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Abstract: This study aimed to investigate the effects of different doses of indole-3-butyric acid (IBA) on the formation of 
Piper nigrum cultivar Kottanadan seedlings in relation to photosynthesis, anatomy, and dry mass accumulation. Cuttings 
used as propagation material were collected from mother plants approximately three years old. The treatments consisted 
of applying different doses of IBA: 0, 500, 1000, 1500, and 2000 mg L⁻¹. After immersion in IBA, the cuttings were planted 
in 280 cm³ tubes for 90 days. The experimental design was a randomized complete block design with four replications, five 
plants per plot, totaling 100 plants. At the end of the experiment, analyses of chlorophyll 'a' fluorescence, shoot dry mass, 
root system dry mass, and leaf, stem, and root anatomy were performed. After being subjected to different concentrations 
of IBA, the plants remained photosynthetically active, as evidenced by the characteristic polyphasic increase in OJIP curves. 
Higher initial fluorescence (Fo) was observed in plants subjected to concentrations of 1500 and 2000 mg L⁻¹. There was an 
increase in the k band (ΔVOJ), with a positive amplitude in plants subjected to concentrations of 1500 and 2000 mg L⁻¹. 
Regarding the L band (ΔVOk), there was an increase and a positive amplitude in plants subjected to 1000, 1500, and 2000 
mg L⁻¹. Furthermore, the anatomical structures showed differences in relation to the different IBA concentrations to which 
the plants were subjected. Regarding dry mass accumulation, a greater dry mass was observed in the leaves of plants 
subjected to 1500 mg L⁻¹, with no difference between the others. For stem mass, there was no significant difference between 
the concentrations. However, root dry mass was higher at concentrations of 1500 and 2000 mg L-1. Therefore, exogenous 
application of IBA promoted improvements in photosynthesis, conducting tissue, and dry mass accumulation; however, 
these improvements are observed only at mild concentrations. Concentrations of 1500 and 2000 mg L-1 caused damage to 
the photosynthetic apparatus due to impaired electron transport. Thus, the use of 1000 mg L-1 of IBA is recommended, as 
this concentration was beneficial for growth parameters, anatomy, and did not harm the photosynthetic apparatus. 
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Abbreviations: DXVL_diameter of leaf xylem vessels; DXVR_diameter of xylem vessels in the root; DXVS_diameter of stem 
xylem vessels; IBA_ indole-3-butyric acid; IAA_ indole acetic acid; LDM_leaves dry mass; LXL_Leaf xylem length; RXL_root 
xylem length; SXL_stem xylem length; NXVR_number of xylem vessels in the root; NXVL_number of leaf xylem vessels; 
NXVS_number of stem xylem vessels; RDM_ root dry mass; SDM_stem dry mass 
 
Introduction  
 
Piper nigrum L. is internationally known as black pepper. This species stands out within the Piperaceae genus and family as 
it is an important spice commercialized worldwide as a condiment (George et al., 2017). In addition to its importance for 
agriculture, black pepper plays a fundamental role in the production of drugs, being used against pathogens such as bacteria, 
viruses, and fungi (Ahmad et al., 2012). Among the countries that stand out in the production of crops such as Vietnam, 
India, and Indonesia, in 2019, Brazil ranked second place in world production, behind Vietnam, and surpassed the 
production of other countries (FAO, 2021). 
The propagation of P. nigrum occurs mainly asexually through parent plants, these plants must be vigorous and free from 
signs of disease and the nutritional deficiency (Ambrozim et al., 2017). Vegetative propagation is one of the most used 
techniques for seedling production, due to the ease and speed of seedlings reaching commercial standards. However, some 
species have rooting problems, such as slow rooting, this delay in the development of the root system is a problem in the 
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propagation of P. nigrum cultivars to nurseries and farmers (de Souza et al., 2020). Therefore, the need to seek agronomic 
protocols aimed at improving both the growth and quality of plants is of great interest in the cultivation of P. nigrum. 
The induction of the root system is caused by indole acetic acid (IAA) (Albertino, 2011). Thus, the use of phytoregulators is 
shown as an alternative to assist in the morphological and physiological processes of plants. Among these, indole-3-butyric 
acid (IBA) is a growth regulator that stands out as the main synthetic auxin in seedling propagation because of its high 
effectiveness in stimulating rooting (Oliveira et al., 2020). Thus, a vigorous and well-developed root system during the early 
phenological stages can exploit the soil volume, and ensure the stability of photosynthetic activity and seedling mass gain 
(Lucini et al., 2018). 
Considering that the application of the ideal IBA concentration in the cuttings benefits the root growth, forming quality 
seedlings in a shorter time (Lone et al., 2010) and that the use of inadequate concentrations drastically impairs the quality 
of the seedling, the objective of this work was to investigate the effects of different doses of IBA on the formation of seedlings 
of P. nigrum of the cultivar Kottanadan concerning photosynthesis, anatomy, and dry mass accumulation. 
 
