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Summary
Here, we present a modified TGA method for estimation of lignin content in herbaceous plant biomass. This method estimates the lignin content by forming specific thioether bonds with lignin and presents an advantage over the Klason method, as it requires a relatively small sample for lignin content estimation. 

Abstract
Lignin is a natural polymer that is the second most abundant polymer on Earth after cellulose. Lignin is mainly deposited in plant secondary cell walls and is an aromatic heteropolymer primarily composed of three monolignols with significant industrial importance. Lignin plays an important role in plant growth and development, as protection from biotic and abiotic stresses, and in the quality of animal fodder, the wood, and industrial lignin products. Accurate estimation of lignin content is essential for both fundamental understanding of the lignin biosynthesis and for industrial applications of biomass. The thioglycolic acid (TGA) method is a highly reliable method of estimating the total lignin content in the plant biomass. This method estimates the lignin content by forming thioethers with the benzyl alcohol groups of lignin, which are soluble in alkaline conditions and insoluble in acidic conditions. The total lignin content is estimated using a standard curve generated from commercial bamboo lignin. 

Introduction
Lignin is one of the vital load-bearing components of plant cell walls and the second most abundant polymer on Earth1. Chemically, lignin is a crosslinked heteropolymer made up of high molecular weight complex phenolic compounds that form a natural renewable source for aromatic polymers and synthesis of biomaterials2,3. This natural polymer plays significant roles in plant growth, development and survival, mechanical support, cell wall rigidity, water transport, mineral transport, lodging resistance, tissue and organ development, deposition of energy, and protection from biotic and abiotic stresses4-7. Lignin is primarily composed of three different monolignols: coniferyl, sinapyl and p-coumaryl alcohols that are derived from the phenyl propanoid pathway8,9. The amount of lignin and the composition of monomers vary based on the plant species, the tissue/organ type, and the different stages of plant development10. Lignin is broadly classified into softwood, hardwood, and grass lignin based on the source and monolignol composition. Softwood is primarily composed of 95% coniferyl alcohol with 4% p-coumaryl and 1% sinapyl alcohols. Hardwood has coniferyl and sinapyl alcohols in equal proportions, while grass lignin is composed of various proportions of coniferyl, sinapyl and p-coumaryl alcohols11,12. The composition of monomers is critical as it determines the lignin strength, decomposition, and degradation of the cell wall as well as determining molecular structure, branching, and crosslinking with other polysaccharides13,14.

Lignin research is gaining importance in foraging, textile industries, and paper industries and for bioethanol, biofuel, and bio-products due to its low cost and high abundance15,16. Various chemical methods (e.g., acetyl bromide, acid detergents, Klason, and permanganate oxidation) along with instrumental methods (e.g., near infrared (NIR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, and ultraviolet (UV) spectrophotometry) were used for lignin quantification9,17. The analysis methods of lignin are generally classified based on electromagnetic radiation, gravimetry, and solubility. The principle behind lignin estimation based on electromagnetic radiation is a chemical property of lignin by which it absorbs light at specific wavelengths. These results were estimated based on the principle that lignin has a stronger UV absorbance than carbohydrates. In 1962, Bolker and Somerville used potassium chloride pellets to estimate lignin content in wood18. However, this method has drawbacks in the estimation of lignin content from herbaceous samples due to the presence of non-lignin phenolic compounds and the absence of an appropriate extinction coefficient. In 1970, Fergus and Goring found that the guaiacyl and syringyl compound absorption maxima were at 280 nm and 270 nm, which corrected the extinction coefficient issue of the Bolker and Somerville method19. Later, infrared spectroscopy, a highly sensitive technique for characterizing phenolics, was also used for lignin estimation with a small amount of plant biomass samples. This was used was diffuse-reflectance Fourier transform spectrophotometry. This method, however, lacks a proper standard similar to the UV method20. Later, the lignin content was estimated by NIRS (near infrared spectroscopy) and NMR (nuclear magnetic resonance spectroscopy). Though, there are disadvantages in these methods, they do not alter the chemical structure of lignin, retaining its purity20. 

