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Abstract
The foliar application of plant growth regulators to sugarcane can increase crop growth and yield per cultivated area, improve 
crop productivity and quality, and mitigate possible abiotic stresses by optimizing photosynthesis. The productive potential 
of sugarcane has not been fully tapped, and plant growth regulator technology via foliar application could greatly benefit 
the production of food and renewable energy from the sugarcane production chain. In this study, we conducted 15 sugar-
cane field trials to evaluate the effects of plant growth regulators (17 ppm  GA3 activity, 817 ppm IAA activity and 43 ppm 
zeatin) via foliar application at the vegetative stage (V) or vegetative and maturation stages (VM) on the photosynthetic 
and antioxidant enzyme activities, carbohydrate production and yield production of three harvest periods (early, mid-late 
and late harvest sugarcane). In general, foliar application increased the enzymatic, agronomic, quality and energy param-
eters of sugarcane. The application of plant growth regulators in V and VM increased the activities of the photosynthetic 
enzymes phosphoenolpyruvate carboxylase and ribulose-1,5-bisphosphate carboxylase-oxygenase, decreased the contents 
of malondialdehyde and hydrogen peroxide, and increased superoxide dismutase, catalase, ascorbate peroxidase, and proline 
content. The average stalk yield over the three harvest times increased by 5.4 and 8.0% in V and VM, respectively, compared 
to the control (101 Mg  ha−1). In addition, V and VM increased the sucrose concentration, theoretical recoverable sugars 
(TRS), and sugar productivity by averages of 2.9%, 2.6% and 9.3%, respectively compared to the control (13.9% of sucrose, 
139 kg sugar  stalk−1 of TRS, and 13.9 Mg  ha−1 of stalk yield), across all harvest seasons. The best results for straw, bagasse 
and energy production were observed in VM, with average increases of 8.0%, 7.7% and 8.0% compared with the control 
(14.1 Mg  ha−1, 6.1 Mg  ha−1 and 69.8 kWh, respectively). Thus, plant growth regulator application can increase sugarcane 
metabolism, growth and development. Although single plant growth regulator application in the vegetative stage improved 
all sugarcane parameters, the double application of plant growth regulators in the vegetative and maturation stages ensured 
improvements in yield and product quality.
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Introduction

The growing population will inevitably increase the global 
demand for food and renewable energy (FAO 2021), which 
is driving the search for improvements in productivity per 
unit area and the quality of crops, especially sugarcane (Sac-
charum spp.) (Cardozo et al. 2014, 2020). Brazil remains 
the world’s largest producer of sugarcane, responsible for 
approximately 40.5% of global production and has the poten-
tial to continue in this position, as a producer of sugar and 
energy in the sector (Hughes et al. 2020; FAO 2021). Hence, 
exploring technologies, such as the use of plant growth 
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regulators, is crucial for enhancing sugarcane productivity 
and addressing abiotic stresses that restrict the genetic poten-
tial of crops and threaten global food security (Mahalingam 
2015).

In the central-south region of Brazil, sugarcane is har-
vested from March to November (Leite et al. 2008). A com-
bination of varieties with different genetic characteristics 
are used to ensure a continuous supply of raw material for 
the industry throughout the harvest period. Thus, sugarcane 
varieties can be classified as early, middle-late or late harvest 
(Cardozo and Sentelhas 2013; Tischler et al. 2021). This 
study evaluates the nutritional, physiological and climatic 
demands of sugarcane in each harvest period. The plant’s 
nutritional and physiological characteristics at the time of 
harvest have important implications for producing sugarcane 
of industrial quality.

Plant primary and specialized metabolism are coordi-
nated by signaling compounds called hormones, which are 
produced at specific locations and act as chemical signals 
to neighboring or distal cells via the xylem and phloem to 
induce the synthesis of specialized proteins that stimulate 
photosynthesis under appropriate environmental conditions 
(Raza et al. 2019; Weng et al. 2021). Plants under abiotic 
stress coordinate hormone production with biochemical, 
physiological, and metabolic adjustments, including the 
production of specific enzymatic and non-enzymatic anti-
oxidants for plant protection, to increase productivity and 
plant quality (Davies 2010; Akhtar et al. 2020; Jogawat et al. 
2021). Hormones influence photosynthesis directly and indi-
rectly (Müller and Munné-Bosch 2021). In photoautotrophic 
organisms, the interaction of light and hormones directly 
regulates chloroplast development by directly influencing 
pigment accumulation, organelle size and division, the 
organization of the thylakoid membrane and the number of 
copies of the chloroplast genome (Stern et al. 2004).

Hormone such as auxins (AX), gibberellins (GAs) and 
cytokinins (CKs) modulate the photosynthetic rate under 
ideal conditions, whereas hormones such as abscisic acid 
(ABA), jasmonates (Jas), salicylic acid (SA) and ethylene 
regulate photosynthesis under non-ideal conditions, that is, 
under stress (Müller and Munné-Bosch 2021). Under stress 
conditions, the  CO2 assimilation rate drops considerably 
due to stomatal, mesophilic and biochemical limitations 
imposed by the reduction in electron transport in the pho-
tosynthetic apparatus, photoinhibition and photooxidative 
stress caused by excess incident light associated with abiotic 
stresses (Takahashi and Badger 2011; Muñoz and Munné-
Bosch 2018). Plant physiology research has focused on the 
modulation of photosynthesis by redox and hormonal sign-
aling, particularly the action of hormones in the regulation 
of the production and elimination of reactive oxygen spe-
cies (ROS) derived from photosynthesis and in photopro-
tection (Foyer 2018; Mandal et al. 2022). Exogenous plant 

