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Abstract
Trichanthera gigantea is a high-protein content tropical shrub with strong potential as a local source of livestock feed. 
However, the absence of proteomic information limits assessment of its protein stability and functional reliability. Robust 
proteome profiling of woody, metabolite-rich species requires optimized protein extraction strategies. Here, the study presents 
the first comparative evaluation of protein extraction workflows across T. gigantea organs (leaf, stem, and root) to establish a 
proteomics-compatible pipeline. Protein recovery using TCA/acetone, phenol-based, and a modified extraction method was 
quantitatively compared and further optimized by sonication. TCA/acetone extraction produced the highest protein yield 
in leaves (67.38 mg g⁻1), while the modified method was most effective for roots (83.92 mg g⁻1) and stems (65.58 mg g⁻1) 
after normalization to tissue input. Despite its widespread use in plant proteomics, the phenol method yielded comparatively 
low total protein per gram of tissue in T. gigantea. As leaves represent the primary organ for feed applications, optimiza-
tion focused on TCA/acetone-extracted leaf tissue. Short-duration sonication (10–20 min) significantly enhanced protein 
recovery, whereas prolonged sonication (≥ 30 min) reduced yields across all organs, consistent with protein degradation. 
The highest total protein yield was obtained after 10 min of sonication, reaching 77.14 mg/g of protein extracted from 1 g 
of leaf tissue. Using the optimized workflow, the first LC–MS/MS-based proteomics study of T. gigantea was performed, 
identifying 134 proteins predominantly associated with photosynthesis, redox homeostasis, and amino acid metabolism 
from its leaf tissue. These proteomic signatures reveal key metabolic nodes that may be targeted to enhance stress tolerance 
and protein productivity, establishing a foundational resource for future functional and applied proteomics in T. gigantea.
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1  Introduction

The continuous increase in feed ingredient prices has 
substantially raised the cost of poultry production, con-
sequently affecting the market price of chicken in Malay-
sia (Malaysia Gazette, 2021). This situation highlights 
the urgent need to identify alternative, cost-effective, and 
locally available feed sources to support small-scale and 
organically farmed poultry systems. Research into the 
functional components of plant-based products, such as its 
antioxidant capacity, is key to validating these resources 
for both feed and health applications (Mohamad et al. 
2015). Adopting an efficient feeding strategy is crucial to 
maximize livestock weight gain while minimizing reliance 
on conventional feed ingredients (Hwa et al. 2023). Addi-
tionally, in response to the rising food cost and Malaysia’s 
growing dependency on imported feed components, there 
is a pressing need to explore underutilized plant-based 
resources that can contribute to national food security 
and sustainable agricultural practices. Hence, plant-based 
proteins are increasingly recognized for their potential to 
improve average daily gain (ADG) and feed conversion 
ratio (FCR) in broiler chickens across different growth 
stages (Akter et al. 2024).

Among plants investigated is Trichanthera gigantea. T. 
gigantea (commonly known as “nacedero” or madre de 
agua) has gained attention as a potential local feed ingre-
dient due to its high protein content and favorable digest-
ibility (Heuzé et al. 2016) (refer Fig. 3e). The leaves con-
tain crude protein at 13–22% on a dry matter basis, with 
a well-balanced essential amino acid profile (Nasarudin 
et al. 2024). They also comprise approximately 2.8% crude 
fat, 4.4% crude fiber, 19.7% ash, and 37% nitrogen-free 
extract. In addition, the leaves are rich in bioactive com-
pounds, including flavonoids, phenolics, saponins, tannins, 
and antioxidant constituents. Notably, DPPH radical scav-
enging activity is enhanced under sunny growth condi-
tions, indicating improved oxidative stability and potential 
health-promoting effects when used in animal feeds (Phúc 
et al. 2022). Dietary inclusion of 10–15% T. gigantea leaf 
meal (TGLM) in broiler diets was shown to improve body 
weight gain, feed conversion ratio, and overall production 
efficiency without any observable toxic effects on organ 
weights or blood parameters (Libatique 2020). Despite 
these promising results, the biochemical and proteomic 
characterization of T. gigantea remains limited. A deeper 
understanding of its protein composition and extractability 
is essential not only for nutritional assessment but also 
for future biotechnological applications such as protein 
enrichment, feed optimization, and gene-based metabolic 
studies. These efforts are part of a growing movement 
that recognizes the potential of plant-derived compounds, 

