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Abstract The trans-plasma membrane behavior in virus-

infected grapevine leaves was investigated and the effects

of six viruses included in European and Italian certification

protocols of grapevine on trans-plasma membrane potential

(t-PMEP) or electron transport (t-PMET) activity were

evaluated. Electrophysiological tests were carried out on

leaf samples of virus-infected Vitis vinifera cv. Sangiovese.

Microelectrodes were placed in the central zone of the

mesophyll for membrane potential measurement, while

carbon fiber microelectrodes were used to estimate the

membrane reductase activity of virus-infected resting cells.

Viruses, the presence of which increased the NADH con-

tent, interfere differently with t-PMEP and t-PMET. Those

that did not interfere negatively with membrane potential

caused an increment in cell reductase activity, while virus-

infected samples which showed a stressed status—as sug-

gested by low energy availability and difficulty in the

impalement procedure—were characterized by a lower

t-PMET activity despite NADH content.

Keywords t-PMEP � t-PMET � GLRaV-1 � GLRaV-3 �
NADH

Introduction

Cell plasma membranes have signaling systems for regu-

lating a variety of biological functions, including cell

metabolism, proton pumping, activity of ion channels,

growth, death and defense mechanism by pathogens (Ly

and Lawen 2003). In the literature regarding human virus

diseases, many studies have been conducted describing

events related to virus infection assessment and related

variation in plasma membrane potential (Akeson et al.

1992; Helenius et al. 1985; Wiley and Skedel 1987) and it

has been speculated that observed depolarization could be

related to alteration of selective ion channels responsible

for variation in membrane potential linked to virus-host

interaction. In plants, plasma membrane H?-ATPases are

dynamically regulated during plant immune responses and

recent quantitative proteomics studies suggest complex

spatial and temporal modulation of plasma membrane H?-

ATPase activity during early pathogen recognition events

(Elmore and Coaker 2011).

With regard to plant virus research, very few data are

available on membrane behavior during phytovirus infec-

tion. The first time that changes of membrane electropo-

tentials were characterized during a plant–virus interaction

dates back to 1978, in a study by Stack and Tattar (1978)

conducted on Vigna sinensis infected by Tobacco ringspot

virus. In 1997, Schvarzstein conducted a study on Gom-

phrena globosa infected by Papaya mosaic virus and

Tobacco mosaic virus. The author observed changes in

average ion currents, identifying an early event in the

signal transduction pathway related to virus–host interac-

tion. In 1982, Novacky and Ullrich-Eberius (1982) reported

a similar interaction in cotton plants infected by Xantho-

monas campestris. Shabala et al. (2010) called attention to

this topic with a study on ion fluxes across cellular
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membranes during virus infection processes in tobacco,

potato, periwinkle and sugar beet plants infected by Potato

virus X.

Electrophysiological tests carried out on leaves of

in vitro grapevine explants naturally infected by Grapevine

leafroll-associated virus 1 (GLRaV-1), as well as virus-free

explants, showed how virus infection did not cause differ-

ences in trans-plasma membrane potential (t-PMEP)

activity during antiviral drugs treatments (Luvisi et al.

2012). Differently, in antiviral drug tests conducted on

CMV-infected tobacco plants, t-PMEP activity seemed to

be influenced by virus presence, acting differently in

infected or healthy samples during MPA uptake by cells

(Rinaldelli et al. 2012). With regard to trans-plasma mem-

brane electron transport (t-PMET), the elevated activity

measured in virus-infected samples (GLRaV-1 and -3)

compared to healthy ones indicates that viruses can interfere

with the redox homeostasis (Panattoni et al. 2013). These

data suggest a possible interaction between virus infection

conditions and host trans-plasma membrane activity.

The aim of this study is to investigate the trans-plasma

membrane behavior in virus-infected grapevine leaves,

evaluating the effects of six viruses included in European

or Italian certification protocols of grapevine (2005/43/CE,

D.M. 24/06/2008) on t-PMEP and t-PMET activity.