growth regulators have been used to stimulate plant growth 
and development and to mitigate the deleterious effects of 
abiotic and biotic stresses (Egamberdieva et al. 2017). The 
main plant growth regulators are AXs (IAA), CKs (zeatin) 
and Gas  (GA3), which have promising effects on yields 
when applied to the leaves of sugarcane (Silva et al. 2010). 
However, gaps remain in the understanding of the effects 
of these plant growth regulators in the last growth stages 
of sugarcane. We conjecture that applying IAA, zeatin and 
 GA3 at the end of the vegetative and maturation stages could 
increase sugarcane productivity and quality by increasing 
the photosynthetic rate and stimulating the synthesis of sug-
ars, given the effects of these plant growth regulators on the 
photosynthetic apparatus and the production of antioxidant 
enzymes.

Endogenous AXs play important roles in cellular metabo-
lism, including indole-3-butyric acid (IBA), phenoxyacetic 
acid (PAA) and indole-3-acetic acid (IAA), which is syn-
thesized from l-Tryptophan, synthesized from chorismate, 
which is the end product of the shikimate pathway (Ljung 
2013). These AXs stimulate growth and development 
through changes in plant gene expression patterns (Asgher 
et al. 2015). High AX concentrations are present in organs 
with active cell division, that is, the apical meristems of root 
cells, where it is assumed that a large number of genes are 
involved in IAA biosynthesis (Ljung 2013). AXs have posi-
tive effects on the control of stomatal opening and closing, 
as high atmospheric  CO2 concentrations stimulate the pho-
tosynthetic rate and, consequently, the production of photo-
synthates (Pemadasa 1982a, b; Snaith and Mansfield 1984).

CKs act on several plant tissues simultaneously and thus 
regulate many plant developmental processes, including 
growth, leaf senescence and acclimatization to environ-
mental stresses (Li et al. 2016). Hormonal regulation is an 
important factor in the flowering process in sugarcane by 
transcriptional analysis, expressing genes involved in the 
biosynthesis and signaling of hormones, such as CKs, GAs 
and abscisic acid, and other plant regulators, such as ethyl-
ene and jasmonic acid. All these regulators influence aspects 
related to plant response to abiotic stress, photoprotection, 
photosynthesis, light harvesting and pigment biosynthesis 
(Manechini et al. 2021). CKs directly participate in chlo-
roplast development and function and in the biosynthesis 
of chlorophyll and carotenoids. Carotenoids protect plas-
tids against photooxidative damage (Alabadí et al. 2008; 
Cheminant et al. 2011; Cortleven and Schmülling 2015). 
Carotenoids are also important for PSII chlorophyll a/b bind-
ing proteins and ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) activity (Yuan and Xu 2001; Iqbal et al. 
2011; Brenner and Schmülling 2012) and thus have direct 
and indirect effects on photosynthesis. According to Yang 
et al., (2018), the exogenous application of 6-benzylami-
nopurine (BA) increases the electron transport rate (ETR), 
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reduces the relative variable fluorescence intensity and 
increases the quantum yield in wheat, leading to a higher 
photosynthetic rate. In addition, endogenous zeatin (Zt) 
stimulates the activity of antioxidant enzymes and reduces 
malondialdehyde (MDA) content.

GAs stimulate the growth of most organs through cell 
elongation and help stimulate cell division (Colebrook et al. 
2014). Environmental signaling by light actively participates 
in the formation of functional chloroplasts and their survival. 
In the dark, chlorophyll precursors can have harmful effects 
when illuminated; thus, plants produce plastids as a form of 
adaptive mechanism for developmental control in the transi-
tion to light. In addition to stimulating photosynthesis, exog-
enous  GA3 alters differential gene expression in sugarcane, 
enabling greater tolerance to drought (Tripathi et al. 2019).

GA3 is an important hormonal regulator, coordinating the 
growth and elongation of sugarcane internodes, promoting 
a greater concentration of sucrose in the stalks (Chen et al. 
2021). Studies on the exogenous application of growth regu-
lators at the final stages of the sugarcane development or in 
the maturation phenological phases are scarce, with little 
understanding of the effects of plant growth regulators, spe-
cifically AXS (IAA), CKS (Zeatin) and GAs  (GA3).

The aim of this study was to evaluate the effects of the 
foliar application of exogenous plant growth regulators on 
sugarcane, including photosynthesis, sugar and stalk yields, 
and the regulation of antioxidant enzymes. The central 
hypothesis of this study is that applying plant growth regu-
lators such as AXs (IAA), CKs (zeatin) and GAs  (GA3) to 
sugarcane will increase the photosynthetic rate by stimulat-
ing the enzymes phosphoenolpyruvate carboxylase (PEP-
case; EC:4.1.1.31) and Rubisco and antioxidant enzymes 

involved in ROS scavenging, leading to improvements in 
sugarcane yield, raw material quality, biometric parameters, 
and biomass production.

Materials and Methods

Site Description

The study was carried out in 15 commercial sugarcane areas 
in Brazil in 2017, 2019 and 2020 in the early (May–June), 
mid-late (August) and late (November–December) harvest 
seasons. The field experiments were located in Pontal-SP 
(1), Santa Maria da Serra-SP (2), Luís Antônio-SP (3), Paulo 
Faria-SP (4), Mirassol-SP (5), Olímpia-SP (6), Uberaba- 
MG (7), Agissê-SP (8), Cruzeiro do Oeste-PR (9), Sertãoz-
inho-SP (10 and 13), Igaraçu do Tietê-SP (11 and 14) and 
Pradópolis-SP (12 and 15). The details of the harvest times, 
geographic coordinates, cultivars, crop management, row 
spacing, and applications are shown in Table 1. All culti-
vars were managed according to recommendations for the 
specific environmental conditions (Daros et al. 2010; UDOP 
2018).

