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ABSTRACT

Humic substances (HS) and humic acids (HA) are proven to enhance nutrient uptake and growth in plants. Foliar
application of urea combined with HS and HA offers an alternative strategy to increase nitrogen use efficiency
(NUE). The objective of this study was to understand the effects of foliar application of HA and HS along with urea
on NUE and response of different biometric, biochemical and physiological traits of sugarcane with respect to
cultivar, mode of foliar application, geographic location and intervals of foliar application. To study this, two
different independent Experiments were conducted in green house facilities at two different agro-climatic zones
(USA and Brazil) using two different predominant varieties, modes and intervals of foliar applications. The three
different foliar applications used in this study were (1) urea (U), (2) mixture of urea and HS (U+HS) and (3) HA
(U+HA). In both Experiments, '°N (nitrogen isotope) recovery or NUE was higher in U+HS followed by U+HA.
However, magnitude of NUE changed according to the differences in two Experiments. Results showed that foliar
application of U+HS and U+HA was rapidly absorbed and stored in the form of protein and starch. Also induced
changes in photosynthesis, intrinsic water use efficiency, protein, total soluble sugars and starch signifying a
synergistic effect of U+HS and U+HA on carbon and nitrogen metabolism. These results showed promising use of
HS and HA with urea to improve NUE in sugarcane compared to using the urea alone. Simultaneously, mode,
quantity, and interval of foliar application should be standardized based on the geographic locations and varieties
to optimize the NUE.

1. Introduction

Among the essential plant nutrients, nitrogen (N) is important and
required in large quantity for sugarcane for normal growth, leaf expan-

Sugarcane (Saccharum officinarum L.) is one of the important C4 crop
which is mainly cultivated in the warm and humid tropical and sub-
tropical regions (Elsheery et al., 2020). Sugarcane is important crop with
versatile use such as sugar and bioenergy (alcohol) production, residues
or foliage as manure for alkaline and saline soil, fodder for cattle, and
paper production (Weijde et al., 2013). Brazil is the largest producer of
sugarcane which covers approximately 41% of the global production
followed by India and China (FAO, 2017).
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sion, root growth, biomass production and tiller and sucker development
(Calcino, 1994; Salter and Bonnett, 2000; Saleem et al., 2012; Otto et al.,
2014). Meanwhile, N deficiency results in early flowering, early transi-
tion of vegetative to reproductive stage and reduced growth, yield and
sugar quality, which directly impact on the economic stability of sugar-
cane farmers and sugarcane related industries (Innes, 1960; Fageria and
Baligar, 2005; Witte, 2011). On the other hand, conditions such as soil
pH, sandy soil, low organic matter in soil, drought and high rainfall make
the N deficiency more critical for the sugarcane production (Saleem et al.,

1 Current address: State Key Laboratory of Conservation and Utilization of Subtropical Agro-bio-resources and Guangxi Key Laboratory of Forest Ecology and

Conservation, Guangxi University, Nanning, Guangxi, PR China.

https://doi.org/10.1016/j.heliyon.2020.e05100

Received 8 July 2019; Received in revised form 18 December 2019; Accepted 25 September 2020
2405-8440/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:johnunoj@gmail.com
mailto:johnsunoj@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2020.e05100&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2020.e05100
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2020.e05100

J.M. Leite et al.

2012) and these conditions results in soil N loss through leaching,
de-nitrification, volatilization, surface runoff, and microbial consump-
tion (Fageria and Baligar, 2005; Dawar et al., 2011).

Global requirement of N fertilizer for sugarcane production is
approximately 45-300 kg ha~! yr ! and demand for N is higher in plants
as it is an essential component of many organic compounds ranging from
proteins to nucleic acids (Srivastava and Suarez, 1992; Acquisti et al.,
2009; Saleem et al., 2012). Furthermore, N is also a constituent of
compounds such as chlorophyll and enzymes involved in biochemical
and physiological processes, which in turn helps in growth and devel-
opment of plants (Fageria and Baligar, 2005; Kingston, 2014). The plants
assimilate N mainly in the form of minerals (nitrate [NO*] and ammo-
nium [NH*]). At the same time, organic compounds with lower mo-
lecular weights (urea, amino acids and peptides) are also assimilated by
plants as source of N from soil (Jones and Kielland, 2002; Fageria and
Baligar, 2005). However, N fertilizers are produced from ammonia syn-
thesis reaction via., Haber-bosch process, but higher energetic cost to
produce ammonia makes N fertilizers expensive. Among N fertilizers,
urea is widely used in agriculture (Galloway et al., 2004; Witte, 2011).