including proteins and secondary metabolites, as critical 
starting materials for various biotechnological and health-
related interventions (Mahmoudieh et al. 2024). Protein 
extraction represents the most critical and challenging step 
in plant proteomic workflows. The efficiency and repro-
ducibility of proteomic analyses are strongly influenced 
by the extraction method used, as plants contain abundant 
proteases, polyphenols, polysaccharides, and secondary 
metabolites that interfere with protein recovery and detec-
tion (Komatsu et al. 2014). Such compounds can lead to 
protein degradation, streaking on gels, and charge hetero-
geneity, thereby complicating downstream analyses. Pre-
vious studies have emphasized that extraction efficiency 
depends on cell wall composition and metabolite profiles, 
but somehow protein extraction on T. gigantea was never 
documented (Alima & Randa 2024). Therefore, identify-
ing a suitable extraction strategy for T. gigantea, a woody 
and hairy plant with no prior proteomic report, is neces-
sary to obtain high-quality protein extracts suitable for 
nutritional and proteomic evaluation.

In this study, three widely used extraction methods which 
are phenol, trichloroacetic acid/acetone (TCA/acetone), and 
a modified buffer-based were used. These methods were 
evaluated across three different organs (leaf, stem, and 
root) of T. gigantea to determine their relative efficiency 
in protein yield and stability. Optimization was further car-
ried out through sonication-assisted extraction to maximize 
yield while preserving protein stability. Optimization and 
subsequent liquid chromatography-tandem mass spectropho-
tometry (LC–MS/MS) profiling were further conducted for 
protein analysis. Additionally, troubleshooting steps encoun-
tered during the extraction process were documented to pro-
vide practical insights for future studies involving complex 
plant matrices.

This study is the first to report on systematic evaluation of 
protein extraction methods for T. gigantea, aiming to estab-
lish an optimized workflow for proteomic and feed-related 
studies while contributing to the development of locally 
sourced, plant-based protein alternatives for sustainable 
poultry feed production.

2 � Methodology

2.1 � Sample preparation

T. gigantea plants cultivated at the Vertical Hydroponic 
Nursery of the Agro-Biotechnology Institute, Malaysia 
(ABI), under the National Institutes of Biotechnology 
Malaysia (NIBM), were utilized in this study. The origi-
nal plant source was collected from Penang, Malaysia, 
and subsequently propagated under controlled hydroponic 
conditions to achieve uniform plant development. Five 
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independent plants were used as biological replicates (n = 5), 
with each replicate consisting of tissue samples comprising 
leaves, stems, flowers, and roots. The samples from each 
replicate were then collected from its fully developed plants 
at approximately four months of growth. Following harvest, 
tissues were rapidly frozen in liquid nitrogen to preserve 
protein stability and to minimize biomolecular degradation. 
The frozen samples were then transferred to the ABI Trans-
formation Laboratory and stored at − 80 °C until further use. 
These samples were employed for extraction and proteomic 
investigation. Implementation of this standardized sampling 
and preservation procedure is essential to ensure high-qual-
ity and intact protein from T. gigantea tissues.

2.2 � Protein extraction

Three extraction methods were used to compare the extrac-
tion efficiency in three different plant organs. Following 
precipitation, protein pellets obtained from each extraction 
method were resolubilized in buffers appropriate for the 
intended downstream application to ensure compatibility 
and minimize analytical interference.

2.2.1 � Protein extraction using TCA/Acetone

Protein extraction was conducted according to the protocol 
prepared by Ucar et al., (2025) (Uçar et al. 2025). One gram 
of frozen plant organs (stem, root and leaves respectively) 
from T. gigantea (4-month-old plants) were ground in a 
pre-cooled mortar using liquid nitrogen. The resulting fine 
powder was suspended in 10% TCA/acetone at a 1:3 ratio 
and incubated overnight at −20 °C for protein precipitation. 
The mixture was then centrifuged at 10,000 × g for 30 min 
at 4 °C. The resulting pellet was washed multiple times 
with 80% acetone and centrifuged for 5 min per wash until 
the powder appeared whitish (refer Fig. 3d). Protein pel-
lets obtained after TCA/acetone precipitation were initially 
solubilized in 8 M urea for denaturation and protein resolu-
bilization. No additional buffering component was included 
at this stage. For downstream LC–MS/MS analysis, protein 
extracts were subsequently diluted into 50 mM ammonium 
bicarbonate (pH 8.0) prior to enzymatic digestion to ensure 
appropriate buffering conditions for trypsin activity.

