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Endogenous levels of some molecules, such as polyamines (PAs) and auxin, can be associated with the control of shoot 
-

iodobenzoic acid (TIBA) on the development of 

development and the endogenous content of PAs were investigated. The BA  Put combined with TIBA treatment pro-
moted an inhibition of shoot growth from cotyledonary nodal segments, decreasing endogenous total free PA levels and 
increasing IAA-free content compared to shoots treated with BA  Put without TIBA. A comparative proteomic analysis 
of BA  Put  TIBA-treated shoots showed reduced accumulation of proteins mainly related to cytoskeleton organiza-
tion, carbon metabolism, and photosynthesis and increased accumulation of proteins related to the degradation of valine, 

reduced by Put  TIBA treatment, showing that auxin inhibitors and not Put are responsible for the decrease in rooting. 
These results show that the combination of BA  Put with the auxin transport inhibitor TIBA interferes with endogenous 
PA metabolism and alters protein abundance, thereby altering shoot development. Moreover, Put is not related to rooting 
induction in .

of .
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 Vellozo (Meliaceae), popularly known as 
“cedro rosa”, is a native woody species from the Brazilian 
Atlantic Forest and has been explored for decades for tim-
ber extraction. Due to intense exploitation over the years, 
this species is currently included on the list of threatened 
species and is placed in the vulnerable category (Barstow 
2018).  has economic and ecological importance, 
and alternative propagations by in vitro culture can improve 
the conservation of this species. Studies on in vitro propa-

shoot development (Nunes et al. 2002; Aragão et al. 2016, 
2017, dos Reis de Oliveira et al. 2022) and ex vitro rooting 
(Ribeiro et al. 2022).

The propagation of forest trees in vitro can provide a 
large number of plantlets in a short time throughout the year 
(Shahzad et al. 2017). During in vitro propagation, shoot 
induction and root development are two important steps. 
Shoot growth is an important characteristic that determines 
morphology, thus highlighting the astonishing regenera-
tive potential of plant somatic cells (Ikeuchi et al. 2016). 
Improvements to in vitro plant development are essential 
for optimizing shoot development and understanding basic 
physiological processes (Aragão et al. 2017). However, 
plant regeneration can follow various pathways, with shoot 
regeneration being a prerequisite for plant biotechnologies 
(Zeng et al. 2019). In this sense, plant growth regulators 
(PGRs) play critical roles in regulating shoot development, 
with exogenous and/or endogenous signaling important to 
promote in vitro morphogenesis.

Auxin is a PGR that regulates the lateral branching of 
plant shoots and is transported basipetally from the primary 
shoot apex, suppressing axillary bud outgrowth (Hayward 
et al. 2009). This PGR is involved in diverse aspects of plant 
growth and development, including elongation, growth, 

inhibition (Hobbie and Estelle 1994). In addition to great 
advances in the characterization of auxin transport and the 
roles of these PGRs in tissue pattern formation (Verna et al. 
2019; Koike et al. 2020), some aspects of cross-talk between 
auxin and polyamine (PA) pathways in in vitro shoot devel-
opment and root induction remain unclear. Thus, knowledge 
about the physiological and molecular mechanisms of auxin 
and PA interactions will increase the possibilities for con-
trolling plant growth and development.

Studies with auxin inhibitors are important for under-
standing the functions of these substances in plant growth 
and development (Ma et al. 2018

in the inhibition of the polar transport of auxins, regulat-
ing the binding to the plasma membrane of PIN-FORMED 

2001). 
Thus, the use of TIBA in in vitro studies can be an important 

shoot development in 
TIBA on the shoot growth of this species remains unknown 
to date. On the other hand, previous studies have shown that 
TIBA inhibits the ex vitro rooting of micropropagated shoot 
cuttings in  (Ribeiro et al. 2022). Furthermore, the 
involvement of auxin and PA metabolism in in vitro shoot 
development and rooting is not well understood.