The predominant climates in the experiments were Aw, 
with hot, rainy summers; Cfa, temperate without a dry sea-
son and with hot summers; and Cwa, temperate with hot, 
humid summers according to the Köppen-Geiger climate 
classification. The average temperatures in the early, mid-
late and late seasons were 22.4 °C, 21.6 °C and 21.7 °C, 
respectively. Precipitation data were obtained from meteoro-
logical stations located near each site (Table 2).

Table 1  Sugarcane cultivar, ratoon, line spacing and date of establishment and first and second applications and harvest in each season

*First and second applications were performed at vegetative and maturation stages of sugarcane

Harvest period Sites Latitude Longitude Cultivar Ratoon Line spacing (m) 1st Application* 2nd Application Harvest

Autumn 1 21° 02′ 06.0″ S 48°05′18.6″ W RB 85 5453 3 0.9 × 1.60 Jan.-17 May.-17 Jun.-17
2 22° 34′ 18.8″ S 48°13′28.6″ W RB96 6928 1 0.9 × 1.50 Jan.-17 Apr.-17 May.-17
3 21° 33′ 03.2″ S 47°49′48.4″ W RB 85 5156 2 1.5 Jan.-17 Mar.-17 May.-17
4 20° 03′ 29.0″ S 49°21′39.0″ W IAC91 1099 1 1.5 Jan.-19 Apr.-19 May.-19
5 20° 55′ 48.8″ S 49°31′38.6″ W CTC4 2 1.5 Jan.-19 Apr.-19 May.-19
6 20° 40′ 00.2″ S 49°05′23.1″ W RB85 5476 2 1.5 Jan.-19 Apr.-19 May.-19
7 19° 45′ 37.1″ S 47°47′13.5″ W CTC4 1 1.5 Jan.-19 Apr.-19 May.-19
8 22° 31′ 34.7″ S 50°59′19.4″ W RB86-7515 2 0.9 × 1.50 Jan.-20 Apr.-20 May.-20
9 23° 49′ 36.1″ S 53°20′53.5″ W RB86-7515 1 1.5 Jan.-20 Apr.-20 May.-20

Winter 10 21° 08′ 43.9″ S 48°04′23.8"W CTC4 3 0.9 × 1.60 Feb.-17 Jul.-17 Aug.-17
11 22° 30′ 06.9″ S 48°28′23.7″ W SP80 3280 2 0.9 × 1.50 Feb.-17 Jul.-17 Aug.-17
12 21° 26′ 20.1″ S 48°02′06.8″ W CTC4 3 1.5 Feb.-17 Jul.-17 Aug.-17

Spring 13 21° 05′ 57.2″ S 48°05′18.5″ W SP80-3280 2 1.5 Sep.-17 Oct.-17 Nov.-17
14 22° 33′ 44.1″ S 48°33′11.6″ W SP80-3280 1 0.9 × 1.50 Sep.-17 Nov.-17 Dec.-17
15 21° 21′ 59.0″ S 47°59′25.5″ W SP80-3280 2 1.5 Sep.-17 Oct.-17 Nov.-17



 Journal of Plant Growth Regulation

Soil classification was performed using the international 
system (Soil Survey Staff 2014). The soil characteristics 
(0.00–0.25 and 0.25–0.50 m depths) were determined prior 
to the installation of the experiments according to van Raij 
et al. (1997). The soil data are shown in Table 3.

Experimental Design and Treatment Applications

The plots consisted of eight rows with a length of 10 m; the 
inter-row spacing at each site is provided in Table 1. The 
experimental design consisted of three treatments of foliar 
plant growth regulator application in completely randomized 
blocks with 8 replications in the early, mid-late, and late 
harvest seasons. The treatments were as follows: (i) control 
with no application of plant growth regulator (control), (ii) 
foliar application of plant growth regulator at the vegetative 
stage of sugarcane (V), and (iii) foliar application of plant 
growth regulator at the vegetative and maturation stages 
of sugarcane (VM). Plant growth regulator application at 
the vegetative stage was performed 120, 160 and 60 days 
before harvest (DBH) in the early, mid-late and late harvest 
seasons, respectively; plant growth regulator application at 
the maturation stage was applied 35 DBH in all sugarcane 
harvest seasons (Fig. 1).

Foliar plant growth regulator application was performed 
in each plot by spraying with pressurized backpack equip-
ment  (CO2) coupled to a 2.6-m-long rod with a single tip, 
brass jet type 1/4KLC-9 with an average flow of 100 L  ha−1 
and a pressure of 4 kgf  cm2 or 58.0 PSI. The plant growth 
regulator doses were 17 ppm  GA3 activity, 817 ppm IAA 
activity and 43 ppm zeatin.

The preparation of the plant regulator was carried out by 
combining two commercial products, 2 kg  ha−1 of Raizal 
composed by 400  ppm   kg−1 of IAA, and 0.5  l   ha−1 of 
Biozyme composed by 33 ppm  L−1 of  GA3 activity, 33 ppm 
 L−1 of IAA activity and 85 ppm  L−1 of zeatin activity (UPL 
Brazil).