2.2.2 � Protein extraction using modified SDS‑TCA/Acetone

The modified SDS-TCA/acetone extraction was carried out 
with a slight modification to the protocol from Niu et al., 
(2018) (Niu et al. 2018). One gram of T. gigantea from 
the plant organs (stem, root and leaves respectively) were 
homogenized in a pre-cooled mortar. An extraction buffer 
(1:3 ratio) containing 15.0 mL of 1% Sodium dodecyl sulfate 
(SDS), 0.1 M Tris-Hydrochloric acid (Tris–HCl) (pH 6.8), 

2 mM disodium ethylenediaminetetraacetic acid (EDTA-
Na₂), 20 mM dithiothreitol (DTT), and 2 mM phenylmethyl-
sulfonyl fluoride (PMSF) was added to the homogenate, 
which was then heated at 50 °C for 5 min (refer Fig. 3a). The 
homogenate was centrifuged at 15,000 × g for 5 min, and 
the resulting supernatant, containing the protein extract, was 
transferred to fresh tubes. To precipitate proteins, an equal 
volume (1:1, v/v) of 10% cold TCA/acetone was added, and 
the mixture was incubated on ice for 30 min before cen-
trifugation at 15,000 × g for 5 min. The supernatant was dis-
carded, and the protein pellet was washed with 80% acetone, 
followed by centrifugation under the same conditions. The 
washing step was repeated as needed until the pellet was 
sufficiently purified. Finally, the protein precipitates were 
air-dried for 1–3 min and dissolved in 50 mM ammonium 
bicarbonate (pH 8.0). This procedure is referred to as “modi-
fied extraction” in the remainder of the text.

2.2.3 � Protein extraction using phenol

Phenol extraction protocol was carried out based on (Isaac-
son et al. 2006). Five grams of frozen plant tissue (stem, 
root and leaves respectively) were ground into a fine pow-
der and suspended in cold phenol extraction buffer con-
taining 0.7 M sucrose, 0.1 M KCl, 0.5 M Tris–HCl (pH 
7.5), 50 mM EDTA, 1 mM PMSF (added fresh), and 2% 
β-mercaptoethanol (added fresh). An equal volume of 
Tris–HCl (pH 7.5)-saturated phenol was added, and the 
mixture was shaken at 4 °C for 30 min. Following centrifu-
gation at 5,000 × g for 30 min at 4 °C, the upper phenolic 
phase containing proteins was carefully collected. The high 
sucrose concentration increases the density of the aqueous 
phase, resulting in the phenolic phase forming the upper 
layer. To remove contaminants, the phenolic phase was re-
extracted with an equal volume of extraction buffer, followed 
by repetition centrifugation and collection.

Proteins were precipitated by adding five volumes of cold 
0.1 M ammonium acetate in methanol and incubating at 
–20 °C overnight. The precipitated proteins were pelleted by 
centrifugation (5,000 × g, 30 min, 4 °C), washed twice with 
cold methanol, followed by two washes with cold acetone, 
and briefly air-dried on ice. The final protein pellet was dis-
solved in 50 mM ammonium bicarbonate (pH 8.0). Com-
parison on extraction methods were summarized in Fig. 1.

2.3 � Optimization by sonication

To evaluate the effect of sonication on protein recovery, the 
entire protein pellet obtained from 1.0 g of fresh plant tis-
sue (as described in the TCA/acetone extraction protocol in 
Sect. 2.2.1) was resuspended in 8 M urea. The entire resus-
pended extract from each biological replicate was homog-
enized and subjected to sonication (Qsonica, Q55A system, 
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Newtown) treatment (control, 10, 20, 30, and 40 min) at 
60 Hz with 30 s intervals. This approach ensured that all 
optimization data remained normalized to the starting tis-
sue mass, allowing for the calculation of total protein yield 
per gram of tissue. To minimize heat generation and protein 
degradation, samples were maintained on ice throughout 
and intervals were incorporated between sonication cycles. 
Control samples were used for each organ (not sonicated). 
Following treatment, samples were centrifuged at 4  °C 
for 5 min, and the resulting supernatant was collected for 
protein quantification. The protein was then diluted into 
50 mM ammonium bicarbonate (pH 8.0) prior to LC–MS/
MS analysis.