PAs are ubiquitous molecules present in all organisms 
and have been considered a new type of plant signal-
ing involved in various physiological processes in plants, 
including organogenesis, embryogenesis, rooting, stress 
response and in vitro morphogenesis (Santa-Catarina et 
al. 2006; Martínez Pastur et al. 2007; Chen et al. 2018; 
Pessanha et al. 2022). Putrescine (Put), spermidine (Spd) 
and spermine (Spm) are the most common PAs in plants 
(Todorova et al. 2014). Due to the cationic nature of PAs, 
they can interact with negatively charged macromolecules 
(Kuznetsov and Shevyakova 2007), helping to stabilize pro-
teins, nucleic acids, and the plasma membrane (Spormann 
et al. 2021), including transcription factors, protein kinases 
and phospholipases (Miller-Fleming et al. ), as well 
as ion transport proteins (Pottosin and Shabala 2014). Spe-

, investigations reported an increased 
content of endogenous PAs, especially Put, by the addition 
of 6-benzyladenine (BA) to the culture medium, promoting 
shoot development (Aragão et al. 2016). It has also been 
shown that exogenous Put promotes in vitro shoot elonga-
tion in  (Aragão et al. 2017), whereas Put synthe-
sis is inhibited by D-arg, resulting in reduced shoot growth 
(Aragão et al. 2023).

Moreover, synergistic or antagonistic interactions 
between plant hormones, such as auxin, and PAs have been 
described. Studies have shown that an increase in Put con-
tents may regulate some genes related to IAA biosynthesis, 
auxin-related transcription factors and other genes related to 
signal transduction during abiotic stress in transgenic plants 
of  (Marco et al. 2011). In addition, 
it was shown that Put modulated the expression of PIN1 
and PIN2 auxin transporters in  (Hashem et al. 
2021). However, Spm is related to the regulation of auxin 
and cytokinin signaling genes in  (Anwar et al. 

). Thus, the use of an auxin inhibitor, such as TIBA, 
can be an interesting tool for investigating the relationship 
between auxin and PA metabolism. Although studies show 
the involvement of PAs in shoot development and rooting 
(Tang and Newton ; Aragão et al. 2017), little is known 
about how PAs modulate these morphological processes and 
whether they interact with auxin metabolism in .
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Proteomic approaches are interesting for characterizing a 
complete set of proteins present in a cell, organ or organism 
at a given time (Eldakak et al. 2013). It is an important tool 
used in studies during in vitro morphogenesis responses, 
such as shoot development (Aragão et al. 2017; Lerin et al. 
2019) and rooting of shoots (Lerin et al. 2021; Ribeiro et 
al. 2022) in tree species. These studies have allowed us to 
better understand the physiological events during in vitro 

 
showed that exogenous Put induces proteomic changes in 
the abundance of proteins related to the response to stimuli 
associated with oxidative and abiotic stress, energy and cell 
division and increases shoot length (Aragão et al. 2017). In 
this context, comparative proteomics plays a crucial role in 
identifying potential markers of candidate proteins associ-
ated with morphogenetic competence, thereby enhancing 
our understanding of the in vitro development of shoots.

BA, Put and TIBA on shoot development in  and 
on the endogenous contents of PAs and IAA and the pro-

and TIBA on ex vitro root development and on endogenous 
contents of PAs in this species.

Mature  seeds obtained in the Sementes Caiçara 

et al. (2016), and 60-day-old seedlings were used as the 
explant source of cotyledonary and apical nodal segments 
for the experiments.

Cotyledonary and apical nodal segments (  2 cm) were 
isolated from 60-day-old seedlings and inoculated in MS 
(Murashige and Skoog 1962 -
totechnology Lab, Lenexa, KS, USA) supplemented with 
20 g L  1 sucrose (Vetec, Rio de Janeiro, Brazil), 2 g L  1 

-

consisted of six treatments: control (absence of BA, Put and 

BA -

(8 cm in height 
Brazil). The explants were incubated in a growth room at 

 2 s  1) every 
30 days. Each treatment was composed of eight replicates, 

explants. For all treatments, the shoot length (cm), induc-
tion (%) and number of shoots per explant were evaluated 
after 30 days of culture. Three biological samples of shoots 
derived from cotyledonary nodal segments were collected 
after a 30-day incubation for endogenous PA, IAA and 
proteomic analysis. All biological samples were stored at 
-80 °C until analysis.