Photosynthetic and Antioxidant Enzymes

Fully expanded (+1) or top visible dewlap (TVD) leaves 
were collected from early-harvest canes, stored in 50-mL 
Falcon tubes and frozen in liquid nitrogen immediately after 
collection for the analysis of photosynthetic enzymes and 
antioxidants. The leaves were collected between 8:00 and 
10:00 a.m. in all plots of site 5 (Mirassol-SP). After collec-
tion, the samples were taken to the laboratory and stored in 
a freezer at − 80 °C. Enzymatic analyses were performed 
only at site 5 due to the high cost, distance and difficulty of 
storing samples.

Leaf samples were crushed in a mortar with liquid N to 
obtain a fine powder, and 1 part crude extract was homog-
enized with 2 parts extraction buffer on ice for 20 s in an 
Ultra-Stirred (BIOMT: 0.5 to 250 mL, 5 mm stainless steel 
rod; 50–60 HZ).

The activity of PEPcase (EC:4.1.1.31) was determined by 
monitoring the oxidation of NADH in a spectrophotometer 
at 340 nm for 120 s and expressed in μmol  CO2  min−1  mg−1 
protein using a molar absorptivity of 6.22   M−1   cm−1 
(Degl’Innocenti et al. 2003).

Rubisco (EC4.1.1.39) activity was determined by grind-
ing leaves in liquid N and extraction in ice-cold Eppendorf 

Table 2  Climate classification 
and precipitation between 
planting or last ratoon, 1st 
to 2nd application, and 2nd 
application to harvest of 
experiments at each site (early, 
mid-late, and late sugarcane 
seasons)

Harvest period Sites Climate clas-
sification

Precipitation (mm)

From planting/last cut-
ting to 1st application

From 1st to 2nd 
application

From 2nd 
application to 
harvest

Early 1 Aw 1201 208 62
2 Cfa 1235 161 192
3 Cwa 1148 205 81
4 Aw 990 614 252
5 Aw 516 199 103
6 Aw 580 301 164
7 Aw 1379 260 0
8 Cfa 760 246 27
9 Cfa 944 180 20

Mid-late 10 Aw 994 0 22
11 Cfa 1234 0 68
12 Aw 630 11 8

Late 13 Aw 822 79 94
14 Cfa 1342 228 167
15 Aw 658 52 133
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tubes containing 0.2 M KPi (pH 7.8), 5 mM  MgCl2, 1 mM 
DTT, 1% (w/v) polyvinylpyrrolidone PM 40,000 (PVP-40), 
and 5 mM acid ascorbic acid (Sigma-Aldrich). The tubes 
were centrifuged at 14,000×g and 4 °C for 30 min, and the 
supernatant was immediately used to measure Rubisco activ-
ity at 25 °C (ASHTON et al. 1990). Rubisco was activated 
by incubation (35 μL of crude extract) with 450 μL of buffer 
containing 100 mM Bicine (pH 8.0), 25 mM  KHO3, 20 mM 
 MgCl2, 3.5 mM ATP, 5 mM phosphocreatine, 0.25 mM 
NADH, 80 nkat G-3-P dehydrogenase (EC1.2.1.12), 80 
nkat 3-phosphoglycerate phosphokinase (EC 2.7.2.3), 80 
nkat creatine phosphokinase (EC 2.7.3.2) and 0.25 mM 
NADH for 15 min. The oxidation of NADH was initiated 
by the addition of 0.5 mM RuBP (Sigma-Aldrich). The dif-
ference in absorbance at 0 and 3 min was used to calculate 
the activity expressed in μmol  CO2  min−1  mg−1 protein using 

a molar absorptivity of NADH of 6.22  M−1  cm−1. Rubisco 
(EC4.1.1.39) activity was determined by measuring the rate 
of NADH oxidation at 340 nm on lambda 3B spectropho-
tometer (Raij et al. 1997).

Superoxide dismutase (SOD; EC:1.15.1.1) and cata-
lase (CAT; EC:1.11.1.6) activity were extracted accord-
ing to the methodology proposed by Silva et al. (2020). 
Extraction was performed in buffer [200 mM KPi (pH 7.8) 
containing 10 mM EDTA, 20 mM ascorbic acid, 1% PVP-
40 (Sigma-Aldrich) and 1 mM 1,4-dithiothreitol (DTT, 
Sigma-Aldrich)]. Crude extracts for SOD and CAT activity 
were obtained from the supernatant after centrifugation at 
12,000×g for 30 min at 4 °C. The units of the photochemi-
cal activity of SOD were expressed in mg of protein and 
obtained in an assay system consisting of 13 mM methio-
nine (Sigma-Aldrich), 100 nM EDTA, 2 µM riboflavin 

Table 3  Soil classification and chemical characteristics of experiments at each site

SOM soil organic matter, CEC cation exchange capacity, BS base saturation

Harvest Period Site Soil Depth pH SOM P(resin) S-SO4
−2 Al+3 H +  Al+3 K Ca Mg CEC BS

Classification CaCl2 g  dm−3 mg  dm−3 mmolc  dm−3 %

Autumn 1 Rhodic Hapludox 0.00–0.25 5.8 32 22 38 0 18 14 53 19 104 83
0.25–0.50 5.7 19 4 10 0 17 7.9 22 12 59 71

