 folds of PC at 10 mg/L. Concerning 
CoNPs, about 35% fold increase was recorded at 
10 mg/L; otherwise, no significant changes were 
recorded for PAL gene expression, compared with PC.

POD gene expression significantly increased gradu-
ally with an increase in Co2+ concentration reaching 
about 140% of the corresponding PC at 7.5 and 10 mg/ 
L. CoNPs had no significant effect on the expression of 
the POD gene except at 10 mg/L where transcripts 
reached about 115% of the corresponding PC.

Cobalt ions had no significant effect, compared with 
the corresponding PC, on the expression of CrPR 1a at 
2.5 mg/L. An increase in Co2+ was associated with 
a significant gradual increase in gene expression reach-
ing about 1.54 folds of PC at 7.5 mg/L and remained 
unchanged at 10 mg/L. Among CoNPs treatments, no 
significant changes in expression of the CrPR1a gene 
were recorded at 2.5 and 5 mg/L. Higher CoNPs con-
centrations induced a 20–30% significant increase in 
expression of CrPR 1a gene, compared with the corre-
sponding PC.

4. Discussion

The results of this investigation reflect the potential 
ability of A tumefaciens to transform C. roseus cells in 
suspension cultures. Similar potentialities were 
recorded in suspension cultures of bromegrass 
(Nakamura & Ishikawa, 2006), tobacco (Shumin et al., 
2014), Vinca minor (Verma et al., 2015), and 
Boesenbergia rotunda (Wong et al., 2015).

Bacterial cells provoked expression of plant defense 
genes including PAL, POD, and CrPR1a genes with a lag 
period of 12–24 h. In agreement with these results, Ditt 
et al. (2001) observed differential expression of defense 
genes in Ageratum conyzoides cell culture bout 24 h 
post-infection with A tumefaciens. A longer lag period 
of 3 days was observed by Hao et al. (2015) for PR- 
1 genes in peach plants. The same lag period was 
recorded for PR-10 and POD genes in grape embryonic 
callus (F. Zhao et al., 2011). An intermediate lag period 
of 36 h was observed by Zhou et al. (2013) in wheat 
callus before the induction of PAL and POD genes. Not 
far from these observations, Ditt et al. (2006) recorded 
a lag period of 48 h before the expression of defense 
genes in Arabidopsis cell cultures.

On the other hand, Veena et al. (2003) recorded an 
increase in transcription of defense genes including 
PAL and PR-2 (β-1,3-glucanase) genes within 3–6 h in 
tobacco suspension cultures. This contradictory litera-
ture reflected the dependence of defense response on 
plant ecotype and age used (Gohlke & Deeken, 2014).

The results of this investigation demonstrated the 
positive role of small concentrations of cobalt ion in 
the enhancement of gus gene expression that can be 

Figure 3. Effect of different concentrations of PVP, Co2+ and CoNPs on relative expression of virB1 gene in A. tumefaciens. Seven- 
days old C. roseus cell suspension cultures were inoculated with A. tumefaciens and subjected to PVP, Co2+ and CoNPs treatments 
for 24 h. Values are fold changes from average expression quantified in dual cultures devoid of cobalt and PVP. Bars flagged with 
different letters are significantly different, based on the LSD test, at P ≤ 0.05. Means + SDs, n = 3.
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attributed to the observed increase in virB1 gene 
expression and potential subsequent improvements 
in Agrobacterium-mediated transformation. Such 
improvements are predicted due to the inhibitory 
effect of cobalt on ethylene biosynthesis in plants (Yu 
& Yang, 1979). Ethylene is one of the earliest stress 
signaling molecules arising following pathogen attack 
(Glazebrook, 2001; Pieterse et al., 2009; Thomma et al., 
2001). Despite its early appearance is not associated 
with simultaneous enhancements of downstream 
defense genes (Gohlke & Deeken, 2014), ethylene is 
a major hindrance against transformation success 
through its inhibitory effect on the expression of vir 
genes (Nonaka & Ezura, 2014; Nonaka et al., 2008).

Supporting the previous point of view, inhibition of 
ethylene biosynthesis using Aminoethoxyvinylglycine 
(AVG) was associated with improvements in the effi-
ciency of Agrobacterium-mediated transformation in 
bottle gourd (Han et al., 2005), carrot (Shin et al., 
2017), and melon (Malambane et al., 2018; Nonaka 
et al., 2008).