containing the apical meristem and four main leaves were 
-
-

treatment, the shoot cuttings were transferred to plastic cups 

São Paulo, Brazil) and vermiculite (N.S. Barbosa Indústria 
e Comércio LTDA, Rio de Janeiro, Brazil) (1:1; v/v), main-
tained in plastic trays (39.4  31.9 

-
pam, São Paulo, Brazil) to maintain high relative humidity, 

 2 °C under a photoperiod 
-2 s-1 provided by 

LED lamps (Koninklijke Philips Electronics NV, Amster-
dam, Netherlands). After seven days, to simultaneously 
achieve the rooting of shoots and acclimatization, the PVC 

10 days of incubation, according to Ribeiro et al. (2022). 

shoot cuttings per replicate, for a total of forty shoot cuttings 
per treatment. After 13 days, the percentage of rooted shoot 
cuttings and the number and length (cm) of roots per shoot 
cutting were evaluated.
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For endogenous IAA analysis, three biological samples 

after 30 days of culture from cotyledonary nodal segments 
collected from control (absence PGRs), treatment with high-
est shoot length and from treatment with TIBA that induced 

-80 °C until performing the analyses.
-

formed according to Álvarez-Flórez et al. (2017) and Silveira 
et al. (2004
and IAA was extracted with chilled extraction solution con-

(20:80, v/v) with 1% glacial acetic acid. IAA[3 H] was 
added as an internal standard. Then, the samples were vor-

at 4 °C. The supernatants containing IAA were collected, 

solution and centrifuged again. Then, the supernatants were 

-

by high-performance liquid chromatography (HPLC) using 
-

madzu, Kyoto, Japan). The gradient was developed by a 
mixture of increasing proportions of absolute methanol with 

acetic acid. The absolute methanol gradient was set to 10% 

of 1 mL.min  1 at 40 °C. The IAA concentration was deter-

peak was collected and analyzed by a Tri-Carb Liquid Scin-
tillation counter (Packard Instrument Co., Meriden, USA) 
to estimate the losses. The IAA retention areas and times 
were evaluated by comparison with known concentrations 
of this hormone.

(300 mg FM each sample) of whole shoots from cotyledon-
ary nodal segments were collected from the treatment with 
the highest shoot length and from the treatment with TIBA 

extracts were prepared in biological triplicates. Proteins 

metabolism, the contents of endogenous PAs in shoots 

rooting in  according to results previously shown 
by Ribeiro et al. (2022), were evaluated. In vitro shoot cut-

used to evaluate the interaction of auxin and Put on ex vitro 
rooting. The bases of the shoot cuttings were immersed in 

for 90 min. Then, the shoot cuttings were transferred to sub-
strate and incubated under the same conditions previously 
described by Ribeiro et al. (2022). Three biological samples 

treatments described before (day 0) and after 3, 6, and 10 
days during rooting were collected and stored at  80 °C 
until free PA analysis.

For PA analysis, three biological samples (200 mg fresh 
matter - FM- from each sample) of whole shoots after 30 
days of culture from cotyledonary nodal segments of all 
treatments and the base of the shoot cuttings during rooting 
in all treatments were collected and stored at -20 °C until 
free PA assessment. The free PAs were determined accord-
ing to Aragão et al. (2016). The samples were ground in 1.3 

incubated at 4 °C for 1 h, and then centrifuged for 20 min at 
20,000 g at 4 °C. Free PAs were obtained from the super-
natant, derivatized with dansyl chloride (Merck) and iden-

column (Shimadzu Shin-pack CLC ODS). The HPLC col-
umn gradient was created by adding increasing volumes of 
absolute acetonitrile (Merck) to a 10% aqueous acetonitrile 

(Merck). The absolute acetonitrile concentration was main-

between 10 and 13 min, and maintained at 100% between 

rate of 1 mL min  1 and 40 °C. The PA concentration was 
-

times of the samples were measured through comparisons 
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at 7% B until the end of the experiment at 120 min. Mass 
spectrometry was performed in positive and resolution 

ion mobility separation (IMS), and in data-independent 
acquisition mode (HDMSE). The ion mobility wave was set 
to a velocity of 600 m s  1

180 and 90 mL min  1, respectively. The transfer collision 

-
tively; and the source temperature was 70 °C. Regarding 

Da. Human [Glu1  1 was 
used as an external calibrant, and lock mass acquisition was 
performed every 30 s. Mass spectra were acquired by Mass-
Lynx v4.0 software.