2 Typic Quartzipsamment 0.00–0.25 5.5 22 18 18 0 23 5.6 49 13 91 75
0.25–0.50 5.1 12 7 30 1 18 2.3 28 7 55 67

3 Typic Quartzipsamment 0.00–0.25 5.6 21 31 8 0 13 1.2 29 16 59 78
0.25–0.50 5.7 9 9 5 0 11 0.5 14 6 32 65

4 Rhodic Hapludox 0.00–0.25 5.2 22 10 9 0 15 1.3 28 21 65 77
0.25–0.50 5.1 12 6 10 0 12 1.2 10 7 30 60

5 Typic Eutrudult 0.00–0.25 5.5 32 17 5 1 12 2.2 16 7 37 68
0.25–0.50 5.1 25 10 5 1 8 1.3 8 4 21 62

6 Rhodic Eutrudox 0.00–0.25 6.6 30 26 19 0 13 3.1 35 7 58 78
0.25–0.50 5.4 22 6 36 1 14 2.2 13 6 35 60

7 Rhodic Eutrudalf 0.00–0.25 5.7 24 18 1 0 17 1.2 31 9 58 71
0.25–0.50 5.6 19 12 0 1 18 1.1 27 9 55 67

8 Typic Hapludox 0.00–0.25 6.4 16 18 15 0 12 0.5 36 12 61 80
0.25–0.50 5.7 10 7 16 0 13 0.4 22 7 42 69

9 Typic Hapludox 0.00–0.25 5.7 8 6 0 1 10 1.1 12 6 29 66
0.25–0.50 5.3 8 2 9 2 10 1.6 11 6 29 65

Winter 10 Rhodic Eutrudox 0.00–025 5.6 58 14 8 0 40 12 80 28 160 75
0.25–0.50 5.5 42 4 10 0 36 8.1 53 18 115 69

11 Rhodic Eutrudox 0.00–025 5.3 19 10 10 0.2 20 1.4 39 19 79 75
0.25–0.50 5.2 20 9 15 0.3 24 1.2 41 18 84 71

12 Rhodic Eutrudox 0.00–025 5.8 55 54 2 0 26 10 38 22 96 73
0.25–0.50 5.5 42 45 8 0 19 7.0 25 12 63 70

Spring 13 Rhodic Eutrudox 0.00–025 5.6 2 80 26 0 8 2.4 32 9 51 84
0.25–0.50 5.6 1 20 27 0 13 2.2 21 8 44 71

14 Rhodic Eutrudox 0.00–025 5.5 11 22 0 1 16 4.1 20 8 48 67
0.25–0.50 5.3 8 10 0 2 14 4.0 15 5 38 63

15 Rhodic Eutrudox 0.00–025 6.2 48 39 34 0 30 10 34 25 99 70
0.25–0.50 6.1 37 35 21 0 28 9.0 18 16 71 61



 Journal of Plant Growth Regulation

(Sigma-Aldrich) and 75 µM NBT (Sigma-Aldrich) in 50 mM 
KPi buffer. The initial rate of the reaction was determined as 
increase of absorbance at 560 nm to superoxide dismutase 
(SOD; EC:1.15.1.1) (Giannopolitis and Ries 1977). Catalase 
activity was determined by measuring the rate of decrease 
in absorbance at 240 nm of a solution of 12.5 mM  H202 in 
50 mm K-phosphate (pH 7.0) at 30 °C. CAT activity was 
assayed according to Havir and Mchale (1987) by moni-
toring the consumption of 250 μM hydrogen peroxide and 
expressed in μmol  min−1  mg−1 protein using a molar extinc-
tion coefficient of 39.4  mM−1  cm−1.

Ascorbate peroxidase (APX; EC:1.11.1.11) activity was 
measured by extraction in 10 mM EDTA, 1% PVP-40, 1 mM 
DTT, and 200 mM KPi (pH 6.0). The extract obtained after 
homogenization was centrifuged for 30 min at 12,000×g and 
4 °C. The reaction was initiated by adding 1 mM hydrogen 
peroxide and 80 μM ascorbic acid to the crude extract. The 
decrease in absorbance at 290 nm was monitored for 120 s, 
and the results were expressed in μmol  min−1  mg−1 protein 
(Nakano and Asada 1981; Koshiba 1993).

Free peroxidase activity (POD; EC:1.11.1.7) was ana-
lyzed in buffered solution containing 10 mM EDTA, 1% 
PVP-40, and 200 mM KPi (pH 6.7) using an extract col-
lected by centrifugation at 8,000 ×g for 20 min at 4 °C. The 
rate of hange in absorbance of the mixture was measured at 
500 nm at 37 °C (Allain et al. 1974).

MDA levels were determined by reacting leaf tissue 
extracts with thiobarbituric acid (TBA). The resulting 
TBA-MDA adduct was measured spectrophotometrically 
at 532 nm. The MDA concentration was calculated from 
a standard curve of 1,1,3,3-tetramethoxypropane (TPE) 
and expressed in nanomoles of MDA per g of fresh weight 
(Little and Gladen 1999). The concentration of hydrogen 

peroxide  (H2O2) was determined according to the method 
of Alexieva et al. (2001) using a standard curve prepared 
with known concentrations of  H2O2. Proline content was 
measured based on the methodology proposed by Bates 
et al. (1973).

Sugarcane Measurements

The biometric parameters consisted of plant height of 
10 sugarcane plants per replicate, which was measured 
from the base of the stalk to the base of the TVD (+3) 
(Dillewijn 1960); stalk diameter, which was measured at 
the third internode in the same 10 sugarcane plants that 
were measured at height; and stalk yield (StY), which was 
determined by harvesting the sugarcane plants in 4 linear 
m, with two mirrored in central two rows of each plot and 
extrapolating to tons of sugarcane per hectare.