The Agrobacterium friend role of cobalt ion disap-
peared and finally reversed upon applying higher con-
centrations of this heavy metal. These observations can 
be attributed to oxidative stress, indicated with an 
increase in MDA content, accompanied by the applica-
tion of high cobalt concentrations. Such stress is sig-
naled in plant cells provoking expression of defense 

Figure 4. Effect of different concentrations of PVP, Co2+ and CoNPs on relative expression of PAL (a), POD (b) and CrPR 1a (c) genes 
in C. roseus cell suspension cultures co-cultivated with A. tumefaciens. Seven-days old cultures were inoculated with A. tumefaciens 
and subjected to PVP, Co2+ and CoNPs treatments for 12 and 24 h. Values are fold changes from average expression quantified in 
cultures just before treatments. Bars flagged with different letters are significantly different, based on the LSD test, at P ≤ 0.05. 
Means + SDs, n = 3.
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genes adding to the Agrobacterium-abused one and 
finally attenuates transformation efficiency and subse-
quently gus gene expression. Similar results were 
recorded by Davis et al. (1992) in tomato. The authors 
recorded no transformation upon applying 100 µM of 
CoCl2.

The cross-talk between heavy metal and biotic 
stress responses was recognized by several research 
groups (Arasimowicz-Jelonek et al., 2014; Cabot et al., 
2013; Chmielowska et al., 2010; Freeman et al., 2005). It 
can be attributed to some common mechanisms 
involved in resistance to both stress types.

Phenylalanine ammonia-lyase (PAL) is an essential 
player against biotic and abiotic stresses. It catalyzes 
the deamination of L-phenylalanine generating trans- 
cinnamic acid which is a conversion from primary 
metabolism into phenylpropanoid secondary metabo-
lism (Hyun et al., 2011). Phenylpropanoids are precur-
sors for many phenolic compounds that compensate 
for the consumption of reduction equivalents accom-
panied with oxidative stress following the application 
of phytotoxic doses of heavy metals (Mourato et al., 
2012; Selmar & Kleinwächter, 2013). Phenylpropanoids 
also contribute to the biosynthesis of phytoalexins 
essential in defense against pathogens (Graham et al., 
2007; Zabala et al., 2006).

Similarly, PR proteins confer resistance against both 
types of stress. Peroxidase (POD) is a PR-9 protein (Ali 
et al., 2018), it detoxifies toxic H2O2 generated during 
oxidative stresses (Jajic et al., 2015; Zhu et al., 2004). 
Also, POD is associated with several resistance reac-
tions against pathogens including polysaccharide 
cross-linking and the deposition of phenolics in the 
plant cell walls (Thakker et al., 2013). CrPR-1a is up- 
regulated in response to leaf yellowing phytoplasma in 
C. roseus (Tai et al., 2013). However, a PR-1 protein 
confers resistance against heavy metal-induced stress 
(Sarowar et al., 2005).

Results of the present study demonstrated better 
performance of PVP-coated CoNPs, compared with 
cobalt ions, in the enhancement of gus gene expres-
sion in C. roseus cells that may reflect higher transfor-
mation rate in presence of CoNPs. Such an explanation 
may be logical observing the slower and smaller 
enhancements in the expression of plant defense 
genes in presence of CoNPs, compared with expres-
sion levels in presence of cobalt ions. The attenuated 
defense response in C. roseus suspension cultures fol-
lowing exposure to CoNPs, compared with cobalt ion 
treatments was documented in our previous publica-
tion Fouad and Hafez (2018a) and ascribed to PVP that 
may reduce Co2+ leaching from CoNPs. Similar effects 
for PVP were recorded with silver nanoparticles (Fouad 
& Hafez, 2018; Nymark et al., 2013).

In conclusion, both cobalt forms enhance gus gene 
expression following Agrobacterium-mediated trans-
formation. Such enhancements ceased when cobalt- 

induced oxidative stress abuses cellular defense 
arsenal intensifying defense against the invading bac-
teria. The better performance of CoNPs, compared 
with Co2+, observed in this study, may be attributed 
to the lower sensitivity of the plant defense system to 
nano form than ionic form. The results showed 
a potential role for CoNPs in enhancing the production 
of therapeutically important compounds employing 
transient expression of foreign genes in addition to 
improving Agrobacterium-mediated transformation 
that needs further investigation.
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