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Abstract Experiments were carried out to study the

effect of zinc oxide nanoparticles (nano-ZnO) on nitroge-

nase activity in legumes. In the first experiment, nodulated

roots of cluster bean, moth bean, green gram and cowpea

were dipped in Hoagland solution containing 1.5

and 10 lg mL-1 of nano-ZnO for 24 h. Nitrogenase

activity in cluster bean, green gram and cowpea roots

increased after dipping in solution containing 1.5 lg mL-1

nano-ZnO, but decreased in roots dipped in solution con-

taining 10 lg mL-1 nano-ZnO. However, in moth bean

roots, nitrogenase activity decreased after dipping in

solution containing either concentration of nano-ZnO. In

the second experiment, nodulated roots of green gram were

dipped in Hoagland solution containing 1, 4, 6, 8 and 10 lg
mL-1 nano-ZnO for 6–30 h before estimating nitrogenase

activity. Results showed that an interactive effect of nano-

ZnO concentration and exposure time influenced nitroge-

nase activity. The possible reasons behind this effect have

been discussed. A model [A = 3.44 ? 0.46t - 0.01t2 -

0.002tc2 (R2 = 0.81)] involving linear and power compo-

nents was developed to simulate the response of nitrogenase

activity in green gram roots to the concentration and

exposure time of nano-ZnO.
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Introduction

About 10,000 tonnes of engineered metal nanoparticles of

CeO, CuO, CuI, ZnO, TiO2 and elemental Ag are annually

produced in the world for industrial and commercial

applications [1, 2]. Large quantities of these nanoparticles

eventually end up in agricultural soils and may affect

microbial-mediated nutrient transformations processes, e.g.

immobilization, denitrification, nitrification and nitrogen

fixation which help in sustaining the soil and ecosystem

health. Heinlaan et al. [3] reported toxicity of nano-ZnO to

Vibrio fischeri. The antimicrobial activity of ZnO, CuO and

Fe2O3 nanoparticles against Escherichia coli, Pseu-

domonas aeruginosa, Bacillus subtilis and Staphylococcus

aureus has also been reported [4–7]. Nanoparticles of CeO,

Ag, Cu and chitosan are also reported to be toxic to nitri-

fying bacteria (Nitrosomonas and Nitrobacter), E. coli and

B. subtilis [7–9]. Vitousek et al. [10] reported that

90–140 TgN is annually fixed through biological nitrogen

fixation, which is the second most important process after

photosynthesis carried out by plants. Therefore, the adverse

effect of nanoparticles on nitrogen fixation can have seri-

ous ramifications [11–13]. In this paper, we present the

experimental results on the effect of concentration and

exposure time of zinc oxide (ZnO) nanoparticles on

nitrogenase activity in four legumes.

Materials and methods

Characterization of ZnO nanoparticles

Nanoparticles of ZnO prepared and characterized by the

Indian Institute of Technology-Bombay, Mumbai, were

used in the present study [14]. ZnO nanoparticles were
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prepared by reacting Zn(O2CCH3)2 dissolved in methanol

with methylated KOH. The purity of the compound was

found to be 99.5 %. The shape of the particles was

spherical and their size ranged from 16 to 30 nm. The

surface area of the synthesized ZnO nanoparticles was

23 m2 g-1 as determined by multipoint Brunauer–Em-

mett–Teller (BET) method.

Raising plants in pots

Ten seeds of four legumes, viz. cowpea [Vigna unguiculata

(L.) Walp.; c.v. RC101], green gram [Vigna radiata (L.)

Wilczek: c.v. K-851], clusterbean [Cyamopsis te-

tragonoloba, (L.) Taub.; c.v. RGC 936] and moth bean

[Vigna aconitifolia (Jacq.) Marechal; c.v. RMO-40] were

sown in pots filled with 12 kg soil. Soil pH in the 1:2

(soil:water) mixture was 8.1. Sand, silt and clay content of

the soil was 85.1, 9.7, 4.5 %, respectively, whereas organic

matter content was 1.5 g kg-1. Ten days after germination,

the number of plants in each pot was reduced to five. Plants

were allowed to grow under natural conditions in a net

house till the flowering stage. Thirty pots were maintained

for each crop, i.e. cowpea, green gram, cluster bean and

moth bean to obtain adequate number of replicates. Addi-

tionally, green gram was also grown in 200 other pots.