Results  
 
After receiving different concentrations of IBA, the plants remained photosynthetically active, considering that they 
presented the OJIP curves with a typical polyphasic increase (Figure 1). A higher initial fluorescence (Fo) was observed in 
plants that received concentrations of 1500 and 2000 mg L-1.  
An increase was observed in the K band (ΔVOJ), with a positive amplitude in plants that received concentrations of 1500 and 
2000 mg L-1, pointing to greater inactivity of the oxygen evolution complex (Figure 2). As for the L band (ΔVOk), an increase 
and a positive amplitude were found in plants that received doses of 1000, 1500, and 2000 mg L-1, showing lower 
connectivity of the PSII components (Figure 3). 
The anatomical structures showed differences regarding the different IBA concentrations that the plants received (Table 
1). As for leaf xylem length (LXL), an increase was observed at concentrations of 1000 and 1500 mg L -1, with no significant 
difference between them. The number of xylem vessels in the leaf was higher at the concentration of 1500 mg L -1. No 
significant difference was found in the other concentrations. 
The xylem length (SXL) and the number of xylem vessels (NXVL) in the stem were higher at the concentration of 500 mg L-

1, with no statistical difference between the other concentrations. However, the diameter of the stem xylem vessels (DXVS) 
was higher at the concentration of 2000 mg L-1 (Table 1). 
Also, for the length of the root xylem (RXL), an increment in the concentration of 1000 mg L-1 was observed, followed by 
1500 and 2000 mg L-1, with no difference between the latter. However, the number of xylem vessels (NXVR) and the 
diameter of xylem vessels in the root (DXVR) were increased at concentrations of 1000 and 1500 mg L-1. No difference was 
observed between them (Table 1). 
As for the dry mass accumulation (Table 2), a higher dry mass was observed in the leaves of plants that received 1500 mg 
L-1, with no difference between the others. For stem mass, no significant difference was observed between concentrations. 
However, root dry mass was higher at concentrations of 1500 and 2000 mg L-1 (Table 2). 
 

 
Figure 1. Polyphase curve of chlorophyll ‘a’ fluorescence emission in Piper nigrum plants under different IBA 
concentrations. 
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Table 1. Anatomical variables in Piper nigrum plants that received different IBA concentrations. Leaf xylem length (LXL), 
number of leaf xylem vessels (NXVL), diameter of leaf xylem vessels (DXVL), stem xylem length (SXL), number of stem xylem 
vessels (NXVS), diameter of stem xylem vessels (DXVS), root xylem length (RXL), number of xylem vessels in the root 
(NXVR), diameter of xylem vessels in the root (DXVR). 

Treatment LXL NXVL DXVL SXL NXVS DXVS RXL NXVR DXVR 

0 95.13 b 14.6 c 15.53 a 126.40 c 10.60 b 32.33 c 97.86 c 9.66 b 35.46 b 

500 85.00 b 16.86 c 14.13 a 188.53 a 36.26 a 35.53 b 78.13 c 9.80 b 33.26 b 

1000 137.86 a 31.13 b 15.00 a 116.00 c 11.73 b 31.73 c 192.13 a 12.13 a 40.26 a 

1500 137.40 a 34.00 a 15.00 a 127.46 c 10.93 b 32.80 c 166.60 b 11.98 a 41.40 a 

2000 83.53 b 16.53 c 11.26 b 147.13 b 11.80 b 39.26 a 153.73 b 9.40 b 34.73 b 
Means followed by the same letter in the column are not different from each other by the test of Scott-Knott at 5% 
probability.  
 
Table 2. Characterization of dry mass accumulation parameters in Piper nigrum plants that received different IBA 
concentrations. Leaves dry mass (LDM), stem dry mass (SDM), and root dry mass (RDM). 

Means followed by the same letter in the column are not different from each other by the test of Scott-Knott at 5% 
probability.  
 