Spectral processing and database search conditions were 
performed using ProteinLynx Global Server (PLGS; soft-

-
ages; minimum fragment ions per peptide equal to three; 
minimum fragment ions per protein equal to seven; mini-

-
dation (M) and phosphoryl (STY); default false discovery 
rate (FDR) of 1%, automatic peptide and fragment tolerance. 

against the nonredundant  databank (Oliveira 
et al. 2020). The mass spectrometry proteomics data have 
been deposited in the ProteomeXchange Consortium via the 
PRIDE (Perez-Riverol et al. 2022) partner repository with 

analyses were performed using ISOQuant software v.1.7 
(Distler et al. 2014 -
eters: peptide and protein FDR 1%, sequence length of at 
least 6 amino acid residues, and minimum peptide score 
equal to six. Samples were normalized by a multidimen-
sional normalization process, which corrects peak intensi-
ties based on the intensity and retention time domains. The 

on the TOP3 method. Based on the relative abundances of 
uniquely assigned peptides, the abundances of shared pep-
tides were redistributed to the respective source proteins, 

2014). 
To ensure the quality of the results after data processing, 
only proteins present or absent (for unique proteins) in all 

-
tion analysis using Student’s t test (two-tailed; P 

were extracted using the trichloroacetic acid (TCA)/acetone 
method according to Damerval et al. (1986 -
cations. Shoots were frozen in liquid nitrogen and ground 

resulting powder was resuspended in 1 mL of chilled solu-

kept at  20 °C for 1 h before centrifugation at 16,000 g 
for 30 min at 4 °C. The resulting pellets were washed three 
times with cold acetone plus 20 mM DTT and centrifuged 

(GE Healthcare), 2% Triton X-100 (GE Healthcare), 1% 

Aldrich), and complete protease inhibitor cocktail (Roche 
Diagnostics, Mannheim, Germany), vortexed for 30 min at 
8 °C, and centrifuged for 20 min at 16,000  g. The super-
natants were collected, and the protein concentrations were 
determined using a 2-D Quant Kit (GE Healthcare).

Before the trypsin digestion step, protein samples were 
precipitated using the methanol/chloroform methodology 
to remove any interferents from the samples (Nanjo et al. 
2012). After protein precipitation, samples were resus-
pended in a solution of 7 M urea/2 M thiourea for proper 

(FASP) methodology (Reis et al. 2021). Next, the peptides 

-

methodology using a NanoDrop 2000c spectrophotometer 

analysis.
A nanoAcquity ultraperformance liquid chromatograph 

(UPLC) connected to a Synapt G2-Si HDMS mass spec-
-

matography-tandem mass spectrometry analysis. Runs 

samples. During separation, samples were loaded onto the 
-

 1 for 3 min and then 

 1, with a 

gradient was used, with mobile phase A consisting of water 

mobile phase B consisting of acetonitrile and 0.1% formic 
acid. The gradient elution started at 7% B, ramped from 7 
to 40% B until 91.12 min, ramped again from 40 to 99.9% 
B until 92.72 min, remained at 99.9% until 106.00 min, 
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 1) was 

-
 Put 

 1, respectively) (Fig. 3a). In addi-
tion, a lower content of this PA was observed in the con-

3a). 

mM Put 
3b), while the other treatments 

3b). For Spm, sig-

-
3c). 

Additionally, the highest endogenous total free PA levels 
 1) were observed in the treatment containing 

4a). The combination of 10 

decreased the endogenous total free PA levels (90.20 and 
 1, respectively) (Fig. 4a). Shoots from the con-

-
nous total free PAs (Fig. 4a) and PA ratios [Put/(Spd  Spm)] 
(Fig. 4b).

levels were evaluated in shoots from cotyledonary nodal 
segments of  after 30 days of culture (Fig. ). The 

g  1  20 

-
 1, respectively) 

(Fig. ).