2.4 � Protein assay

2.4.1 � Bradford assay

Protein quantification was done following the protocol from 
(Kruger 2009). Bovine serum albumin (BSA) standards 
(20–100 µg/µl) were prepared from a 1 mg/mL stock solu-
tion. Prior to quantification, protein samples were diluted 
fivefold (1:5, v/v) with distilled water to minimize interfer-
ence and ensure absorbance readings remained within the 
linear range of the Bradford assay. Final protein concentra-
tions were calculated by multiplying the measured values 
by the dilution factor. For protein quantification, 20 µL of 

Fig. 1   Schematic overview of extraction methods conducted on T. gigantea 
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each diluted protein sample or BSA standard was pipetted 
into a 96-well microplate in duplicate. Distilled water (140 
µL) was added to each well, followed by 40 µL of Bradford 
reagent, resulting in a final reaction volume of 200 µL per 
well. After mixing, the plate was incubated for 5 min at room 
temperature, and absorbance was measured at 595 nm. All 
experiments were conducted in triplicates. Experiment was 
conducted in the dark since the Bradford reagent is light 
sensitive.

2.5 � LC–MS/MS analysis

2.5.1 � In‑solution protein digestion

A total of 50 µg of extracted protein was resuspended in 
50 µL of 50 mM ammonium bicarbonate (Sigma-Aldrich). 
Subsequently, 50 µL of 0.1% RapiGest™ SF (Waters) was 
added, and the sample was vortex-mixed. The mixture was 
concentrated to approximately half of its initial volume using 
a speed vacuum concentrator for 20–30 min. The sample was 
then incubated at 80 °C for 15 min in a thermomixer. Reduc-
tion was performed by adding 2.5 µL of 100 mM dithiothrei-
tol (DTT; Sigma-Aldrich), followed by incubation at 60 °C 
for 30 min. For alkylation, 2.5 µL of 200 mM iodoacetamide 
(Sigma-Aldrich) was added, and the reaction was incubated 
at room temperature for 45 min in the dark (microcentri-
fuge tubes wrapped in aluminum foil). Proteolytic digestion 
was initiated by adding 2.0 µL of Trypsin/Lys-C enzyme 
(Mass Spectrometry Grade, Promega; 1.0 µg/µL), followed 
by overnight incubation at 37 °C. Digestion was terminated 
by adding 1.0 µL of concentrated trifluoroacetic acid (TFA; 
Sigma-Aldrich) and incubating at 37 °C for 20 min. The 
samples were centrifuged at 14,000 rpm for 20 min, and 
the resulting supernatant was collected and stored at − 80 °C 
until further LC–MS/MS analysis.

2.5.2 � LC–MS/MS analysis

LC–MS/MS was performed using a Dionex Ultimate 3000 
RSLC nano system (Thermo Fisher Scientific, Canada) 
coupled with a Thermo Scientific mass spectrometer utiliz-
ing Xcalibur software. The mobile phase consisted of 0.1% 
formic acid in water (solvent A) and 0.1% formic acid in 
acetonitrile (solvent B). The gradient was programmed as 
follows: 5% to 40% B over 91 min, ramped to 85% B in 
2 min, held at 85% B for 3 min, returned to 5% B in 1 min, 
and re-equilibrated at 5% B for 4 min. The flow rate was 
maintained at 250 nL/min. Peptide separation was carried 
out using an EASY-Spray Acclaim PepMap™ C18 column 
(100 Å, 2 µm particle size, 50 µm inner diameter × 15 cm 
length), maintained at 35 °C. An injection volume of 1 µL 
was used, and all samples were analyzed in technical tripli-
cates. The mass spectrometer operated in positive ion mode 

with an Orbitrap detector featuring a resolution of 120,000. 
The mass range was set from 310 to 1800 m/z, with a data-
dependent cycle time of 3 s and a maximum injection time 
set to custom conditions.

For MS analysis, a quadrupole isolation mode with an 
isolation width of 1.6 m/z was employed, using fixed colli-
sion energy settings of 28% for high-energy collision disso-
ciation (HCD) and 30% for CID. This comprehensive setup 
ensured accurate peptide identification and quantification 
throughout the analysis.

2.6 � Protein identification

Raw LC–MS/MS data were acquired using an Orbitrap 
Fusion mass spectrometer (Thermo Fisher Scientific) cou-
pled to a Dionex Ultimate 3000 RSLCnano system. Data 
analysis was performed using Proteome Discoverer™ soft-
ware (version 2.5, Thermo Fisher Scientific). Spectra were 
searched against the Arabidopsis thaliana reference pro-
teome (Taxon ID: 3702) together with a UniProt contami-
nant database. Trypsin/Lys-C was specified as the digestion 
enzyme, allowing up to two missed cleavages. Carbami-
domethylation of cysteine was set as a fixed modification, 
while oxidation (M) and protein N-terminal acetylation were 
defined as variable modifications. Mass tolerances were set 
to 10 ppm for precursor ions (MS1) and 0.6 Da for frag-
ment ions (MS2). Peptide validation was performed using 
the Percolator® algorithm, and identifications were filtered 
at a false discovery rate (FDR) of less than 5%. Only pro-
teins identified with at least two unique peptides were con-
sidered for further analysis. Label-free quantification was 
performed based on MS1 precursor ion intensities (“Abun-
dance” values) generated by Proteome Discoverer. Protein 
abundance values from biological replicates (F1–F3) were 
used for functional weighting and gene ontology classifica-
tion analyses.