Efficient management of N fertilizer application and utilization
(minimizing N loss form soil and maximizing N assimilation by plants)
can reduce the environmental pollution, greenhouse gas emissions, and
fertilizer costs; and more over it can increase the crop growth and yield.
Hence, it is crucial to develop new methods to increase nitrogen use ef-
ficiency (NUE); and it is estimated that, even a 1% increase in NUE could
save 1.1 billion US dollar per annum (Kant et al., 2011; Stuart et al.,
2014). To achieve this goal, some strategies have already been proposed
and implemented such as reducing rates of N fertilizer application based
on the existing soil N and requirement of crops, timing and split appli-
cation of N fertilizer, finding alternative sources for N fertilizer and
coating of N fertilizer granules with different compounds for slow release
of N (Fageria and Baligar, 2005; Cantarella et al., 2008; Dawar et al.,
2011; Roberts, 2008; Chien et al., 2009).

Another feasible and excellent alternative is the use of humic sub-
stance (HS), humic acid (HA), and fulvic acid (FA) along with N fertilizers
which have proven records to increase plant growth and assimilation of
major plant nutrients such as N, phosphorous (P) and potassium (K). HS
and HA are naturally available substances and are effectively used in
cultivation of different crops. HS are organic compounds and formed by
the chemical and biological humification of plant and animal matter by
the biological activities of soil microorganisms. Humin, HA and FA are
the major factions of HS which are most complex and biologically active
organic matter compounds in the soil. HA is natural acidic organic
polymer. HS is identified to fuel the plants and microbial activities
through several mechanisms (Canellas and Oliivares, 2014; Klucakova,
2018; Ekin, 2019). In maize (Zea mays L.), HS and HA applications
changed carbon and nitrogen metabolisms and photosynthetic rate
(Canellas et al., 2013). The application of HS and HA showed higher
plant growth in several crops such as potato (Solanum tuberosum L. Suh
etal., 2014; Ekin, 2019), tomato (Solanum lycopersicum L.; Olivares et al.,
2015), maize (Puglisi et al., 2013; Canellas et al., 2013), hungarian vetch
(Vicia pannonica L.; Esringu et al., 2016), durum wheat (Triticum durum
L.; Delfine et al., 2005) and blueberry (Vaccinium corymbosum; Schoebitz
et al., 2016). Furthermore, application of HS positively influences root
growth, especially lateral root emergence and root hair initiation which
are involved in plant nutrient uptake (Canellas and Olivares, 2014;
Puglisi et al., 2013). At the same time, capacity of HS and HA to stimulate
the uptake of nitrate [NOs-] (Quaggiotti et al., 2004; Canellas et al., 2010;
Muscolo et al., 2013; Rose et al., 2014) is not tested to mitigate the N
starvation in sugarcane.

Previous studies on sugarcane with isotopes techniques (°N) to
measure the NUE had confirmed low N recovery (5-40%) in plants grown
in soils with N fertilizer (Basanta et al., 2003; Franco et al., 2011) and
urea applied as foliar sprays at a rate of 15 kg N ha* has shown increased
NUE (>50%) in sugarcane (Trivelin et al., 1988). Hence, the objective of
this study was to understand the effects of foliar application of HA and HS
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along with urea on NUE and response of different biometric, biochemical
and physiological traits of sugarcane with respect to cultivar, mode of
foliar application, geographic location and intervals of foliar application.

2. Materials and methods

2.1. Preparation of humic substances (HS), humic acid (HA) and foliar
applications

The HS and HA were extracted from peat as described by the Inter-
national Humic Substance Society (https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC166705/, Schnitzer and Skinner, 1982; Canellas et al.,
2002). In current Experiment, peat was collected from the Agrolatino
Minerals Administration coal mine, Rincao-SP, Brazil. Subsequently,
three foliar applications were prepared using urea, HA and HS; (1) Urea
(Urea; 120 mg) labeled with 15N (2.08 atom %) was dissolved in distilled
water (1.5 L), (2) Urea with HA (U+HA): Urea-'°N (2.08 atom %) (120
mg) and carbon (30 mg) derived from HA were dissolved in distilled
water (1.5 L) and; (3) Urea with HS (U+HS): Urea-'°N (2.08 atom %)
(120 mg) and carbon (30 mg) derived from HS were dissolved in distilled
water (1.5 L).

2.2. Characterization of humic substances (HS) and humic acid (HA)

The elemental composition of HS and HA was evaluated using CHNS
elemental analyzer (Fisons, LECO CNS-2000, MI, USA) (Table 1). The
oxygen content was determined based on the difference of carbon (C),
Hydrogen (H) and N. The ash content was measured by incinerating HS
and HA (50 mg) at 700 °C for 8 h in a furnace (CM Furnaces Inc., NJ,
USA). The total acidity and carboxylic groups in HA and HS were
analyzed (Purmalis and Klavins, 2012) (Table 1). Further characteriza-
tion of HS and HA was carried out using Fourier Transform Infrared
Spectroscopy (Cary 630 FTIR-ATR spectrometer, Agilent Technologies,
CA, USA) and 13C Nuclear Magnetic Resonance (600MHz WB Advance III
HD NMR system, Bruker corporation, Germany) (Table 1; Figure 1).
Interpretation of FTIR data was based on published literature (Pos-
pisilova and Fasurova, 2009; Stevenson, 1982).