Sucrose, juice purity (PUR), fiber (FIB), reducing sug-
ars (RS) and theoretical recoverable sugars (TRS) were 
determined by collecting 10 sugarcane plants per replicate 
(Supplementary Material). Laboratory analyses were per-
formed according to the methodology of Fernandes (Fer-
nandes 2011). Sugar per hectare, i.e., sugar yield (SY), 
was calculated by multiplying StY by TRS and dividing 
by 1000.

Energy production was analyzed using the FIB and StY 
results at 50% humidity to determine bagasse productivity. 
Straw yield was calculated by multiplying StY by 140, and 
energy production was calculated assuming that 1 Mg of 
straw produces 4.96 MWh of primary energy (Waldheim 
et al. 2001).

Fig. 1  Applications and harvest dates of the experimental areas in the early, mid-late and late harvest seasons. DBH means days before harvest
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Data Analysis

The homogeneity of variances and data normality were eval-
uated with the F-Bartlett (Snedecor and Cochran 1983) and 
Shapiro–Wilk tests (Shapiro and Wilk 1965), respectively. 
The values were submitted to analysis of variance (ANOVA) 
to compare means between the treatments in each sugarcane 
harvest (early, mid-late and late) by the LSD test (p < 0.10) 
in SISVAR (Ferreira 2014).

Results

Photosynthetic Enzyme Activities, Oxidative Stress 
and Antioxidant Enzyme Activities

In early-harvest sugarcane, foliar plant growth regulator 
application increased PEPcase activity in VM (56.1 µmol 
 CO2  min−1  mg−1 prot) and V (52.3 µmol  CO2  min−1  mg−1 
prot) compared with the control (34.3 µmol  CO2  min−1  mg−1 
prot) (Fig. 2A). Sugarcane Rubisco activity in V and VM 
was 0.68 and 0.77 µmol  CO2  min−1  mg−1 prot higher than 
in the control (1.55 µmol  CO2  min−1  mg−1 prot) (Fig. 2B).

In general, foliar plant growth regulator application 
decreased MDA and  H2O2 contents (Fig. 3A and B).  H2O2 
content decreased by 36.7% in VM compared with the 
control (3.85 µmol  CO2  min−1  mg−1 prot). MDA content 
decreased by 14.2% and 36.2% in V and VM, respectively, 
compared with the control.

Foliar plant growth regulator application did not affect 
SOD activity but did increase POD, CAT, and APX activi-
ties and proline content (Fig. 3C–G). POD activity increased 
by 3.23-fold in VM compared with the control (0.13 µmol 

 CO2  min−1  mg−1 prot) (Fig. 3D). CAT activity was 9.87 and 
23.8% higher in V and VM than in the control (Fig. 3E). 
APX activity increased by 18.4% and 23.5% in V and VM, 
reaching 0.64 µmol  CO2  min−1  mg−1 prot (Fig. 3F). Finally, 
proline content increased by 12.5 and 16.9% in V and VM, 
respectively, compared with the control (0.31 µmol  g−1 FW) 
(Fig. 3G).

Agronomic Parameters

Foliar plant growth regulator application did not affect 
plant height or stalk diameter (Fig. 4A–F) but significantly 
(p < 0.10) increased sugarcane StY in all harvest seasons 
(Fig. 4G, H and I). In early, mid-late, and late harvest sug-
arcane, the average StY was 127, 101, and 91 Mg  ha−1 in V, 
130, 104, and 93 Mg  ha−1 in VM, and 118, 97, 87 Mg  ha−1 
in the control (Fig. 4G, H and I). These values correspond 
to average increases of 7.1%, 4.8% and 4.4% in V and 9.7%, 
7.7% and 6.7% in VM.

Quality Parameters

In general, foliar plant growth regulator application 
increased sucrose content and TRS in early-harvest sugar-
cane and sugar production in all harvest seasons (p < 0.10) 
(Fig. 5A). The highest sucrose contents were 10.9% in VM 
in 2019 and 12.4% in both V and VM in 2020. The largest 
increases in TRS occurred in early-harvest sugarcane and 
were 6.1% (111 kg of sugar  ha−1) in VM in 2019 and 5.7 
and 5.8% (124 kg of sugar  ha−1) in V and VM, respectively, 
in 2020; TRS was lowest in the control in 2019 and 2020, 
with values of 104 and 117 kg of sugar  ha−1, respectively 
(Fig. 5D). Foliar application also increased sugar yield, 

Fig. 2  Activities of phospho-
enolpyruvate carboxylase 
(PEPcase) (A) and ribulose-
1,5-bisphosphate carboxylase-
oxygenase (Rubisco), (B) in 
early harvest sugarcane in 2020 
as a function of foliar plant 
growth regulator application. 
The treatments were as follows: 
control, control with no foliar 
application of plant growth 
regulator (white); V, foliar 
application of plant growth 
regulator at the vegetative stage 
(blue); VM, foliar application 
of plant growth regulator at the 
vegetative and maturation stages 
(green). Means followed by the 
same letter do not differ by the 
t test (LSD) at 10% probability 
(Color figure online)
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which averaged 15.2 Mg  ha−1 in V and VM (Fig. 5G, H and 
I). Compared with the control (14.4, 15.4 and 11.9 Mg  ha−1), 
sugar yield increased by 11.0%, 7.1% and 5.1% in V and 
14.6%, 10.3% and 7.7% in VM in early, mid-late and late 
harvest sugarcane, respectively. In early and mid-late harvest 
sugarcane, sugar yield was similar in V and VM, whereas in 
late harvest sugarcane, sugar yield was higher in VM than 
in V (2017).