-

Put  Put  TIBA) compared to shoots 
 Put) (Supplementary 

Table S1). Among them, 121 were DAPs, while 486 were 
unchanged. Of the DAPs, 44 were down-accumulated and 

up-accumulated if the Log2 value of their fold change (FC) 
was greater than 0.6 and if the Log2 value of their FC was 
lower than  0.6 according to Student’s t test. Functional 
annotations were performed using OmicsBox (Götz et al. 
2008) and UniProtKB (http://www.uniprot.org). The pre-
dicted interaction networks of DAPs were constructed using 

-
dence  0.7. The network of KEGG pathway enrichment by 
STRING for DAPs resulted in the enrichment of biological 
processes.

The data were analyzed by analysis of variance (ANOVA) 
(P 
Foundation for Statistical Computing, version 3.4.4, 2018, 
Vienna, Austria) (Core 2018).

The highest inhibition of shoot growth was observed in 

while the highest shoot length (1.4 cm) was obtained in the 
1a). The use of 

-

(1.4 cm) (Fig. 1a). In addition, for shoot induction (Fig. 1b) 
and the number of shoots per explant (Fig. 1

Put (Fig. 1d), while for shoot induction, higher inhibition 
was observed in treatments containing only TIBA at 10 and 

1e). For the number of shoots per explant, there 

(Fig. 1f).
Figure 2 shows the morphological aspects of shoots 

obtained from cotyledonary and apical nodal segments cul-

mM Put 
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in shoots under the use of BA  Put  TIBA (Supplemen-
tary Table S1). On the other hand, some proteins were up-
accumulated, such as membrane steroid-binding protein 1 

shoots without TIBA, while the mitochondrial carnitine/

unique in shoots treated without TIBA (BA  Put) (Supple-
mentary Table 1).

The network of KEGG pathway enrichment by STRING 
for DAPs resulted in the enrichment of biological pro-
cesses (Fig. 7 -

compared to those without TIBA treatment. In addition, one 

unique protein, mitochondrial carnitine/acylcarnitine car-

in shoots grown without TIBA (BA  Put) (Fig. 6).
-

tially regulated in the comparison of BA  Put  TIBA with 
BA  Put due to their direct relationship with shoot growth 
and development in . Among the down-accumu-

 Length (a) induction (b) and number (c) of shoot cuttings from 
apical and cotyledonary nodal segments of  after 30 days 

statistically according to Tukey’s test (P -

 8; 
CV of a  16.62%, CV of b  9.92%, d  22.99%, CV 
of e  17.98%)
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-
tion (Fig. 8a), number (Fig. 8b) or length (Fig. 8c) of roots, 

roots (Fig. 8c) compared to control (1.06 cm).

in shoots under the use of BA  Put  TIBA. This protein 
showed an interaction with several down-regulated proteins 
related to carbon metabolism biological processes, such as 

-
-

silis.014972.1) and with proteins related to photosynthesis, 
such as chlorophyll a-b binding protein 13 chloroplastic 

7). On 
the other hand, in the biological process of valine, leucine 
and isoleucine degradation, proteins were up-regulated 
such as 2-oxoisovalerate dehydrogenase subunit beta 1, 

-
-

treated with TIBA (Fig. 7).
Additionally, through the KEGG pathway enrichment 

network (Fig. 7
of proteins associated with the degradation pathways of 
valine, leucine, and isoleucine in shoots treated with TIBA, 
including the 2-oxoisovalerate dehydrogenase subunit beta 

-

proteins.

 1 FM) of free Put (a), Spd (b), and 
Spm (c) in the shoots from cotyledonary nodal segments of Cedrela 

P 
 3; CV for Put 

CV for Spd  11.38%; CV for Spm  13.90%)

 

 Morphological aspects of shoots obtained from apical (c, d) and 
cotyledonary nodal (a, b) segments of  after 30 days 

a, c
BA  1 cm
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increase in the length of the roots (Fig. 8
Put and its combination auxin transport inhibitor TIBA on 
rooting were evaluated using shoot cuttings from cotyledon-

cuttings (Fig. 9a) and the number (0.17) of roots per shoot 
cutting (Fig. 9
combined with TIBA, while the length of roots (1.28 cm) 

9c).