2.3. Experiment 1

2.3.1. Growth conditions and plant materials

The Experiment was conducted using greenhouse facility under
controlled microclimatic conditions (Photoperiod [12 h], day and night
temperatures [30/22 °C], photosynthetic flux density [600 pmol m 2
s~11 and relative humidity [60-70%]) at Agrolatino experimental station
(21°35'59.6"S, 47°55'55.4"W) at Rincao, SP, Brazil during 2014. The cv.
RB855453, one of the vastly cultivated sugarcane cultivar in Brazil was
used for this study. The plants were grown in pots (width 25 cm x height
38 cm) filled with growth medium (N free and washed sand). Water was
added till 100% pot capacity and maintained throughout the Experiment.
Except N, other macro and micro nutrients (P [120 mg L*I] ; K[150 mg
L71]; Ca [200 mg L™!1; Mg [50 mg L™'1; S [40 mg L™11; B [0.5 mg L™1];
Cu [1.3 mg L’l]; Fe [2 mg L’l]; Mn [3 mg L’l]; Mo [0.1 mg L’l]; Ni
[0.05 mg L’l]; Zn [4 mg L™17) were added per pot.

2.3.2. Foliar application of urea, U+HS and U+HA

After 60 days after planting (DAP), plants with similar physiological
maturity were selected for foliar application of urea, U+HA and U+HS.
Fertilizer solutions were applied on upper and lower surface of leaves
with a brush. Volumes of fertilizer solutions (6% [w/v]; 1.45 mL) with
surfactant Triton x100 (0.1%) which contains 100 mg of N was applied
per plant. After foliar application, the flask and the brush used for fer-
tilizer application were weighed with left over residue inside and washed
and weighed again after drying to estimate the applied quantity and
residual loss. After one day, leaves were rehydrated using a hand sprayer
to facilitate the absorption of dried fertilizer residues (Trivelin et al.,
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Table 1. Characterization of humic substances (HS) and humic acid (HA).

C (%) H (%) 0O (%) N (%) S (%) Carboxylic acid (mmol g!)  Total acidity (mmol g~ ') *Carboxyl (%) *Aromatic (%) *0-alkyl (%) *Alkyl C (%)
HA 157 3.4 79.5 1.4 0 3.37 5.9 13 35.9 27.9 23.2
HS 20.3 3.2 74.9 1.6 0 4.05 8.3 27.1 51.1 19.2 2.6
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Figure 1. Fourier Trasform Infrared (FTIR) spectra of humic substance (HS) and
humic acid (HA).

1988) and plants were allowed to grow for 360 h (15 days). The plants
with applied with urea considered as the absolute control for plants with
sprayed with U+HA and U+HS applications.

2.4. Experiment 2

2.4.1. Growth conditions and plant materials

The second Experiment was conducted using greenhouse facility at
Kansas State University (39.1974°N, 96.5847°W), Manhattan, KS, USA in
2015. Single-buds stalk section (4 cm) of the cv. CP78-1628, a vastly
cultivated sugarcane cultivar in USA was used for this Experiment under
controlled microclimatic conditions (Photoperiod [12 h], day and night
temperatures [30/22 °C], photosynthetic flux density [600 pmol m ™2
s~11 and relative humidity [60-70 %]). The plants were grown in pots
(width 22cm x height 21cm) and filled with Metro Mix 360 growing
medium (Hummert International, Topeka, KS, USA) and sand in a pro-
portion of 2:1. Except N, other macro and micro nutrients (P [120 mg
L7'1; K [150 mg L™]; Ca [200 mg L™'1; Mg [50 mg L™'1; S [40 mg L™']; B
[0.5mg L’l]; Cu[1l.3mg L’l]; Fe [2mg L’l]; Mn [3mg L’l]; Mo [0.1 mg
L’l]; Ni [0.05 mg L’l]; Zn [4 mg L7 were added per pot. Water was
added to 100% pot capacity and maintained till the end of Experiment.

2.4.2. Foliar application of urea (U), U+HS and U+HA

Preparations and compositions of urea, U+HS and U+HA were
similar to Experiment 1. However, in this Experiment, mode of foliar
application was changed by using a hand spray instead of brush. To
calculate the applied quantity and residual loss after the foliar applica-
tion of each plant, sprayer was weighed with residue inside and washed
and weighed again after drying. Unlike Experiment 1, water was not
applied to rehydrate the dried fertilizer residues in the leaves and plants
were allowed to grow for 720 h (30 days). In Experiment 2, plants with
urea application was considered as the absolute control for plants
sprayed with U+HA and U+HS.