Plants in pots were irrigated periodically. Plants were

gently uprooted at the flowering stage. Water was applied

before uprooting to avoid root damage. The effect of nano-

ZnO on nitrogenase activity in roots was estimated by

transferring and maintaining the plants under hydroponic

condition as detailed below.

First experiment

Exposing roots to nano-ZnO Roots of plants uprooted

from soil were dipped in glass containers filled with 1 l of

Hoagland solution of �th strength [15] as shown in Fig. 1.

Full-strength Hoagland solution consisted of 20 lg mL-1

(NH4)2SO4, 10 lg mL-1 NH4NO3, 3.1 lg mL-1 NaH2

PO4, 40 lg mL-1 K2SO4, 15 lg mL-1 CaCl2�2H2O, 0.35

lg mL-1 EDTA�FeNa�3H2O, 25 lg mL-1 MgSO4�3H2O,

20 lg mL-1 Al2(SO4)3�18H2O, 0.1 lg mL-1 ZnSO4�
7H2O, 0.1 lg mL-1 H3BO3, 0.025 lg mL-1 CuSO4�
5H2O, 1 lg mL-1 MnSO4�H2O, and 0.05 lg mL-1

Na2MoO4�2H2O and was prepared by using AR-grade

chemicals (Fluka/Hi-media). For each crop, a set of five

glass containers were used. The first chamber contained

�th strength of Hoagland solution comprising

1.5 lg mL-1 and the second had 10 lg mL-1 nano-ZnO.

Hoagland solution in the third and fourth chamber was

mixed with bulk ZnO (Analytical Grade) to give 1.5 and

10 lg mL-1 ZnO concentration, respectively. The fifth

chamber was filled with only �th strength Hoagland

solution. After 24 h, plants were taken out of the chamber,

their shoots were cut and roots transferred to incubation

bottles for estimating nitrogenase activity as detailed in the

subsequent paragraph. Nitrogenase activity in roots dipped

in Hoagland solution alone served as control and that in the

solution containing bulk ZnO was used for comparison

with corresponding nano-ZnO treatments. At the same

time, nitrogenase activity in three plant roots of each crop

was also estimated soon after their removal from pots

(without dipping them in Hoagland solution) with a view to

assess the effect of dipping of roots in Hoagland solution

on nitrogenase. All analyses were carried out in triplicate.

Estimation of nitrogenase activity Each of the de-topped

plant roots with attached nodules was kept in an incubation

bottle fitted with lid containing a self-sealing septum at the

centre. Ten mL of air was taken out from the bottle and an

equal volume of acetylene was injected. Bottles along with

roots were incubated for 1 h at 27 �C and then 1 mL of gas

sample was taken out with the help of a Hamilton syringe

and immediately fed into GC (Nucon 5675) fitted with

flame ionization detector (FID) and 2 m-length Porapak

stainless steel column (id 2 mm). Nitrogen was used as

carrier gas. The temperature of the column was kept at

70 �C and that of the injection port maintained at 110 �C.
The retention time of ethylene was 1.2 min. The amount of

ethylene produced by roots was derived after injecting a

range of standard ethylene (110–1000 lg mL-1) supplied

by Spancan Products Limited, England. After estimation of

nitrogenase, the roots were washed, and the nodules were

detached and weighed.

Second experiment

Green gram showed a very wide range of response to nano-

ZnO application in the first experiment; therefore, the

second experiment on the interaction of concentration and
Fig. 1 Experimental setup showing seedlings exposed to different

treatments in hydroponics
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exposure duration to nano-ZnO was envisaged only with

this crop. Its roots were exposed to 1, 4, 6, 8 and

10 lg mL-1 nano-ZnO for 6, 12, 18, 24 and 30 h,

respectively. The other procedural details were akin to

those described earlier for the first experiment.