in rooting in  cuttings (Ribeiro et al. 2022), the 
endogenous contents of the free PAs Put, Spd and Spm were 
analyzed in shoot cuttings from cotyledonary nodal seg-

with TIBA (Fig. 10). Among the analyzed PAs, the endog-
enous free Put contents increased on the 3rd day of root-

-1, respectively). On the 6th day of 
rooting, the shoot cuttings treated with Put  TIBA showed 

-1), while on the 10th day of 

 shoots at 

 

 1 FM) of shoots from cotyledonary nodal 

BA 
days of in vitro culture. Means followed by the same letter do not dif-
fer statistically according to Tukey’s test (P 
variation. (n  3, CV 

 

 1 FM) of total free PAs (a) and PA 
ratio (b) in shoots from cotyledonary nodal segments of -

-
P -

 3; CV for total free 
PAs  10.99%; CV for PA ratio  13.62%)
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-1, respectively), while on the 6th day, the Put and 
control treatments increased the endogenous contents of 

-1, respectively) (Fig. 10c).

-1) was observed in 
the TIBA treatment (Fig. 10a).

A higher content of free Spd was observed in shoot cut-
tings treated with Put  TIBA on the 3rd and 6th days of 

-1, respectively), while on 
the 10th day, the highest Spd content was observed in the 

-1) (Fig. 10b). On the other 
hand, the Put treatment increased the endogenous contents 

 Percentage of rooted shoot cuttings (a), number (b) and length 
(c
treatments of  at 13 days of rooting. Means followed 

(P  8; CV of a  9.64%, CV 
of b  16.11%, CV of c  12.93%)

 

a) and down-
accumulated proteins (b) in  at 30 days of treatment 

BA -
ways, nodes colored in green indicate carbon metabolism, nodes col-

ored in blue indicate photosynthesis, nodes colored in red indicate 
proteins related to photosynthesis – antenna proteins, and nodes col-
ored in pink indicate proteins related to valine, leucine and isoleucine 
degradation
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The addition of the auxin transport inhibitor TIBA 
(BA  Put 

nodal segments compared to that without TIBA (BA  Put). 
-

in shoots treated with auxin inhibitor (BA  Put  TIBA) 
compared without TIBA could be relevant for shoot growth. 

-
berg et al. 1968). Mechulam et al. (2009) demonstrated that 
PAs are potent agents for inducing tubulin self-attraction, 
which is relevant to the regulation of the microtubule net-
work. Additionally, actin is involved in several crucial 

Our results showed a reduction in shoot growth from coty-
ledonary and apical nodal segments using TIBA, an inhibi-
tor of auxin transport. This inhibitor acts by altering the 
cytokinin/auxin ratio, i.e., it can cause an increase in IAA 
contents, which in turn inhibits the proliferation of axil-
lary shoots (Rubery 1987). It is likely that TIBA interferes 
with organized cell division by competing with endogenous 
auxin (Dhaliwal et al. 2004). Our study showed that auxin 

in shoots from apical and cotyledonary nodal segments, 
with lower endogenous free Put contents. Put stimulates 
cell division, promoting the transition through the G1/S and 

2014), and 

cellular divisions necessary for higher shoot growth in C. 
 (Aragão et al. 2016, 2017). In this sense, the auxin 

which may be related to the crosstalk between the cytokinin/
auxin ratio and PA contents in the shoots of .

 1 MF) of putrescine (a), spermi-
dine (b) and spermine (c) in  shoot cuttings before (time 

to Tukey’s test (P -

each day of rooting. CV  fresh matter; 
Put  putrescine; Spd  spermidine; Spm  spermine. (n  3, CV of 
a  21%, CV of b  14.9%, CV of c  27.3%)

 

 Percentage of rooted shoot cuttings (a), number (b) length (c) 
of roots per shoot cuttings and (d) rooted shoot cuttings in the absence 

e  TIBA (f) treatments 
of  at 13 days of rooting. Means followed by the same 

P 
CV  8; CV of a  12.6%, CV of b 
CV of c  1 cm
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shoots treated with TIBA (BA  Put  TIBA) may exhibit 
smaller elongation due to alterations in the photorespiratory 
cycle caused by the reduced accumulation of these proteins. 
Furthermore, alterations in physiological processes related 
to photosynthesis can contribute to an imbalance between 
light energy absorption, the Calvin cycle, and carbohydrate 
metabolism.