Materials and methods

Plant material

Field-grown Vitis vinifera cv Sangiovese infected by

Grapevine fanleaf nepovirus (GFLV), Grapevine fleck

maculavirus (GFkV), Grapevine leafroll ampelovirus 1

(GLRaV-1), Grapevine leafroll ampelovirus 3 (GLRaV-3)

and Arabis mosaic virus (ArMV) (viruses included in

European Commission directive 2005/43/EC) and Grape-

vine vitivirus A (GVA) (virus included in Italian Ministry

Decree D.M. 24/06/2008) were used for t-PMET and

t-PMEP trials. The sanitary condition of each plant was

confirmed by RT-PCR (Nakaune and Nakano 2006). In

June 2013, fully expanded leaves were excised and fresh

freehand samples (3–5 mm) were cut with an ethanol-

cleaned razor blade for testing (Rinaldelli et al. 2012).

Trans-plasma membrane potential assay

After preincubation for 1 h in basal solution (BS) (Panat-

toni et al. 2013) adjusted to pH 5.6 with TRIS (2-Amino-2-

hydroxymethyl-propane-1,3-diol), leaf segments were

prepared according to Luvisi et al. (2012). Continuously

aerated BS solution was permitted to perfuse through the

chamber at a flow rate of 10.0 9 10-3 L min-1. The

measuring electrodes used were micropipettes (tip diameter

\1 lm) obtained from single-barreled borosilicate capil-

laries (World Precision Instruments, Sarasota, USA) as

described in Rinaldelli et al. (2012). Insertion of the

microelectrodes took place in the central zone of the

mesophyll by way of a micromanipulator. Successful

microelectrode impalement was determined by the number

of cell impalement attempts needed to achieve the stabil-

ization of membrane potential for 5 min (Ober and Sharp

2003). Membrane signal steadiness was calculated con-

sidering number of tentative cell impalements out of 15

successful ones. Preincubation and electrophysiological

tests were carried out at 22 �C (±0.5) under light

(30 W m-2). All tests were conducted on 15 healthy or

infected samples. Plots reported were representative of 15

equivalent experiments. Measurements were performed

under Faraday cage.

Trans-plasma membrane electron transport assay

For the amperometric measurements, carbon fiber micro-

electrodes (CFME) (tip diameter 5 lm) (Carbostar-1,

Kation Scientific—USA) were used following Rinaldelli

et al. (2012). CFME were used in subsequent calibrations

to test the linear response in the presence of the redox

intermediary. Electrodes were placed in recording solution

(RS) with a constant background of 5 9 10-4 M potassium

ferricyanide (K3[Fe(CN)6]) (PF) adjusted to pH 5.6 by

MES (2-(N-Morpholino) ethanesulfonic acid), and varying

concentrations of potassium ferrocyanide (K4[Fe(CN)6])

(0, 20, 50, 100 lM). The oxidation current at an electrode

potential of ?400 mV was measured for each potassium

ferrocyanide concentration. Calibration curves were used

to estimate the cell reductase activity expressed as [Fe2?]

using oxidation current values before each treatment (Ri-

naldelli et al. 2012). In maize roots, the optimal CFME

position from root surface was established at 5 lm (Taylor

and Chow 2001). Thus, in this study, the reductase activity

was mapped considering the distance of CFME from the

leaf cutting surface of healthy plants, starting from position

beyond leaf diffusion to the surface.

Sample preparation and reductase activity detection

were performed following Rinaldelli et al. (2012). The leaf

sample was maintained in RS until the oxidation current

stabilized for at least 5 min, and then data were collected.

All tests were conducted on 15 healthy or infected samples.

Plots reported are representative of 15 equivalent experi-

ments. Measurements were performed under Faraday cage.

NADH assay

NADH was quantified in healthy and infected samples in a

colorimetric assay (450 nm) using NADH Quantification
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Kit (Sigma–Aldrich, St. Louis, MO). All tests were con-

ducted on 15 healthy or infected leaves.

Statistical analysis

Absorbance, [Fe2?] and membrane potential were elabo-

rated using Sigma-Plot software (version 11; Systat Soft-

ware, San Jose, CA). The software was used to perform

two-way analysis of variance (ANOVA) in a random

design and pairwise multiple comparisons on significant

effects and interactions using the Holm–Sidak method.