The label-free proteomics data of T. gigantea, were ana-
lyzed by searching against several public protein databases, 
including the NCBI non-redundant database, UniProt, Gene 
Ontology (GO). For GO classification, identified proteins 
were assigned to functional categories using the UniProt 
database. The x-axis values in Fig. 4 represent the cumu-
lative protein abundance per category, calculated by sum-
ming MS1 precursor ion intensity (“Abundance”) values 
of all proteins assigned to each GO term across biological 
replicates.

2.7 � Statistical analysis

All experiments were performed in triplicate and the results 
were expressed as the means ± standard deviation (SD). The 
data were analyzed using two-way ANOVA with Sidak’s 
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multiple comparisons test, performed in Excel (Windows 
11) and GraphPad Prism 10.4.2 (64-bit).

3 � Result and discussion

T. gigantea has not been previously studied for proteomics, 
resulting in limited information on its protein characteristics. 
This study therefore aimed to determine the most effective 
protein extraction method for its different organs (leaf, stem, 
and root).

3.1 � Comparative evaluation of protein extraction 
methods

Three extraction methods comprising phenol, TCA/acetone, 
and modified SDS–TCA/acetone were compared to deter-
mine their relative efficiency across T. gigantea organs. 
While initial protein concentration was estimated using the 
Bradford assay (Table 2), these values are not directly com-
parable because different amounts of starting plant material 
were used for each method (1 g for TCA/acetone and modi-
fied methods, versus 5 g for the phenol method). To accu-
rately assess and compare extraction efficiency, the total pro-
tein yield was normalized to the starting tissue mass (mg/g), 
as presented in Table 3.

The results demonstrate that the optimal extraction 
method is highly dependent on the specific tissue type. In 
leaf tissue, the TCA/acetone method was clearly superior, 
providing the highest total yield of 67.38 mg/g, which sig-
nificantly outperformed the modified method (36.42 mg/g) 
and phenol extraction (10.78 mg/g). This high efficiency is 
attributed to the ability of TCA/acetone to effectively remove 
pigments, phenolic compounds, and secondary metabolites 
that are typically abundant in green tissues (Gandhi et al. 
2018).

For stem and root tissues, the modified SDS-TCA/acetone 
method proved to be the most effective. In stems, the modi-
fied method achieved the highest yield of 65.58 mg/g, com-
pared to 34.88 mg/g for TCA/acetone and a low 16.12 mg/g 
for the phenol method. The phenol method’s poor perfor-
mance in stems suggests that significant protein loss may 
occur during its extensive precipitation and washing steps 
when processing lignified tissues (Pulikkottil Rajan 2024). 
In root tissues, the modified method was the only successful 

protocol, yielding 83.92 mg/g, while both phenol and TCA/
acetone failed to recover any detectable protein. The success 
of the modified protocol in roots is likely due to its deter-
gent-based buffer, which is necessary to disrupt complex 
root matrices and overcome interference from high levels 
of polysaccharides and secondary metabolites (Danko et al. 
2022).

In terms of practicality, proteins extracted using the TCA/
acetone method were challenging to re-dissolve, indicating 
the need for further optimization, such as incorporating soni-
cation to improve solubilization. However, its simplicity and 
effectiveness in removing pigments and phenolic compounds 
made it ideal for green tissues. However, incomplete pellet 
dissolution in the rehydration buffer was observed, suggest-
ing the need for further optimization. Similar findings were 
reported where yellowish or brownish pellets indicated con-
tamination that could affect downstream resolution on SDS-
gels or LC–MS (Niu et al. 2018) (refer Fig. 3c). In contrast, 
both the phenol and modified extraction methods produced 
protein pellets that dissolved readily; however, once extrac-
tion was completed, the protein yield from these methods 
could not be further enhanced. To obtain higher yields, the 
phenol method required a larger amount of starting plant 
material, whereas the modified extraction method was most 
effective for sample quantities below 1 g (Niu et al. 2018). 
Therefore, repeated extraction cycles were necessary when 
working with smaller sample amounts to maximize protein 
recovery.