Modelling the effect of concentration and time of exposure

to nano-ZnO on nitrogenase activity The response of

green gram to nano-ZnO application with respect to con-

centration and exposure time was simulated, initially using

models of Chick-Watson and Hom [16]. However, as sat-

isfactory fit was not observed, efforts were made to develop

a new model structure with the observed data in the general

linear form as follows:

Y ¼ f ðc; tÞ ¼ aþ bixi; ð1Þ

where ‘‘Y’’ is the nitrogenase activity, ‘‘c’’ is the concen-

tration of nano-ZnO in Hoagland solution, ‘‘t’’ is the time

of incubation, ‘‘a’’ is the intercept of linear model, ‘‘bi’’ is

the coefficients of independent variable or input of the

model and ‘‘xi
’’ is the independent variable or input of the

model, which may be either ‘‘t’’ or ‘‘c’’ or their

interactions.

Stepwise procedure was first followed to select signifi-

cant inputs from an initial set of inputs involving c and

t and their interactions up to the third power. Then the

linear models were developed with selected inputs from the

stepwise procedure. The whole procedure of model

development was done in R mathematical software with

‘step’ and ‘lm’ function.

The developed model was validated using leave-out-one

cross-validation approach, where randomly (N - 1)

observations were selected from the original dataset to

develop the model and then tested on the left-out-one

observation, which was repeated for N times, where N is

the number of observations in the dataset [17]. The

observed and predicted values from cross-validation were

plotted against the 1:1 line and root mean square error

(RMSE) was calculated to show the fitting performance:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N � 1

X

N

i¼1

ðYi � ŶiÞ2
v

u

u

t ; ð2Þ

where Yi is the observed value of nitrogenase activity, Ŷi is

the predicted value of the same and N is the number of

observations in the dataset.

Results and discussion

The effect of nano-ZnO on nitrogenase in nodulating roots

of selected legumes has been presented and discussed in

the subsequent paragraphs so as to understand the effect of

its concentration and exposure duration.

Response to bulk and nano-ZnO in legumes

Transfer of intact plant from soil to hydroponics and subse-

quent estimation of nitrogenase activity in de-topped roots

with attached nodules did not result in appreciable change in

all the legumes studied except cluster bean (Table 1). This

could be due to a thin water film that remained adhered

around cluster bean roots even at the time of nitrogenase

assay. Roots of different plants vary in their composition of

lignin, celluloses, etc., which imparts to them differing

composition and surface characteristics [18, 19]. Thus, it

seems that roots of cluster bean provided more conducive

surface for adhesion ofwater film than roots of other legumes

studied. The presence of water film around the roots can alter

the diffusion of acetylene and ethylene from roots and

thereby influence the nitrogenase activity, since the diffusion

coefficient in water is about 1000 times less than in air [20].

The presence of 1.5 lg mL-1 bulk ZnO in Hoagland

solution decreased nitrogenase activity in all the legumes.

The maximum reduction was recorded in moth bean

(71.2 %), while the minimum was in green gram (22.9 %)

roots. However, a similar concentration of nano-ZnO stim-

ulated nitrogenase activity in all the legumes except moth

Table 1 Effect of nano-ZnO and bulk ZnO concentrations on nitrogenase activity in different legumes

Root treatment Nitrogenase activity in different legumes (lmol ethylene formed g-1 nodule h-1)

Cluster bean Moth bean Green gram Cowpea

Without dipping in Hoagland solution 6.53 ± 0.51 7.93 ± 0.83 5.20 ± 0.81 9.49 ± 1.82

After dipping in Hoagland solution 2.67 ± 0.52 6.96 ± 0.17 5.49 ± 0.42 8.81 ± 0.67

Hoagland solution with bulk ZnO 1.5 lg mL-1 1.43 ± 0.04 4.18 ± 0.30 5.34 ± 0.56 5.71 ± 0.66

Hoagland’s solution with nano-ZnO 1.5 lg mL-1 23.32 ± 1.72 6.77 ± 0.03 12.06 ± 2.92 27.52 ± 2.27

Hoagland solution with bulk ZnO 10 lg mL-1 0.43 ± 0.15 2.00 ± 0.42 4.24 ± 0.59 2.85 ± 0.62

Hoagland solution with nano-ZnO 10 lg mL-1 0.32 ± 0.19 1.72 ± 0.41 nd 1.86 ± 0.14

nd Not detected
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bean. Stimulation of nitrogenase activity in Nostoc at

0.625 lg g-1 zinc has also been reported by Okmen et al.