2.4.3. Biomass, total N, nitrogen in the plant derived from the fertilizer
(NDFF) and NUE

In both Experiments, leaves and stems were collected at different time
intervals (1, 3, 6, 24, 192, and 360 h) after foliar applications. In addi-
tion, an additional time point of 720 h was used in Experiment 2 to study
the long-term effect of foliar applications. The collected samples of leaves
and stems were dried at 65 °C in a hot air oven till the weight was stable
and dry weights were recorded. Subsequently, samples were powdered
using grinding mill equipped with a mesh sieve of 1mm mesh size (WS,
TYLER, USA). These powdered samples were used to measure total N and
15N abundance (%'°N atoms) by an automated mass spectrometer
(Hydra 20-20 coupled with an auto analyzer ANCA-GSL, Sercon Limited,
Crewe, UK). Total N and >N/ *N isotope ratio were calculated according
to the method of Barrie and Prosser (Barrie, 1996). The N in the plant
derived from the fertilizer (NDFF) and N use efficiency (NUE) were
calculated.

The following equation (Eq. 1) was used for the NDFF calculation:

NDFF = (°Np -*Nn) / (°Np -">Nn) x Total N (Eq.1)

where NDFF is the amount of N in the plant tissue derived from the
fertilizer. I°Np is the amount of '°N in the plant tissue. ?>Nn is the natural
15N abundance (values of plant tissues collected from control plants were
considered for this). °Nf is the quantity of '°N in the fertilizer and total N
is the amount of N present in biomass of the plant.

The following equation (Eq. 2) was used for the NUE calculation:

NUE = NDFF | Rate N x 100 (Eq.2)

where NUE is the percentage of applied N recovered from the plant (%)
and Rate N is the amount of N applied to the leaves.

2.4.4. Leaf gas exchange

In Experiment 2, leaf photosynthetic rate (Py, pmol m~2 s™1) and
stomatal conductance (gs, mol m~2 s’l) were recorded from the fully
expanded and physiologically matured second leaf using a portable
photosynthesis system (LI-6400 XT; LiCor. Lincoln, NE, USA). The gas
exchange traits were recorded between 1000-1200 h at different time
intervals (24, 192, 360 and 720 h), except for the initial three-time in-
tervals (1, 3, and 6 h) after foliar application. A minimum of six obser-
vations were taken from each treatment using an external light of
photosynthetic active radiation (PAR) 1000 pmol m~2 s~ supplied by
red-blue LED light source and with a set level of 400 ppm CO, concen-
tration inside the leaf chamber. Intrinsic water use efficiency (iWUE) was
calculated by taking the ratio of photosynthetic rate and stomatal
conductance (Py/gs) (Rymbai et al., 2014).

2.4.5. Total soluble sugars, starch and protein concentrations

In Experiment 2, total sugars, starch and total protein concentrations
were estimated from the same leaves used for recording gas exchange
traits. Tissue samples were collected from the middle portion of the
leaves (without midrib) immediately after recording gas exchange, and
wrapped with aluminum foil, immersed in liquid nitrogen and stored at
-80 °C until further analysis. Sugars were extracted from leaf samples (1
g) using ethanol (70%). The samples were ground into a powder using
liquid nitrogen, homogenized thoroughly with ethanol (70%), incubated
at 70 °C in a water bath for 30 min and filtered through Whatman No. 1
filter paper. The filtrate was used for the estimation of total soluble sugars
(Dubois et al., 1956). After filtration, the filter paper with the solid res-
idue was dried in a hot air oven at 50 °C. The dried residue was carefully
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collected and used for the estimation of starch by following (Hedge and
Hofreiter, 1962; Sunoj et al., 2016).

Total protein was extracted and estimated following Sunoj et al.
(2014) and Bradford (1976), respectively. For that, plant tissue samples
(0.5 g) were homogenized with a pestle and mortar using sodium phos-
phate buffer (15 mL; 0.1 M; pH 7.6) which contains insoluble polyvinyl
polypyrrolidone (PVPP; 1 g) and pB-mercaptoethanol (200 pL). The
mixture was then centrifuged at 12,000 rpm at 4 °C for 15 min using
refrigerated centrifuge (Beckman J2-HC, USA) and supernatant was used
to estimate total protein.

2.5. Statistical analysis

Two independent Experiments were conducted, and experimental
design was split plot for both Experiments. The significance of the effects
of different foliar applications and their interactions were evaluated by
analysis of variance (ANOVA) using generalized linear model in SPSS
(SPSS Inc. Ver.16, Chicago, USA). The traits with significant difference
were compared using Duncan Multiple Range Test (DMRT).