In summary, the comparison of total yields in Table 3 
confirms that TCA/acetone extraction is most effective for 
leaf tissue, whereas the modified method performs best for 
roots and stems. The performance of the phenol method in 
T. gigantea, while widely regarded as a gold standard for 

Table 2   Comparison of protein 
content in three extraction 
methods from Bradford assay

Protein contents are expressed as µg/µl of tested sample. All readings were taken in triplicates

Sample Phenol extraction Modified buffer extraction TCA/acetone extraction

Leaf 269.58 ± 0.011 182.08 ± 0.056 336.88 ± 0.007
Stem 402.92 ± 0.013 327.92 ± 0.012 174.38 ± 0.011
Root - 419.58 ± 0.037 -

Table 3   Comparison of total protein yield from three extraction 
methods

Protein yields are expressed as mg/g fresh weight. Highlighted repre-
sent the highest value for the plant organ

Sample Phenol extraction Modified buffer 
extraction

TCA/
acetone 
extraction

Leaf 10.78 36.42 67.38
Stem 16.12 65.58 34.88
Root - 83.92 -
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proteomics in recalcitrant plant tissues (Kopeć et al. 2024), 
was hindered by its low total protein yield per gram of tissue, 
despite high concentrations of protein extracts. This distinc-
tion is important, as it underscores that the phenol method’s 
apparent effectiveness is partly due to the use of larger start-
ing material and smaller final extract volumes. Given that 
leaves are the primary organ of interest for livestock feed 
applications, and the clear efficiency of TCA/acetone in leaf 
protein recovery, TCA/acetone was selected for further opti-
mization in this study.

3.2 � Optimization of TCA/acetone extraction 
by sonication

Since the TCA/acetone method produced the highest protein 
yield in leaves, and leaves are the primary organ of inter-
est for livestock feed applications, further optimization was 
focused on this tissue (Santamaría-Fernández & Lübeck 
2020). Leaves are preferred in animal feed as they can be 
harvested easily with minimal inputs, contributing to sus-
tainable and circular farming systems (Santamaría-Fernán-
dez & Lübeck 2020). Utilizing leaf material also promotes 
the use of agricultural byproducts and underused biomass, 
contributing to more sustainable and circular farming sys-
tems (Patil et al. 2021). To provide a comparable assessment 
of extraction efficiency across different durations, the results 
in Table 4 are expressed as total protein yield per gram of 
tissue (mg/g).

Sonication was employed to enhance cell disruption and 
improve the release of proteins, particularly those that were 
initially challenging to re-dissolve following TCA/acetone 
precipitation. Referring to the Table 4, there is significant 
difference in protein yield between the treated T. gigantea 
protein sample with the control (without sonication).

Statistical analysis revealed that the optimal soni-
cation duration for all T. gigantea organs is 10 min. In 
leaf tissue, 10 min of sonication produced a peak yield 
of 77.14 mg/g, which was significantly higher than the 
non-sonicated control of 14.64 mg/g (p < 0.0001). This 
represents a five-fold increase in recovery, confirming that 

mechanical assistance is vital to overcome the solubility 
challenges of the TCA/acetone method. However, extend-
ing sonication beyond 20 min led to a significant decline 
in leaf protein yield (p < 0.0005), likely due to localized 
heating and subsequent protein degradation.

A similar optimization trend was observed in the stem 
and root tissues. In stems, 10 min of sonication achieved 
the highest yield of 64.64 mg/g (p = 0.0048 compared 
to control), while roots showed a dramatic improvement 
from a baseline of 3.81 mg/g to a maximum of 63.81 mg/g 
(p < 0.001). In both cases, durations of 30 min or longer 
caused yields to return toward baseline levels, with the 
40-min stem treatment yielding only 1.31 mg/g. These 
findings highlight that while short-duration sonication 
(10–20 min) is necessary to disrupt the complex woody 
and metabolite-rich matrix of T. gigantea, excessive expo-
sure is counterproductive (Chittapalo & Noomhorm 2009).

Based on Fig. 2, Šídák’s multiple comparisons test 
revealed a consistent, time-dependent response across all 
tissue types, where shorter durations (10 and 20 min) pro-
duced the most significant effects relative to the control. 
Specifically, in leaf tissue, the 10-min (P < 0.0001) and 
20-min (P = 0.0005) treatments were significantly different 
from the control, while longer durations (30 and 40 min) 
showed no significant variation (P > 0.05). This pattern 
was mirrored in both stem and root tissues, with the 
10-min treatment yielding the highest level of significance 
(P = 0.0048 and P < 0.0001, respectively). Notably, in all 
tissues, the 30 and 40-min treatments were statistically 
indistinguishable from the control, suggesting a potential 
"rebound" effect or stabilization where the impact of soni-
cation diminishes at longer intervals. Collectively, these 
results indicate that sonication enhances protein extraction 
at short durations (10–20 min), but extended sonication 
(≥ 30 min) reduces yield across all organs, consistent with 
possible protein degradation at prolonged exposure (Hus-
sain et al. 2023; Jambrak et al. 2008). Consequently, these 
findings indicate that a sonication time of 10 to 20 min is 
optimal for achieving significant results across leaf, stem, 
and root tissues.