Energy Parameters

Foliar plant growth regulator application increased straw 
yield significantly in early harvest sugarcane (Fig. 6A) but 
not mid-late and late harvest sugarcane (Fig. 6B and C), 
with average increases of 9.7% in VM compared with the 
control (16.6 Mg  ha−1) in early harvest sugarcane (Fig. 6A). 
V and VM also increased bagasse production in early harvest 
sugarcane (Fig. 6D) but not mid-late and late harvest sug-
arcane (Fig. 6E and F). Compared with the control, V and 
VM significantly increased bagasse by averages of 6.9% and 
10.2% compared with the control (6.8 Mg  ha−1) (Fig. 6D). 

Finally, energy production in early harvest sugarcane was 
7.1% higher in V and 9.7% higher in VM than in the control 
(82.1 kWh) (Fig. 6G); foliar plant growth regulator applica-
tion did not affect energy production in mid-late and late 
harvest sugarcane (Fig. 6H and I).

Discussion

Plant growth regulators are a diverse class of biomolecules 
that promote plant acclimatization to environmental condi-
tions by regulating development, growth, nutrient acquisi-
tion and allocation, and molecular and physiological crop 
responses (Sabagh et  al. 2021; Hirayama and Mochida 
2022).

In the present study, foliar application of plant growth 
regulators stimulated the photosynthetic process by increas-
ing Rubisco and PEPcase activities, inducing high yield 
and quality of sugarcane when performed once (vegetative 
growth stage) or twice (vegetative and maturation growth 
stages).
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Fig. 3  Malondialdehyde (MDA) content (A), hydrogen peroxide 
 (H2O2) content (B), superoxide dismutase (SOD) activity (C), peroxi-
dase (POD) activity (D), catalase activity (CAT) (E), ascorbate per-
oxidase (APX) activity (F) and proline content (G) in early harvest 
sugarcane in 2020 as a function of foliar plant growth regulator appli-
cation. The treatments were as follows: control, control with no foliar 

application of plant growth regulator (white); V, foliar application 
of plant growth regulators at the vegetative stage (blue); VM, foliar 
application of plant growth regulators at the vegetative and matura-
tion stages (green). Means followed by the same letter do not differ by 
the t test (LSD) at 10% probability (Color figure online)
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Plant growth regulators can directly affect photosynthe-
sis by regulating the expression of genes involved in the 
photosynthetic process, or can indirectly regulate physi-
ological processes that affect photosynthesis, such as the 
opening and closing mechanism of stomata and consequent 
 CO2 entry (Poonam et al. 2015). CKs promote cell division 
and plant growth, but also stimulate photosynthetic rate in 
plant leaves. AXs, GAs and strigolactones also influence 

photosynthesis and play an important role in reducing the 
production of reactive oxygen species (ROS) that can dam-
age the photosynthetic machinery (Müller et al. 2021). In 
summary, plant grow regulators play an important role in 
regulating photosynthesis in plants, both under optimal con-
ditions and under stress conditions.

Both timings of plant growth regulator application (V 
and VM) helped decrease ROS levels, as  H2O2 and MDA 

Fig. 4  Plant height (A–C), stalk diameter (D–F) and stalk yield (G–I) 
of early, mid-late and late harvest sugarcane as a function of foliar 
plant growth regulator application. The treatments were as follows: 
control, control with no foliar application of plant growth regulator 
(white); V, foliar application of plant growth regulators at the vegeta-

tive stage (blue); VM, foliar application of plant growth regulators at 
the vegetative and maturation stages (green). Means followed by the 
same letter do not differ by the t test (LSD) at 10% probability (Color 
figure online)
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contents were reduced. These decreases were the result of 
higher antioxidant enzyme activities (SOD, CAT, POD and 
APX) in plant growth regulators treated sugarcane (Wu 
et al. 2018). SOD, CAT, POD and APX form a complex 
enzymatic antioxidant system that protects the photosyn-
thetic process from oxidative stress and prevents ROS pro-
duction (Gill and Tuteja 2010; Farooq et al. 2019). These 
four key cellular detoxification enzymes convert  H2O2 to 

 H2O during the plant cycle (Gupta et al. 2018). Thus, foliar 
plant growth regulator application can promote antioxidant 
activity in sugarcane and mitigate unfavorable environmen-
tal conditions.

Several studies have reported that hormones, e.g., ethyl-
ene, AXs, GAs, and CKs, are important metabolic engineer-
ing targets for stimulating crop development and production 
and improving abiotic stress tolerance in plants (Fahad et al. 

Fig. 5  Sucrose (A–C), theoretical recoverable sugar (TRS) (D–F) and 
sugar yields (G–I) in early, mid-late and late harvest sugarcane as a 
function of foliar plant growth regulator application. The treatments 
were as follows: control, control with no foliar application of plant 
growth regulator (white); V, foliar application of plant growth regu-

lators at the vegetative stage (blue); VM, foliar application of plant 
growth regulators at the vegetative and maturation stages (green). 
Means followed by the same letter do not differ by the t test (LSD) at 
10% probability (Color figure online)
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2015; Raza et al. 2019). Foliar plant growth regulator appli-
cation is a recent practice in agriculture around the world 
(Jiang and Asami 2018; Jalil and Ansari 2019; Khan et al. 
2023), and there are few studies of its effectiveness in sugar-
cane in different harvest seasons in tropical regions.

The application of plant growth regulators (IAA, zeatin 
and  GA3) during sugarcane production has positive effects 
on crop development, as evidenced by gains in StY. Plant 
growth regulators help plants overcome various environ-
mental deficits, such as abiotic stresses and low availability 

of soil nutrients (Fraire-Velázquez et al. 2011) which may 
have positively influenced the increase in profitability and 
sugarcane quality.