The down-accumulation of chlorophyll a-b binding 
-
-

disturbances in these processes. These proteins are part of 
the antenna complex and play a crucial role in absorbing 
light and transferring excitation energy to the central pho-
tosystem II (PSII) complexes, which drive photosynthetic 
electron transport (Jansson 1999). Moreover, in our work, a 
unique protein in shoots under the use of BA  Put  TIBA, 

activity of peroxidases can be related to changes in pho-
tosynthesis (MacFarlane and Burchett 2001), which has 
consequences on plant growth. Consequently, the observed 
decrease in the shoot length of  may be associated 
with changes in processes related to photosynthesis.

In our analyses, we observed a higher accumulation of 

shoots treated with TIBA compared to untreated shoots. Hu 
et al. (2016
protein TSJT1 can function as a negative regulator of cas-
tor internode development. Similarly, in -

negative regulator of cell elongation (Yang et al. ). As a 
result, the heightened abundance of these proteins in shoots 
under TIBA treatment may be a contributing factor to the 
shorter length of shoots observed in .

of proteins associated with the degradation pathways of 
valine, leucine, and isoleucine in shoots of  treated 

acid degradation, including the valine and leucine pathways, 
in maintaining amino acid homeostasis (Araújo et al. 2010; 
Peng et al. ; Gipson et al. 2017). Although Zhao et al. 
(2021) have shown the critical role of this pathway in cole-
optile elongation in , in , a shorter shoot 
length was observed. Thus, the protein-related degradation 

-
ment in .

the mitochondrial carnitine/acylcarnitine carrier-like protein 

cellular processes in plants, including determination of the 

al. 2013). In our analysis, the reduced levels of endogenous 
free Put and total free PAs, along with the decreased abun-
dance of tubulin and actin proteins in shoots treated with 
TIBA, may be associated with impaired shoot elongation. 
This could be a consequence of a diminished G1/S tran-
sition within the cell cycle, resulting in reduced cell divi-
sions and hindered shoot growth. The relationship between 
increased Put contents and elevated tubulin abundance was 
found to be associated with enhanced in vitro shoot elonga-
tion in  under various light spectra pro-
vided by LED lamps (Lerin et al. 2019). Consistent with 
this study, our results demonstrate that the application of 
an auxin transport inhibitor combined with BA and Put 
(BA  Put  TIBA) resulted in decreased Put content and 
reduced tubulin accumulation, ultimately hindering shoot 
growth in .

resulted in a reduction in the abundance of 14-3-3 protein 4 

interact with target proteins, thereby regulating enzymatic 

(Camoni et al. 2018). It plays a vital role as a regulatory 
protein during plant growth and development (Zhang et al. 
2010; Guo et al. 2022). Moreover, it has been observed to 
modulate carbon and nitrogen metabolism enzymes (Huber 
et al. 2002 -

interactions between the 14-3-3 protein and other proteins 
related to metabolic pathways, carbon metabolism, and pho-
tosynthesis biological processes (Fig. 7). A reduced accu-

for  shoot growth, but further studies are required 

Carbon and nitrogen are crucial elements that act as 
limiting factors for plant growth. The 3-phosphoglycer-

the key enzymes involved in carbon metabolism and cata-
lyzes the oxidation of 3-phosphoglycerate derived from 
glycolysis and the Calvin cycle in autotrophic, heterotro-
phic, and photosynthetic cells (Ros et al. 2013). Another 

for the reduction of hydroxypyruvate into glycerate within 
the photorespiratory core cycle (Timm et al. 2008). Addi-

-
silis.014972.1) protein plays a vital role in maintaining 
optimal photorespiration rates by reducing NAD  to NADH 
through the oxidation of malate, which is supplied from the 
cytoplasm to oxaloacetate (Cousins et al. 2008). Our results 
revealed an accumulation of these proteins, indicating that 
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anion transporter aluminum-activated malate transporters 
(ALMT1) (Ramesh et al. ), causing hyperpolarization 
in  roots (Shabala et al. 2014). In addition, 
data show that GABA negatively regulates the development 
of adventitious roots in  (Xie et al. 2019). In -