3.3 � Troubleshooting and practical considerations 
during protein extraction

Several challenges were encountered throughout the 
extraction process, primarily related to tissue grinding, 
pellet washing, and protein solubilization. Table 5 sum-
marizes the troubleshooting steps implemented to over-
come these issues. Proper grinding, cold handling, and 
efficient washing were found to be critical for obtaining 
clean, whitish protein pellets, preventing degradation, and 
ensuring reproducibility.

Table 4   Total protein yield of leaf, stem, and root extracts after soni-
cation at different time intervals

Footnotes: Protein extracts from leaves, stems, and roots were sub-
jected to sonication at 200 Hz for varying durations (control, 10, 20, 
30, and 40 min) with 30−s intervals on ice. Optical density (OD) was 
measured at 595 nm, and protein yield was calculated. Values repre-
sent protein yield mg/g from the obtained extract

Tissue Control 10 min 20 min 30 min 40 min

Leaves 14.64 77.14 64.64 26.31 30.48
Stem 26.31 64.64 57.98 12.14 1.31
Root 3.81 63.81 56.31 25.48 11.13
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3.4 � Validation of optimized protein extract via LC–
MS/MS

To evaluate the compatibility of the optimized TCA/acetone 
extraction method with downstream high-throughput prot-
eomic workflows, the optimized TCA/acetone leaf extract 
sonicated at 10 min was analyzed by LC–MS/MS. A total 
of 134 proteins were successfully identified by searching 
against the Arabidopsis thaliana database. Given that T. 
gigantea is a non-model organism without a sequenced 
reference genome, the identification count was expectedly 
constrained by the reliance on cross-species homology. The 
identified proteins represent a baseline profile of the most 

abundant components within the T. gigantea leaf proteome. 
Functional analysis, mirroring that of the upstream method-
ology, confirmed that the protein mass is overwhelmingly 
distributed across three main Gene Ontology (GO) catego-
ries characterized into Molecular Function (MF) (dominated 
by metal ion and ATP binding), Cellular Component (CC) 
(primarily focused on chloroplast and thylakoid structures), 
and Biological Process (BP) (showing high abundance in 
responses to abiotic stress response) (refer Fig. 4). The 
quantitative proteomic analysis, weighted by cumulative 
MS1 precursor ion intensities, revealed the most significant 
functional commitments of the organism's proteome are cen-
tered on energy transduction, ion homeostasis, and stress 

Fig. 2   Comparison of the effect of sonication treatment on protein 
yield in different tissue organ. Different letters above the bars indicate 
statistically significant differences between treatments within each 

organ (p < 0.05, Šídák’s multiple comparisons test). Bars sharing the 
same letter are not significantly different. Error bars represent mean ± 
standard deviation
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response. The most abundant molecular functions identified 
were metal ion binding (approx. 12.67 million) and ATP 
binding (approx. 7.53 million). Proteins driving these func-
tions likely include abundant Photosystem subunits (requir-
ing metal cofactors for electron transport) and high concen-
trations of ATP synthases, kinases, and ATP-dependent Heat 
Shock Proteins (HSPs) necessary for energy production and 
protein quality control (Ravet & Pilon 2013).

The successful identification of these core proteins, 
which are often difficult to extract in metabolite-rich 
tropical species, confirms that the optimized protocol 
effectively removes interfering polyphenols and polysac-
charides. While this identification set represents the high-
abundance "housekeeping" proteome, its successful recov-
ery demonstrates that the extraction pipeline is robust and 
provides a suitable foundation for future, more in-depth 

Table 5   Troubleshoot conducted during experiment

Step Common Issue Observed Effect Recommended Action

Sample preparation Tissue not fully ground (residual 
unbroken material)

Low protein yield; incomplete 
extraction

Grind thoroughly into a fine, talcum-
like powder before extraction 
(Malik & Bradford 2005)

Sample resuspension Incomplete mixing with extraction 
buffer

Reduced protein recovery Resuspend by repeated pipetting or 
mixing with a sterile spatula