The first application performed at the vegetative stage of 
sugarcane promoted greater stalk productivity, consequently 
greater sugar production through the high concentration of 
IAA, which stimulated cell elongation and regulation of 
gene expression (Cohen and Gray 2006; Tuan et al. 2019). 
Other functions of IAA include promoting adequate nutri-
tion and controlling plant growth under stress (Mano and 

Fig. 6  Straw (A–C), bagasse (D–F) and energy production (G–I) in 
early, mid-late and late harvest sugarcane as a function of foliar plant 
growth regulator application. The treatments were as follows: control, 
control with no foliar application of plant growth regulators (white); 
V, foliar application of plant growth regulators at the vegetative stage 

(blue); VM, foliar application of plant growth regulators at the veg-
etative and maturation stages (green). Means followed by the same 
letter do not differ by the t test (LSD) at 10% probability (Color figure 
online)
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Nemoto 2012; Raza et al. 2019). Although the essential role 
of IAA in plants is well known (Javid et al. 2011; Kazan 
2013), IAA-related metabolism and pathways and the inter-
actions of IAA with nutrients and other plant growth regu-
lators in specific crops, such as sugarcane, are still unclear, 
particularly under different growth conditions.

GAs act in germination, stem elongation, leaf expan-
sion, trichome initiation and plant development (Yamagu-
chi 2008). GAs positively influence the photosynthetic rate, 
light interception, nutrient use, and the regulation of several 
processes throughout the plant life cycle (Khan et al. 2007). 
Additionally, GAs promoted a mechanism of low stomatal 
processes related to plant stress resistance, an increase of 
water use efficiency and consequent high crop yields (Mag-
gio et al. 2010).  GA3 frequently interact with other plant 
growth regulators and promote crop development and path-
way activation (Wang and Irving 2011; Gupta and Chakra-
barty 2013).

The plant growth regulators are extremely important in 
different stages of crop growth and development, which can 
explain the differences in the effects of foliar plant growth 
regulator application once at the vegetative stage and twice 
at the vegetative and maturation stages of sugarcane. Single 
foliar plant growth regulator application at the sugarcane 
vegetative stage stimulated growth, i.e., more parenchyma-
tous cells to store sucrose in the next stages.

At vegetative stage of sugarcane, IAA activates cell divi-
sion and plant development by stimulating the growth of 
roots, stalks and leaves (McSteen 2010; Phillips et al. 2011), 
and  GA3 regulate cell division and elongation, promote 
hypocotyl and stem growth, and increase root and leaf mer-
istem size (Hedden and Thomas 2016). Our results suggest 
that plant growth regulator application at the vegetative stage 
can increase sugarcane development and yields by enhanc-
ing plant photosynthesis overall.

In the treatments with two foliar applications of plant 
growth regulators (vegetative and maturation stages), the 
first plant growth regulator application stimulated vegetative 
development and the formation of parenchymatous cells to 
store sucrose, and the second plant growth regulator appli-
cation increased photoassimilate and sucrose production. 
The benefits of foliar application of plant growth regula-
tors at two stages of sugarcane growth included increases 
in biometric parameters and sucrose, TRS and sugar yields. 
Plant growth regulators can promote shoot growth, increase 
xylem and decrease root growth (Guo et al. 2015; Wang 
et al. 2015). Chen et al. (2021) showed that applying plant 
growth regulators at the maturation stage increases sucrose 
phosphate synthase activity in leaves and stalks while 
decreasing soluble acid invertase activity in stalks, thereby 
increasing sucrose production and accumulation.

Sucrose content and sugar production are important indi-
cators of sugarcane quality, and sugarcane industry efforts 

are focused on improving sucrose content and accumulation 
(Rossetto et al. 2003; Cunha et al. 2020). Products that can 
be applied at the maturation stage to increase sucrose accu-
mulation are desirable, especially plant growth regulators 
that enhance sugarcane yield and mitigate environmental 
stresses in plants. In this study, the increases in stalk pro-
ductivity and sucrose content were accompanied by gains in 
bagasse, straw and energy production, suggesting potential 
economic gains.

In most countries, the economy is dependent on agricul-
ture, which relies on suitable climate conditions and fertile 
soil. An extensive body of research has examined the molec-
ular mechanisms that regulate hormone synthesis, signaling, 
and actions; plant growth regulators have many functions 
in plant development and responses to abiotic stresses. Our 
results indicate that appropriate supplementation of sugar-
cane with plant growth regulators can enhance yields and 
quality by improving plant metabolism, regardless of harvest 
season.

Conclusion

This study found that a single application of plant growth 
regulators was sufficient to enhance sugarcane production 
when applied at 100, 75, and 60 days before harvest in early, 
mid-late and late harvest seasons. Both a single application 
at the vegetative stage and two applications at the vegetative 
and maturation stages (applied at 30 days before harvest in 
all sugarcane harvest seasons) increased sugarcane growth 
and productivity. We found that foliar plant growth regulator 
application at the vegetative and maturation stages stimu-
lated sugarcane development and enhanced photosynthetic 
and antioxidant metabolism (SOD, CAT, POD and APX). 
Application at both stages resulted in metabolic improve-
ments that increased sucrose accumulation, stalk and sugar 
yields, and crop development and productivity. Relevant 
questions about which hormone are the main drivers of 
plant metabolism processes in this specific application tim-
ing and its synergetic or antagonistic impact deserve further 
investigations.
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