3. Results

The results from both Experiments have showed similar trends, but
the magnitude of response was different because of the differences in
geographic locations, cultivars (origins of genotypes) and modes of foliar
application. Except biomass and total soluble sugars, all the studied traits
were showed significant (P < 0.05) changes among different foliar ap-
plications. At the same time, U+HS and U+HA applications showed in-
crease in total nitrogen (total N), nitrogen derived from fertilizer (NDFF),
nitrogen use efficiency (NUE), starch, protein, photosynthesis (Py) and
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instantaneous water use efficiency (iWUE) with a non-significant in-
crease in biomass was observed at last two time points of Experiment 2
(720 h) as compared to urea (U) application (Table 3). Same trend was
observed in Experiment 1 (360 h), except iWUE in U-+HA application
(Table 2). On the other hand, interaction effect of foliar application and
different time points were significant for NDFF, NUE, total protein, Py
and iWUE. The response of plants to foliar applications by means of
biomass were higher in the last time points of two Experiments. The
results were explained and discussed by comparing U+HA and U-+HS
application with U application.

3.1. Effect of foliar application on biomass, total nitrogen (total N),
nitrogen derived from fertilizer (NDFF) and nitrogen use efficiency (NUE)

Either Experiment, gradual increase in biomass and total N was
observed after applying foliar spray till the last time point across all the
foliar applications (Tables 2 and 3). Meanwhile, total N, NDFF and NUE
was increased in U+HS and U+HA applications at the last time point of
both Experiments as compared to U application. On the other hand,
U+HS application showed high total N, NDFF and NUE as compared to
the other foliar applications, while the biomass was higher in U+HA
application, but not significant in both Experiments and except total N,
same trend was observed in Experiment 2 (Tables 2 and 3).

3.2. Effect of foliar application on photosynthesis (Py) and intrinsic water
use efficiency (iWUE)

In Experiment 2, Py and iWUE didn't showed any significant change
along with the gradual increase of time, while Py significantly higher at
last two time points (360 and 720 h) of U+HA and U+HS applications as

Table 2. Effect of foliar application of urea (U), urea with humic acid (U+HA) and urea with humic substance (U+HS) on biomass, total nitrogen (Total N), nitrogen
derived from fertilizer (NDFF) and nitrogen use efficiency (NUE) of sugarcane variety (RB855453) in Experiment 1. Each value is mean of four replications.

Hours after foliar application Foliar application Traits

Biomass (mg plant’l) Total nitrogen (mg plant’l) NDFF (mg plant’l) NUE (%)

1 U 10.7 (40.9) 96.5 (+5.2)° 15.3 (+1.6)*® 19.2 (+1.2)
U+HA 11.4 (£1.2) 99.3 (+6.1) 17.3 (£2.5)*° 21.2 (+2.2)
U-+HS 11.5 (+0.8) 101 (+5.4)% 19.0 (+2.1)° 22.1 (£1.5)*

3 U 11.3 (+1.0) 84.2 (£6.2)° 11.3 (+1.6)° 18.6 (+2.1)°
U+HA 11.1 (&1.1) 94.1 (+5.4)° 14.2 (+1.7)° 20.2 (£2.5)
U-+HS 12.2 (+1.1) 101 (+5.1)% 20.1 (£2.1)% 21.8 (£1.6)*

6 U 11.8 (40.9) 82.4 (+3.2) 9.9 (£2.3)° 15.4 (+1.6)°
U+HA 9.8 (£0.7) 72.9 (+7.8)*° 14.7 (+2.1)* 21.4 (+1.9)°
U-+HS 8.3 (+0.8) 69.7 (+£3.5)° 16.2 (+£1.6)* 25.4 (+1.5)

24 U 10.5 (+£0.9) 81.3 (+5.4)° 22.2 (+£3.2)¢ 35.2 (+2.2)°
U+HA 13.3 (&1.1) 111 (+5.63)* 40.2 (£2.5) 47.4 (£3.2)
U+HS 10.6 (+1.0) 82.2 (+3.1)° 26.1 (+1.2)° 44 (£3.4)%°

9% U 13.5 (40.6) 98.9 (+3.36)° 32.9 (+3.5)° 46.3 (+3.6)™
U+HA 121 (£1.2) 92.8 (+5.6)> 31.7 (+£2.4)° 49.3 (£3.4)°
U-+HS 13.6 (+£2.0) 106 (+£6.4)* 38.3 (+£2.7)* 60.3 (+3.5)

192 U 14.8 (+1.9) 125 (+5.7)° 38.6 (+£3.6)° 49.6 (+£2.5)°
U+HA 15.9 (+1.8) 119 (£6.4)° 39.5 (+2.5)° 53.6 (+2.6)°
U-+HS 18.6 (+2.1) 151 (+5.6)% 58.3 (+4.1)* 69.2 (£2.9)