Data expressed in percent were converted in arcsin values.

P \ 0.05 was considered to be significant. Principal

Component Analysis (PCA), a multivariate approach, was

performed to evaluate the virus variables.

Results and discussion

Table 1 collects the t-PMEP values. Samples infected by

leafroll viruses showed no difference in membrane poten-

tial values compared to healthy samples, confirming the

similar behavior of leafroll-infected samples and healthy

ones observed during antiviral drug treatments (Luvisi

et al. 2012). GFLV- or ArMV-infected tissues led to

plasma membrane hyperpolarization with higher values

compared to healthy samples, while GFkV- and GVA-

infected tissues showed plasma membrane depolarization

significantly lower than the control. Considering that

t-PMEP gradient is generated by H?-ATPase activity

(Sondergaard et al. 2004), GFLV- and ArMV-infected cells

could be considered more energized compared to others.

Considering the number of impalements for Em mea-

surements, more attempts were needed for the samples that

showed a lower t-PMEP compared to healthy ones, sug-

gesting that GFkV and GVA infection increased the diffi-

culty of cell membrane measurements, as occurs under

stress conditions (Vuletic et al. 1987; Rawyler et al. 2002).

With regard to t-PMET, the oxidation current response

of the CFMEs was linear with respect to potassium ferro-

cyanide concentration (in a constant background of

500 lM ferricyanide) in recording solution, as also repor-

ted in Rinaldelli et al. (2012). CFME started to oxidize

Fe2? at 200 lm from the leaf cutting surface of healthy

plants, reaching maximum activity at 5 lm, similarly to the

results obtained in maize roots as reported by Taylor and

Chow (2001). At 15, 25 and 50 lm the CFME activity was

reduced by 8.1, 12.0 and 18.2 %, respectively.

In virus-infected samples (Table 1), at 5 lm-distant

CFME readings the [Fe2?] produced by GFkV- and GVA-

infected tissues were similar to healthy tissues, while the

other infected samples showed a higher t-PMET activity.

These differences were lost at the 15 lm-distant CFME

reading, probably due to the reduction of CFME activity at

the increased distance from leaf cutting surface.

With regard to NADH (Table 1), infected samples

showed a significantly higher absorbance at 450 nm com-

pared to healthy samples, confirming results reported in

literature for leafroll-infected samples (Panattoni et al.

2013) and extending this behavior to grapevine samples

infected by other viruses. In any case, the higher NADH

content did not seem to differ in relation to specific

infective status.

Considering the PCA performed on the three chosen

parameters (Fig. 1), the first principal component axis

(PC1) accounted for 60.78 % of the observed variation. It

was strongly positively correlated with redox activity and

membrane potential, and a positive correlation can be

observed for NADH content as well. The second principal

component axis (PC2) was strongly correlated with NADH

content and negatively correlated with membrane potential.

Redox activity was not substantially correlated with PC2.

PC1 separated GLRaV-1-, GLRaV-3-, ArMV- and GFLV-

infected samples from GFkV-, GVA-infected or healthy

samples. PC2 separated all infected samples from GLRaV-

1-, GLRaV-3-, GVA- and GFkV-infected samples from

Table 1 Effect of infected status on trans-plasma membrane potential (t-PMEP), signal steadiness, trans-plasma membrane electron transport (t-

PMET) and NADH absorbance

Health status t-PMEP (mV) Signal steadiness (%) t-PMET ([Fe2?], lM) NADH (A450)

5 lm 15 lm

Healthy -95.5 ± 9.7ba 53.6 47.1 ± 3.7a 42.7 ± 3.2a 0.519 ± 0.061a

GLRaV-1 -95.3 ± 10.3b 51.7 61.3 ± 5.4b 44.0 ± 3.6a 0.730 ± 0.041b

GLRaV-3 -93.7 ± 8.8b 53.6 60.5 ± 4.9b 45.0 ± 5.0a 0.740 ± 0.032b

GFLV -115.7 ± 10.6c 55.6 59.4 ± 4.6b 43.3 ± 4.6a 0.744 ± 0.089b

ArMV -112.0 ± 10.4c 50.0 61.1 ± 4.8b 42.7 ± 3.6a 0.725 ± 0.040b

GFkV -82.0 ± 10.0a 39.5 48.8 ± 3.8a 41.0 ± 3.6a 0.730 ± 0.030b

GVA -81.6 ± 12.6a 35.7 46.9 ± 5.5a 41.7 ± 4.0a 0.750 ± 0.067b

a Values in the same column followed by the same letter do not differ significantly according to Duncan’s multiple range test (P = 0.05)
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ArMV-, GFLV-infected or healthy samples. The biplot