[21]. The stimulatory effect of hydroxyapatite nanoparticles

on pectate lyase up to 10.5 lg mL-1 due to chaperon-like

activity has also been reported by Dutta et al. [22]. Addi-

tionally, the elevation of native state activity of the enzyme

may be responsible for the observed increase as reported for

pectate lyase in the presence of hydroxyapatite nanoparticles

[23]. Higher stability of keratinase exposed to iron oxide

nanoparticles is also known [24]. As for the present inves-

tigation on nitrogenase, either one or all of these reasonsmay

be responsible for the stimulatory response to ZnO

nanoparticles application up to a certain concentration.

At 10 lg mL-1, both bulk and nano-ZnO were noted to

show a declined nitrogenase activity with respect to control

in all the legumes studied. Further, nitrogenase in green

gram,moth bean and cowpeawasmore adversely affected by

nano-ZnO than the bulk ZnO. However, such a trend was not

observed in cluster bean, the reasons for which are not

immediately clear. Differences in the effect of bulk and

nano-ZnO could be due to better penetration by the latter in

the cells which may result in a variety of responses [25–31].

Nanoparticles have the ability to attach to bacterial mem-

brane via electrostatic interaction and disrupt its integrity

[32]. Because of their simpler cell membrane structure,

Gram-negative bacteria, like all rhizobium strains involved

in legume nodulation, are more adversely affected by

nanoparticles [33, 34]. The interaction of nanoparticles with

cellular organelles, redox active proteins such as NADPH

oxidase and cell surface receptors can generate reactive

oxygen species (ROS), whichmay cause oxidative stress and

DNA damage, thus disrupting cell division [33, 35–39]. The

release of soluble ions which bind with the functional groups

of protein resulting in their denaturation has also been

associatedwith the toxic effects of nano-ZnO, nano-CuOand

Ag nanoparticles [4, 40]. Thus, it is possible that any or all of

these mechanisms may explain the observed reduction of

nitrogenase by nano-ZnO.

Interplay of concentration and time

Nitrogenase activity in green gram roots was exposed to

1 lg mL-1 nano-ZnO changed with exposure time. First, it

increased with exposure time, reached a maximum at 12 h

and then declined (Fig. 2). A similar trend was observed

with 4 lg ml-1 nano-ZnO. After 30 h of exposure, nitro-

genase activity in roots which were exposed to 1 lg mL-1

nano-ZnO remained only slightly more than in the control.

However, in roots exposed to 4 lg mL-1, activity lower

than in control was recorded. At 6 and 8 lg mL-1, nano-

ZnO nitrogenase activity was maximum at 18 h and the

negative effect on increasing exposure time was more

pronounced. Exposing roots to 10 lg mL-1 nano-ZnO

even for 6 h decreased nitrogenase activity which reduced

to zero after 24 h. Thus, both concentrations of nano-ZnO

and the exposure time influenced nitrogenase activity.

Consequently, three trends were observed: (1) short time

exposure of roots to \10 lg mL-1 nano-ZnO enhanced

nitrogenase activity (2) increasing concentrations of nano-

ZnO adversely affected nitrogenase activity and (3)

increasing exposure time also adversely affected nitroge-

nase activity. Therefore, nitrogenase activity in green gram

indicated an interactive effect between concentration of

nanoparticles and duration of exposure.

Fig. 2 Effect of time and concentrations of nano-ZnO on changes in nitrogenase activity in green gram
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An important factor in understanding the mechanism of

nanoparticles-induced changes in nitrogenase is to take into

account their interaction with proteins. The dispersion of

nanoparticles in a biological milieu results in their surface

being immediately enveloped by a complex layer of protein

known as ‘‘protein corona’’ [41, 42]. This adsorption of a

protein on the surface of nanoparticles strongly depends on

its nature, surface chemistry and physicochemical proper-

ties. Subsequently, adsorption, electrostatics, hydrogen

bonding and hydrophobic interactions provide further

binding between protein and nanoparticles. This leads to

conformational change in the protein [43]. Thus, the

interaction of the nanoparticles with enzymes may be

indirect and occurs via nanoparticle–protein corona and not

at the bare nanoparticle surface [42]. As nature, size, shape,

charge and hydrophobicity of proteins vary depending on

plant species and their metabolites, the interactive effect of

metabolites with nanoparticles would also be different.

These interactions between nanoparticles and protein can

acquire both negative and positive connotations.