360 U 22.4 (+£2.0) 148 (+8.7)° 46.5 (+4.1)>° 58.1 (+£2.4)°
U+HA 24.8 (+1.9) 157 (+5.9)° 50.3 (+3.5)° 64.5 (+2.9)*°
U-+HS 23.1 (+£1.8) 163 (+4.6)* 54.4 (+£2.6)* 67.3 (£2.7)

LSD

H 3.4%* 22,9%% 7.7%* 9.2%*

F NS 11.3% 5.0%* 6.0%*

FxH NS NS 9.9% 16.0*

Hours after foliar application (H); foliar application (F); non-significant (NS); Significant values according to the LSD followed by* and ** corresponding to P < 0.05 and
P < 0.01 respectively. Values followed by different letters are significantly different according to Duncan's multiple range test (P < 0.01; the test was conducted
independently for each interval hour after foliar application). Values in the parenthesis are +standard deviation of respective mean values.
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Table 3. Effect of foliar application of urea (U), urea with humic acid (U+HA) and urea with humic substance (U+HS) on biomass, total nitrogen (Total N), nitrogen
derived from fertilizer (NDFF) and nitrogen use efficiency (NUE) of sugarcane variety (CP78-1628) in Experiment 2. Each value is mean of four replications.

Hours after foliar application Foliar application Traits
Biomass (mg plant ') Total nitrogen (mg plant ') NDFF (mg plant ') NUE (%)

1 U 9.8 (£1.2) 184 (+7.8) 6.6 (£0.9)° 12 (+1.2)°
U-+HA 10.4 (£1.6) 230 (£10.2) 13.4 (+1.4) 25 (+1.4)?
U+HS 10.4 (+2.3) 217 (+12.4) 10.0 (+0.7)° 19 (+2.1)°

3 U 8.9 (+2.1) 171 (+6.7) 7.9 (+1.4)° 15 (+1.5)°
U+HA 9.1 (£2.4) 191 (45.4) 11.3 (1.2 21 (+1.6)*
U+HS 8.7 (+£3.1) 192 (+7.8) 7.6 (£1.1)° 14 (+0.9)°

6 U 9.5 (+1.4) 207 (£12.3) 12.6 (+1.0)° 23 (+2.1)°
U+HA 8.9 (£2.3) 200 (+10.2) 14.5 (+1.3) 27 (+2.0)
U+HS 9.3 (£3.1) 197 (+11.5) 12.4 (40.9)° 23 (+£1.2)°

24 U 10.8 (+1.4) 229 (49.5) 15.6 (+1.0)* 29 (+1.4)%
U+HA 10.5 (+3.2) 222 (4+8.7) 14.9 (+1.2)° 28 (+1.7)
U+HS 9.2 (£0.9) 215 (49.7) 15.6 (+£0.9)* 29 (+1.4)

9% U 11.1 (+1.2) 235 (+10.2) 10.4 (40.9)° 19 (+£2.4)%
U+HA 10.9 (£2.1) 230 (£12.5) 11.4 (40.8)° 21 (+11)°
U+HS 9.8 (£1.5) 230 (11.0) 14.3 (+1.0)* 26 (+2.1)%

192 U 13.8 (+1.4) 254 (+13.2) 11.4 (40.9)° 21 (+£2.4)%
U+HA 13.3 (£1.6) 255 (£10.7) 12.7 (£1.1)° 24 (+£2.4)°
U+HS 12.2 (+2.1) 261 (+11.6) 14.7 (+0.9)* 27 (+1.4)

360 U 15.6 (+£2.0) 263 (£10.2) 14.1 (+1.0) 22 (+1.4)°
U+HA 22.6 (£3.1) 305 (49.9) 15.7 (0.9)* 29 (+£1.9)%
U-+HS 23.2 (+1.5) 337 (+£9.7) 14.9 (+1.2)% 28 (+1.7)

720 U 52.6 (£1.4) 329 (+10.7) 9.3 (£0.8)° 17 (£2.9)°
U+HA 59.3 (+1.5) 353 (£11.4) 11.3 (£11)° 21 (+1.8)°
U+HS 56.5 (£3.2) 348 (+10.2) 16.8 (+1.5) 31 (+1.3)%

LSD

H 1.8%* 25.1%* 1.5%* 2.7%%

F NS NS NS NS

FxH NS NS 2.6%* 4.8%x

Hours after foliar application (H); foliar application (F); non-significant (NS); Significant values according to the LSD followed by* and ** corresponding to P < 0.05 and
P < 0.01 respectively. Values followed by different letters are significantly different according to Duncan's multiple range test (P < 0.01; the test was conducted
independently for each interval hour after foliar application). Values in the parenthesis are +standard deviation of respective mean values.

compared to the U application (Figure 2). Among the foliar applications,
U-+HS showed higher Py and iWUE. At the same time, there was only a
minor difference in Py was found among U+HS and U+HA applications.