shows a strong correlation among GVA- and GFkV-

infected samples (group I) as well as among the GLRaVs-

infected samples (group II) or ArMV- and GFLV-infected

ones (group III). Moreover, considering the chosen vari-

ables, healthy samples strongly differ from all infected

samples.

Conclusions

Ion fluxes across cellular membranes are known to play a

key role in mediating defense mechanisms in plants, and

t-PMEP or t-PMET represent signaling systems for regu-

lating cellular metabolism able to interfere with distinct

cellular functions such as redox homeostasis and pathogens

defense (Herst and Berridge 2006).

In our research, the higher NADH content due to virus

infection was used differently by infected samples during

their t-PMET activity. Samples whose infectious status did

not interfere negatively with membrane potential, such as

ArMV, GFLV, GLRaV-1, and -3 showed higher t-PMET

activity compared to healthy samples, in agreement with

the higher NADH availability. In fact, t-PMET activity

involves transport of electrons from intracellular NADH

across plasma membrane to an extracellular acceptor,

playing a fundamental rule in intracellular redox homeo-

stasis processes strongly linked to the NAD?/NADH ratio

(Del Principe et al. 2011; Gray et al. 2011). Conversely,

GFkV- and GVA-infected samples which showed a

stressed status, as suggested by the low energy availability

and difficulty in the impalement procedure, were charac-

terized by a lower t-PMET activity despite NADH content.

All these findings seem to point to an interaction between

virus particles and trans-plasma membrane activity, even if

not as a homogeneous trend, as shown by PCA analysis.

The PCA grouped viruses with similar patterns of effects.

The group II of elements included two ampelovirus asso-

ciated with the grapevine leafroll disease, while the group

III of elements included two nepoviruses associated with

the complex of infectious degeneration. Thus phylogenet-

ically closely related viruses associated with the same

disease seem to show similar electrophysiological patterns

of effects. Conversely viruses included in group I of ele-

ments, GVA and GFkV, are not phylogenetically closely

related. Anyway both viruses do not cause specific symp-

toms on the foliage of V. vinifera (Martelli 2014), leading

to patterns of effects similar to those observed in healthy

samples. Several points of evidence suggested that, in the

early events of the infection process, the viral coat protein

may act as an elicitor, compared to an avirulence factor,

which is related to host response changes in membrane ion

fluxes representing the signal transduction cascade of many

plant–virus interactions (Schvarzstein 1997). Moreover, for

systemic viruses, movement of viral particles occurs by

infected cell to nearby healthy ones, and subsequent sys-

temic transport is governed by a series of mechanisms

involving various virus and plant factors. Specialized virus-

encoded movement proteins control the transport of viral

nucleoprotein through plasmodesmata and their interaction

determines the diffusion of the virus (Sholthof 2005). In

this way, the virus could interact with the host cell mem-

brane, binding to some cytoskeletal proteins which could

include changes in ion fluxes and signal the transduction

pathway (Atkinson et al. 1996). Akeson et al. (1992)

conducted electrophysiological studies in mammalian cells

infected by Vesicular stomatitis virus and suggested that

membrane depolarization could block the translocation of

nucleocapsid across the epithelial cell plasma membrane

during the infection process. Thus, the variety of viral

transmembrane proteins should lead to different interac-

tions between viruses and host proteins, acting as an

interfering factor of trans-plasma membrane behavior.
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Fig. 1 Biplot of principal component analysis. The length of each

eigenvector is proportional to the variance in the data for that element.

The angle between eigenvectors represents correlations among

different elements. Three groups of elements (circled, and denoted

I, II and III) show strong positive correlations
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