Chakraborti et al. [44] reported that nano-ZnO induced

unfolding of the periplasmic domain in Vibrio cholerae

that made its protein susceptible to denaturation. Similarly,

Sinha and Khare [45] reported structural changes in pro-

tease in the presence of nano-ZnO as the reason behind

reduction in its activity. It is possible that structural

changes in nitrogenase may also constitute a reason behind

the observed decrease in its activity at 10 lg mL-1 nano-

ZnO concentration (Table 1).

However, the structural changes can also improve the

enzyme stability as in the case of a-helical content of

lysozyme in the presence of nano-ZnO [46]. Miletic et al.

[47] also reported that immobilization of enzyme on

polystyrene nanoparticles resulted in their increased

activity. Thus, enhanced stabilization of nitrogenase at low

concentrations of nano-ZnO could be one possible mech-

anism to explain the observed enhanced activity. The

second mechanism could be the creation of novel confor-

mational epitomes in nitrogenase during unfolding in the

process of its interaction with nanoparticle–protein corona

surface. Unfolding may also lead to exposure of hidden

epitopes. These new epitopes may affect the functionality

of the bound proteins by elicitation of a new response. Such

a possibility for different enzymes has been discussed by

[48–52]. Further, the direct enzyme–nanoparticle attach-

ment may also facilitate enzyme–substrate interaction by

preventing aggregation of free enzyme [22].

Modelling nitrogenase activity

A model for describing the nitrogenase activity (A) as a

function of time of incubation (t) and concentration (c) of

nano-ZnO formulation has been developed. Initial analysis

of data showed that the activity first increased with

increasing both t and c up to a peak level and then

decreased with further increase in either t or c. Such

response was first visualized in 3-D surface using a per-

spective plot of R, which indicated the response surface as

a cubic function (Fig. 3).

Model describing nitrogenase activity as a function

of exposure time and nanoparticle concentration

The cubic response surface of nitrogenase activity as

depicted in Fig. 3 was tried to fit in the linear model

involving linear and interactive components of t and c (t, c,

t2, c2, tc, t3, t2c, tc2 and c3). Stepwise analysis in both

backward and forward approach screened three significant

variables: t, t2 and tc2, and the following model was

developed:

A ðNitrogenase activityÞ ¼3:44 þ 0:46t � 0:01t2

� 0:002tc2 ðR2 ¼ 0:81Þ: ð3Þ

All the coefficients and intercept of Eq. (3) were significant

(p\ 0.001). The intercept of Eq. 3 indicates the enzymatic

activity at t = 0 and c = 0. The fitted surface of enzymatic

activity as a function of t and c is shown in Fig. 4. The

developed model showed that both t and c, indicated as

time of incubation and concentration of nano-ZnO, played

an important role in enzymatic activity. Modelling the sole

effect of either t or c resulted in poor performance in fitting

the observed enzymatic activity.

Fig. 3 Perspective plot of the observed nitrogenase activity (lmol

ethylene formed g-1 nodule h-1) as a function of incubation time and

concentration of nano-ZnO (lg ml-1)
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Validation results of the developed model

The model was further checked using leave-out-one cross-

validation approach. The observed and fitted values are

presented in Fig. 5. The observed and predicted plots

showed very close proximity to the 1:1 line with neither

overprediction nor underprediction. Moreover, the RMSE

of prediction was very low, 0.981 (observed data range of

nitrogenase from negligible to 8.27). This indicates satis-

factory performance of the developed model, and the same

model structure is likely to predict accurately the behaviour

of nitrogenase activity under a similar set of experimental

conditions for unknown concentrations and exposure

durations.

On the basis of these results, it can be concluded that the

effect on nano-ZnO on nitrogenase varies with both con-

centration and exposure time. Low concentration of nano-

ZnO enhances nitrogenase activity, but its effect is

ephemeral, i.e. enhanced nitrogenase activity is lowered if

exposed for a longer duration. Such a response is explained

through one or more than one mechanism at the bio-

chemical plane as discussed in the preceding paragraphs.

Further, a mathematical model, as developed in the present

investigation, can satisfactorily simulate the response of

nitrogenase to the concentration of nano-ZnO over time.

This information could further be exploited to regulate

nitrogenase activity, a key process of nitrogen fixation,

through use of nanoparticles for enhancing N enrichment

of nodulating legumes.
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