3.3. Effect of foliar application on total soluble sugars, starch, and total
protein

In Experiment 2, concentrations of starch and total protein were
significantly higher in U+HS and U+HA than urea application. Simul-
taneously, total soluble sugars were not changed, while starch concen-
tration was higher in U+HA followed by U+HS. Meanwhile increase in
total protein showed an opposite trend (Table 4).

4. Discussion
4.1. Nitrogen utilization and biomass accumulation

There were promising responses observed in both Experiments after
the foliar application of urea with HS and HA. At the same time, there
was no significant effect of foliar applications on biomass, which is
important for the sugarcane production and quality. However, a pro-
gressive increase observed over time in biomass and total N in both Ex-
periments which can be due to the growth and developmental processes
of plants; and moreover, gradual increase of total N is also due to the
increased NUE. Meanwhile, in Experiment 1, NUE and NDFF were pro-
gressively enhanced over the time after foliar application (Table 2), while

in Experiment 2, this trend was not observed even after 720 h (Table 3).
This large difference in the trend of NUE and NDFF between both Ex-
periments can be attributed to the mode of fertilizer application or dif-
ferential genotypic response. As described previously, in Experiment 1,
water was sprayed to rehydrate the dried fertilizer residues on the leaves
after one day of foliar application and it was not done in Experiment 2.

Earlier studies indicated that, foliar urea application penetrates the
leaf surface via., both the cuticle and stomata. The penetration of fertil-
izer through the cuticle is a passive process driven by the concentration
differences between the surface and the leaf interior (Oosterhuis, 2009;
Eichert and Fernandez, 2012). Hence, rehydrating the dried fertilizer
residue can decrease the solute concentration and increase the perme-
ability of polar solutes through the cuticle (Oosterhuis, 2009; Eichert and
Fernandez, 2012; Riederer and Schneider, 1990; Popp et al., 2005).
Furthermore, difference between varieties and geographic locations can
also be other reasons, because of the variation in leaf cuticle thickness
due to the epicuticular wax deposition on leaves which can change ac-
cording to the climatic condition of geographic location (Rymbai et al.,
2014). Earlier studies show an inverse relationship between epicuticular
wax concentration and °N uptake (Bondada et al., 1997). These differ-
ences in the trend of magnitude of NDFF and NUE between both Ex-
periments directing towards the importance of standardizing intervals,
concentrations and mode of foliar application according to differences in
varieties and geographic locations to achieve the best result of foliar
application. Furthermore, increasing the intervals of foliar applications in
each growth stages can further increase the biomass.
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Figure 2. Effect of foliar application of urea (U), urea with humic acid (U+HA)
and urea with humic substance (U+HS) on photosynthetic rate (Py) and
instantaneous water use efficiency (iWUE) of sugarcane variety (CP78-1628) in
Experiment 2. Significant values according to LSD (Photosynthetic rate: hours
after foliar application [H] = nonsignificant, foliar application [F] = P < 0.01
and HxF = P < 0.05; Intrinsic water use efficiency: H = non-significant, F=P <
0.01 and HxF = P < 0.01).

Concurrently, among the different foliar applications, significant in-
crease in NDFF and NUE was observed in U+HS followed by U+HA
application across both Experiments (Tables 2 and 3). This can be
attributed to conversion of urea into ammonium (NH*") by the activity of
urease enzyme present in the HS and induction of plasma membrane H™-
ATPase (PM H'-ATPase) enzyme activity, which increases the entry of
ammonium (NH*") in to the leaves. Simultaneously, size of NH** is
smaller than urea and that allow NH*' to enter easily into the leaves
through cuticle (Eichert and Fernandez, 2012; Popp et al., 2005). Earlier
studies in maize showed presence of urease enzyme in HS and HA
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(Canellas et al., 2013; Borghetti et al., 2003; Busato et al., 2010). The
principle activity of PM H'-ATPase enzyme is to increase the ion uptake
by providing an electrochemical gradient necessary to energize ion
transport for cell uptake and induce cell growth by a mechanism know as
acid growth (Canellas et al., 2013; Nardi et al., 2002). In this study, 70%
of the urea was modified into NH** after mixing with HS (data not
shown). At the same time, conversion rate of urea into NH*" is higher in
U+HS than U+HA treatment, because the purification process of HA
reduced or inactivated the urease activity (Krajewska, 2009).

4.2. Gas exchange, water use efficiency, and primary metabolites

Furthermore, gas exchange traits and metabolism of C and N were
measured in Experiment 2 to study the physio-chemical responses sug-
arcane after foliar applications. The Py and iWUE was significantly
improved in U+HS as compared with other applications (Figure 2). There
are several field studies indicates the positive correlation between Py,
iWUE and foliar nitrogen concentration (Mitchell and Hinckley, 1993;
Guo et al., 2016). The current study revealed that increase in Py and
higher iWUE is due to the increased mesophyll conductance, higher
carboxylation efficiency and decreased stomatal conductance associated
with increase in foliar nitrogen concentration. Similar results were re-
ported after foliar application of HS in bacteria-inoculated maize plants
(Canellas et al., 2013).