, endogenous GABA content contributed to the 
decrease in primary root growth (Deleu et al. 2013). In this 
sense, a higher content of Put can inhibit rooting by increas-
ing GABA from its catabolism, and further studies can be 
developed during AR induction in  to show this 
interaction. Interestingly, in maize mesocotyl epidermal tis-
sues, it has been shown that the auxin inhibitors TIBA and 
naphthylphthalamic acid (NPA) increased the expression of 
PA oxidase (PAO), an enzyme of PA catabolism, after treat-
ment with light and were reverted by exogenously supplied 
auxin, showing that both light and auxin adjust PAO expres-

2003). More-

antagonistic actions of hormonal signaling, with auxin and 
reactive oxygen species accumulation (Hashem et al. 2021). 
Our data show an association between the Put content in C. 

 in the presence of auxin inhibitor treatment during 
shoot rooting and the metabolism of certain amino acids, 
such as GABA. This association is observed due to altera-
tions in PA content, particularly Put. Alterations in PA levels 

-
teristics. However, the exact pathways and mechanisms 
remain to be elucidated.

Further studies are needed to determine the role of the 
intracellular formation of amino acids, such as GABA, in 
response to changes in PA content during rooting in -

. By exploring these aspects, we can enhance our under-
standing of the intricate relationship between PAs, amino 
acids, and rooting mechanisms in this species.

between the inhibition of shoot growth by auxin transport 
inhibitors and a decrease in endogenous total free PA levels, 
coupled with an increase in free IAA content. The TIBA-

of proteins, particularly those associated with shoot growth 
inhibition. The reduction in shoot length was directly linked 
to decreased accumulation of proteins related to cytoskel-
eton organization, carbon metabolism, and photosynthesis. 
Additionally, an increase in the accumulation of proteins 
related to the degradation of valine, leucine and isoleucine 
in shoots treated with auxin inhibitor was found to cor-
relate directly with the inhibition of shoot growth in this 

facilitating the uptake of the acetyl group generated during 

et al. 2004
the cycle generates one molecule of acetyl-CoA, which is 
subsequently converted by the glyoxylate cycle into succi-
nate, which can enter the tricarboxylic acid (TCA) cycle, 
glyoxylate cycle, and other biosynthetic pathways (Har-
wood and Moore 1989). The presence of this protein sug-
gests that the proper functioning of these pathways supports 
the energy demands and growth requirements necessary for 
optimal shoot development in  in the absence of 
auxin transport.

The rooting of shoot cuttings is a crucial step in the micro-
propagation process, as it is fundamental to produce plant-
lets. In , the rooting of shoots can be achieved even 
without the application of exogenous auxin, such as indole-
3-butyric acid (IBA), as endogenous levels of auxin are suf-

2022 -
ing, and studies suggest a possible interaction between these 
molecules and auxin (Tonon et al. 2001). Therefore, we ana-

-

endogenous content of PAs in these treatments. The percent-
age of rooted shoots and number of roots per shoot cuttings 

with auxin inhibitor (Put  TIBA) treatments, while only the 

without TIBA. This increased length of roots by exogenous 

with greater cell division and expansion (Tang and Newton 
), which is consequently associated with longer roots 

in the study species but not with root induction and number.
The endogenous free Put contents increased in the shoot 

rooting, while on the 10th day of rooting, this result was 
observed in the TIBA. According to our endogenous PA 
contents, we suggest that the increase in endogenous Put 

not the cause of root inhibition, as Put is not related to the 
inhibition of rooting in . Alterations in PA metabo-
lism can impact amino acid levels in living cells (Majumdar 
et al. 2016). Homeostasis of PAs, which adjusts the lev-
els of Put, Spd and Spm, is regulated by reprogramming 
the anabolic and catabolic pathways of the metabolism of 

(GABA), which in plants is produced via decarboxylation of 
glutamate or by a two-step catabolism of Put. According to 
Shelp et al. (2012), an increase in diamine oxidase expres-
sion can lead to an increase in GABA production. GABA 
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