 
Figure 2. Normalization between phase O (obtained at 20 μs) and phase J (2 ms), as VOJ kinetics = (Ft-FO) / (FJ-FO); K-band 
variation (0.3 ms) or ΔVOJ established between 0 and 2 ms from the double normalization ΔVOJ = [VOJ (control) – VOJ (treatment)], 
in Piper nigrum plants that received different IBA concentrations. 
 
 
Discussion 
 
The increase in the initial fluorescence (Fo) in plants exposed to 1500 and 2000 mg L-1 indicates that part of the reaction 
centers had closed. As a result, the electron transport flux between QA to QB decreases, causing a reduction in the energy 
capture efficiency of the PSII (Paunov et al., 2018). The electron transport flux decreases because as PSII absorbs light and 
does not transport electrons, it cannot accept another until it has oxidized the first one to a subsequent electron carrier 
(QB), (Salvatori et al., 2014). 

Treatment LDM SDM  RDM 

0 2.77 b 2.30 a 0.55 b 

500 2.89 b 2.29 a 0.58 b 

1000 2.56 b 2.10 a 0.57 b 

1500 3.25 a 2.55 a 0.71 a 

2000 2.78 b 2.13 a 0.66 a 
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Figure 3. Normalization between O phase (20 μs or 20 ms) and K phase (300 μs or 0.3 ms) presented as VOK = (Ft-FO) / (FK-
FO); Variation of the L band or ΔVOK established between 0 and 0.3 ms from the double normalization ΔVOK = [VOK (control) – 
VOK (treatment)], where VOK = (Ft – FO) / (FK – FO), in Piper nigrum plants subjected to different IBA concentrations. 
 
 
The increase observed in the K band at concentrations of 1500 and 2000 mg L-1 shows a deficiency of the oxygen evolution 
complex (OEC) and coincides with the limitation of the donor side in the PSII (Gonçalves et al., 2010). This is because the 
transfer of electrons from the OEC to the donor side (Yz) is slower than the transfer of electrons from P680 to the QA (Tomek 
et al., 2001). 
The increase observed in the L band at concentrations of 1000, 1500, and 2000 mg L-1 is caused by the fact that these AIB 
concentrations caused lower energy connectivity of the PSII components, resulting in less stability on the photosynthesis 
and losses in the use of excitation energy (Perboni et al., 2015). In addition, high values in the L band point to destabilization 
in the PSII units, and, as a consequence, less energy is exchanged between the independent PSII units (Zhang et al., 2015). 
Auxin plays a central role in the formation of vascular tissue. When applied exogenously to undifferentiated tissues, it 
promotes the formation of vascular filaments, to the point that when auxin signaling is disturbed, vascular patterns are 
dramatically altered (Sharma and Zheng 2019). Channeling and accumulation of auxin are considered to be one of the first 
events of vascular differentiation, probably through its induction of the auxin response. Modulation of auxin levels in 
specific cells and tissues regulates the finality of vascular cells. For example, high levels of auxin increase the number of 
secondary xylem and phloem cells, while low levels of auxin reduce the number of xylem cells (Nanda and Melnyk 2017). 
One factor that establishes the growth and production of a plant is its efficiency in transporting water through the xylem 
vessels, and the transport efficiency is linked to the size or quantity of cells in the tissue (Hsie et al., 2015). 
The increase observed in xylem length (LXL), number of xylem vessels (NXVL), and diameter of xylem vessels in leaves 
(DXVL) at the concentrations of 1000 and 1500 mg L-1 is directly related to the increase of these same variables in the roots. 
This occurs so that the plant can maintain a constant flow, in addition to optimizing the efficiency of water use (Sack et al . 
2015). 
The functioning of the root xylem is very important as it is responsible for the absorption of water and mineral salts. 
However, the leaves need to have a very efficient hydraulic system, thus enabling a gain in gas exchange, as it allows the 
stomatal opening so that carbon assimilation takes place without the dryness of the mesophyll (Sack et al., 2015). 
The exogenous application of auxin may cause hormonal changes in individuals, which may or may not be an advantage as 
its effect is linked to the stimulation of the growth and development of roots. Nevertheless, if the optimal value is exceeded, 
a toxic effect may occur (Silva et al., 2019). 
The mass accumulation observed in the leaves of plants that were exposed to 1500 mg L-1 of IBA may be linked to the decline 
that these plants suffered in terms of photosynthesis and the stress caused by instability in electron transport. Furthermore, 
the accumulation of leaf mass at the concentration of 1500 mg L-1 is a reflection of the mass accumulation in the roots of 
plants that were exposed to the same IBA concentration. The growth and allocation of dry matter are controlled through 
investment in organs, seeking to minimize the effects of a limiting factor (Poorter et al., 2011). Dry mass allocation is a 
measure of plant performance, as it is a direct and final product of growth (Liu et al., 2016). 
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Material and Methods  
 