The concentrations of starch and total protein were significantly
higher in U+HS and U+HA than urea application. Contrastingly, con-
centration of total soluble sugars was not changed (Table 4). An increase
in total protein and decrease nitrate content was reported in maize
treated with HS extracted from different residues and results from similar
studies showed an increase in rubisco and glutamine synthetase activities
in maize plants (Ertani et al. 2011, 2013). In another study, application of
HS increased the activities of nitrate reductase and glutamine synthetase
which in turn increased total protein concentration (Canellas et al.,
2013). The protein is the form of N used for the storage; and increased
protein concentration in current study is an indicator of better assimi-
lation of N from the foliar applications through leaves. At the same time,
no change in total soluble sugars even at higher photosynthetic rate in-
dicates that synthesis of protein is in the expense of total soluble sugars
(Bi et al., 2004). Moreover, mobilization of total soluble sugars for the
starch synthesis also caused increased starch accumulation and no
change in sugar (Sunoj et al., 2016) which is an indicator of higher

Table 4. Effect of foliar application of urea (U), urea with humic acid (U+HA), urea with humic substance (U+HS) on total soluble sugars, starch and total protein
concentrations of sugarcane (CP78-1628) in Experiment 2. Each value is mean of six replications.

Hours after foliar application Foliar application Traits

Total soluble sugars (mg g~} DW)

Starch (mg g~! DW) Total protein (mg g~' DW)

1 U 43.8 (+£3.5)° 36.7 (+£3.5)* 27.9 (+£2.5)
U+HA 60.9 (+4.5)*® 37.4 (+£4.5)* 27.7 (£3.5)*
U+HS 63.0 (£5.2)* 29.5 (45.5)° 21.4 (+3.1)°

9 U 66.0 (+£6.4)* 43.2 (+£6.4)° 28.1 (+3.6)°
U-+HA 46.7 (+£4.7)° 51.1 (+£2.1)* 31.6 (+4.6)*
U+HS 57.4 (+£6.5)° 48.0 (+4.5)° 30.1 (+4.1)?°

720 U 70.7 (+£4.7)* 56.1 (+£5.7)° 7.2 (+5.4)°
U+HA 68.3 (+6.5)° 73.4 (+6.4) 13.1 (+5.6)°
U-+HS 70.8 (£5.7) 63.7 (+£5.7)° 14.2 (£2.4)

LSD

H 7.9%% 7.8%* 3.2%*

F 13.6%* 7.9%% 2.4%

FxH NS 1.2% 5.6%*

Hours after foliar application (H); foliar application (F); dry weight (DW); non-significant (NS); Significant values according to the LSD followed by* and ** corre-
sponding to P < 0.05 and P < 0.01 respectively. Values followed by different letters are significantly different according to Duncan's multiple range test (P < 0.01; the
test was conducted independently for each interval hour after foliar application). Values in the parenthesis are +standard deviation of respective mean values.
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growth. On the other hand, starch has little influence on protein synthesis
(Bi et al., 2004). This specifies the positive influence HS on carbon and
nitrogen metabolism by improving protein and starch content by utiliz-
ing total soluble sugars and N on the leaves (Rose et al., 2014; Bi et al.,
2004; Canellas and Olivares. 2014).

5. Conclusions

In summary, results from two Experiments showed that foliar appli-
cation of U+HS and U+HA was rapidly absorbed by sugarcane leaves
which increased NDFF and NUE than urea alone. Among different foliar
fertilization, U+HS application is a great strategy for complementing the
sugarcane nitrogen management. From our Experiments, results pointing
the influence of the U+HS on carbon and nitrogen metabolism in sug-
arcane plants. Better NDFF and NUE were obtained when the water was
applied on leaves to rehydrate the residues after fertilizer application
specifies the further requirement of standardization of intervals, mode
and concentration of foliar application according to the varieties and
geographic locations. The detected changes in Py, iWUE, '°N uptake and
total soluble sugars, starch and total protein concentrations were related
to physiochemical responses of plants to the foliar applications and these
progressions can promote plant growth. Furthermore, foliar application
of U+HS has the benefit of lowering fertilizer cost and input, maximum
assimilation and quicker response in plants that in turn results in
increased economic sustainability of farmers, decreases the wastage of
fertilizer, environmental pollution and greenhouse gas emission.
Furthermore, higher NUE capacity of U+HS can also be used in the ni-
trogen deficient soil along with additional nutritional and growth ad-
vantages from HS.
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