Precipitation (TCA/acetone) Insufficient washing of pellet Contaminants remain (pellet appears 
yellow/brown) (refer Fig. 3b)

Wash repeatedly with cold 80% 
acetone until pellet is white

Inadequate solvent volume (sample-
to-buffer ratio too low)

Inefficient precipitation; pellet 
remains discolored

Maintain at least 1:3 ratio of sample 
to solvent

Pellet handling Pellet overdried Difficult to dissolve in buffer Air-dry for only 1–3 min to remove 
excess acetone; invert tube for 
faster drying (Hao et al. 2015)

Phenol extraction Low amount of starting material 
(< 5 g tissue)

Very low protein yield Use at least 5 g tissue as starting 
material for phenol extraction 
(Nasir et al. 2018)

Quantification Highly concentrated sample or 
buffer interference

Unstable absorbance; inaccurate 
Bradford readings

Dilute samples fivefold and/or add 
small volume of 0.1 N HCl before 
assay (Faurobert et al. 2007)

Fig. 3   Pellet formed dur-
ing extraction. a Mixture of 
powdered T. gigantea with 
extraction buffer for all extrac-
tion methods. b Protein pellet 
formed after first washing step 
in all extraction types c Brown-
ish/yellowish protein pellet that 
will interfere downstream pro-
cess d Final protein pellet after 
washing (e) T. gigantea plant
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proteomic studies as specific genomic resources for T. 
gigantea become available. Based on Table 6, the top most 
abundant 20 proteins with the most abundance identified 
in T. gigantea were listed. Detail protein list is supplied 
in the Supplementary. Proteins were only reported if they 
were identified by at least two peptides.

From a poultry nutrition standpoint, the quality of protein 
is primarily assessed based on the composition of essential 
amino acids, especially lysine and methionine, which are fre-
quently limiting in plant-based diets. Research indicates that 
T. gigantea has significant amounts of leucine (8.7 g/16 g N), 
valine (6.1 g/16 g N), and isoleucine (4.9 g/16 g N), along 

Fig. 4   Total cumulative MS1 
intensity per GO term in T. 
gigantea proteins identified 
using LC–MS/MS. Bar chart 
describes the distribution of 
proteins in T. gigantea to three 
GO categories: Biological Pro-
cess (BP), Molecular Function 
(MF) and Cellular Component 
(CC)
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with moderate levels of lysine (4.0 g/16 g N). However, 
sulfur-containing amino acids like methionine (2.0 g/16 g 
N) are present in lower quantities (Rosales 1997). The cur-
rent proteomic analysis highlights a prevalence of soluble, 
photosynthesis-related proteins such as RuBisCO, which are 
generally regarded as digestible plant proteins. Although 
this study did not directly evaluate digestibility or amino 
acid bioavailability, the available evidence suggests that T. 
gigantea protein could play an important role in poultry feed 
formulations when properly combined with complementary 
protein sources.

4 � Conclusion

In this study, three extraction types were compared, all 
were preliminary chosen based on previous reports on their 
potential in woody plants. Despite being the gold standard 
in protein plant extraction, phenol extract gave the lowest 
yield on T. gigantea while TCA/acetone and modified SDS-
TCA/Acetone respectively gave promising yield of protein. 
Surprisingly, modified extraction able to give outstanding 
protein yield in root which TCA/acetone unable to extract. 
Optimization was carried out on TCA/acetone extract using 
sonication at different interval. The sonication treatment able 
to enhance protein extraction at short durations (10–20 min), 
but extended sonication (≥ 30 min) reduces yield across all 
organs. Hence, it can be concluded that optimized method 
with TCA/acetone + 10–20 min sonication was necessary to 
overcome the low solubility/incomplete pellet dissolution, 
thus making it the final workflow choice for obtaining high 
protein yield in leaf. Meanwhile, technical validation via 
LC–MS/MS confirmed that the optimized protocol effec-
tively removes interfering secondary metabolites, yielding 
MS-grade protein suitable for high-throughput proteomics. 
Although the reliance on cross-species homology limited 
the identification count to 134 high-abundance proteins, the 
successful recovery of core metabolic and stress-response 
proteins which are dominated by metal ion and ATP binding 
functions demonstrates the robustness of the pipeline. This 
study provides the first proteomic overview of T. gigantea 
and hence, highlight the species’ adaptive strategy for thriv-
ing in tropical conditions and identify key metabolic nodes 
for future improvement of stress tolerance and protein pro-
ductivity for livestock nutrition.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s44447-​026-​00168-2.
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