Experiment conduction and seedling production  
The experiment was conducted from September 2018 to March 2019 on the Experimental Farm of Linhares owned by 
Instituto Capixaba de Pesquisa, Assistência Técnica e Extensão Rural (Incaper), located at 19º25'00.1” S and 40º04'35.3” W, 
in the municipality of Linhares, northern Espírito Santo state. 
Black pepper (Piper nigrum) cv. Kottanadan cuttings were used in the experiment due to their slow rooting process. 
Propagation material was collected from stock plants at approximately three years old. After collection, the cuttings were 
soaked in Carbomax® 500 SC fungicide solution for 15 minutes. Soon after, they were taken to the laboratory where their 
bases were soaked for 3 hours in indole-3-butyric acid (IBA) solution. The treatments consisted of the following application 
of different doses of IBA: 0; 500; 1000; 1500 and 2000 mg L-1. 
After soaking in different IBA doses, the cuttings were planted in tubes with a volume of 280 cm³ filled with commercial 
substrate Bioplant®, with 3 g of Osmocote® (6M), irrigation through automatic micro-sprinkler for 90 days. The design used 
in the experiment was randomized blocks, with four replications, and five plants per plot, totaling 100 plants. 
At the end of the experiment, analysis of chlorophyll “a” fluorescence, dry mass of the aerial part (DMAP), and root dry mass 
(RDM) in addition to the leaf, stem, and root anatomy was performed. 
 
Chlorophyll ‘a’ fluorescence 
Chlorophyll “a” fluorescence was evaluated using the Handy-PEA fluorometer (Hansatech, UK), according to the 
recommendations of Strasser et al. (2004). The leaves were dark adapted using leaf clips for 30 minutes, a period for 
complete oxidation of the photosystem. Afterward, a saturating flash of light of 3000 mol m-2 s-1 of photons was emitted 
with a duration of one second. Using the OJIP transient fluorescence, the parameters established by the JIP Test were 
calculated. The interpretation and normalization of the parameters measured and calculated from this test followed by 
Strasser and Strasser (1995). 
 
Leaf, stem, and root anatomy 
For the anatomical evaluations, the plant material was collected at the end of the experiment. Fully expanded leaves were 
collected, the stem internode fragments were collected between the second and third node of the largest branch and the 
root fragments were collected 5 cm above the cap. The materials were fixed for 48 hours in 70% FAA. After this period, they 
were stored in 70% alcohol. Cross-sections were performed in the stem, root, and midrib of the leaves. The sections were 
clarified with sodium hypochlorite and stained with safrablue. After performing the sections, semi-permanent histological 
slides were mounted with glycerin gelatin. All sections were analyzed under a bright field microscope (Euromex). The 
images were captured with the aid of a micro-camera (CMEX 5) and the biometric measurements of the tissues were 
performed using ImageFocus 4 software from which the following variables were obtained for both leaf, stem, and root: 
xylem length, number of vessels, and xylem vessel diameter. 
 
Dry biomass 
At the end of the experiment, the plants were evaluated for the dry mass of the aerial part (DMAP) and root dry mass (RDM). 
The plants were dried in a forced air-circulation oven at 72°C until constant weight. After, the dry material was weighed on 
an analytical balance, and the values were expressed in grams (g). 
 
Statistical analysis  
Data were submitted for analysis of variance using the statistical program Sisvar, version 5.6, and the means were grouped 
using the Scott Knott test at 5% probability. 
 
Conclusions  
 
The exogenous IBA application promoted improvements in photosynthesis, conduction tissue, and dry mass accumulation. 
However, these improvements are only observed in mild concentrations. The concentrations of 1500 and 2000 mg L -1 
caused damage to the photosynthetic apparatus as it affects electron transport. Thus, the use of 1000 mg L -1 of IBA is 
recommended as this concentration was beneficial for growth parameters, and anatomy and did not harm the 
photosynthetic apparatus. 
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