The gravimetric Klason method is a direct and the most reliable analytical method for lignin estimation of woody stems. The basis for gravimetric lignin estimation is the hydrolysis/solubilization of non-lignin compounds and the collection of insoluble lignin for gravimetry21. In this method, the carbohydrates are removed by hydrolysis of the biomass with concentrated H2SO4 to extract lignin residue20,22. The lignin content estimated by this method is known as acid insoluble lignin or Klason lignin. Application of the Klason method depends on the plant species, the tissue type and the cell wall type. The presence of variable amounts of non-lignin components such as tannins, polysaccharides and proteins, results in proportional differences in the estimation of acid insoluble/soluble lignin contents. Hence, the Klason method is only recommended for lignin estimation of high-lignin content biomass such as woody stems17,23. Solubility methods such as acetyl bromide (AcBr), acid-insoluble lignin, and thioglycolic acid (TGA) are most commonly used methods for estimation of the lignin content from various plant biomass sources. Kim et al. established two methods for lignin extraction by solubilization. The first method extracts lignin as an insoluble residue by solubilizing cellulose and hemicellulose, while the second method separates lignin in the soluble fraction, leaving cellulose and hemicellulose as the insoluble residue24. 

Similar methods employed in lignin estimation based on the solubility are thioglycolic acid (TGA) and acetyl bromide (AcBr) methods25. Both TGA and acetyl bromide methods estimate the lignin content by measuring the absorbance of the solubilized lignin at 280 nm; however, the AcBr method degrades xylans during the process of lignin solubilization and shows a false increase in the lignin content26. The thioglycolate (TGA) method is the more reliable method, as it depends on specific bonding with the thioether groups of benzyl alcohol groups of lignin with TGA. The TGA bound lignin is precipitated under acidic conditions using HCl, and the lignin content is estimated using its absorbance at 280 nm27. The TGA method has additional advantages of less structural modifications, a soluble form of lignin estimation, less interference from non-lignin components, and precise estimation of lignin due to specific bonding with TGA. 

This TGA method is modified based on the kind of plant biomass sample used for lignin content estimation. Here, we modified and adapted the rapid TGA method of rice straws27 to cotton tissues to estimate the lignin content. Briefly, the dried powdered plant samples were subjected to protein solubilization buffer and methanol extraction to remove proteins and the alcohol soluble fraction. The alcohol insoluble residue was treated with TGA and precipitated lignin under acidic conditions. A lignin standard curve was generated using commercial bamboo lignin and a regression line (y = mx+c) was calculated. The x value uses average absorbance values of lignin at 280 nm, while m and c values were entered from the regression line to calculate unknown lignin concentration in cotton plant biomass samples. This method is divided into five phases: 1) preparation of plant samples; 2) washing the samples with water and methanol; 3) treatment of the pellet with TGA and acid to precipitate lignin; 4) precipitation of lignin; and 5) the standard curve preparation and lignin content estimation of the sample. The first two phases are primarily focused on the plant material preparation followed by water, PSB (protein solubilization buffer) and methanol extractions to obtain the alcohol insoluble material. Then, it was treated with TGA (thioglycolic acid) and HCl to form a complex with lignin in the third phase. At the end, HCl was used to precipitate lignin, which was dissolved in sodium hydroxide to measure its absorbance at 280 nm28.

PROTOCOL:

1. Preparation of plant samples

1.1 Collect two-month-old cotton plants from the greenhouse (Figure 1A).

1.2 Flip plant pots gently to separate soil and roots with intact lateral roots by loosening the soil around the plant (Figure 1B). 

1.3 Wash the collected plants thoroughly in trays filled with water to remove all the dirt (for root samples) (Figure 1C).

1.4 Use paper towels to dry separated root, stem, and leaf tissues, and label them (Figure 1D). Air dry for 2 days at room temperature to prevent any fungal contamination (Figure 1E).

1.5 Transfer sample tissues to labelled containers/aluminum foils and incubate in a temperature-controlled incubator at 49 °C for 7 to 10 days (Figure 1F). 

NOTE: Higher temperatures may alter the lignin structure. Alternatively, a freeze dryer can be used to dry samples for 1 to 2 days without causing any chemical changes to the plant biomass.

1.6 Use a blade to cut the incubator dried tissue into 5 mm size pieces or alternatively employ a biomass grinder to grind the plant tissues (Figure 1G, Figure 1H). 

NOTE: The biomass grinder/blade must be cleaned after each sample was cut/ground.

1.7 Transfer the cut tissue/biomass grounded plant material into grinding vials and grind into fine powder of 1 mm size using a freezer mill or cryogenic grinder with liquid N2.

1.8 Grind samples for three cycles at the rate of 10 CPS (each cycle span of 2 min) into a uniform powder (Figure 1I, 1J, 1K).

NOTE: The experiment can be paused at this point and samples can be stored at room temperature in airtight containers for long-term storage.

2. Washing samples with water, PSB, and methanol 

2.1 Measure and record the weight of all empty 2 mL microfuge tubes used for lignin content estimation in the lab notebook.

2.2 Transfer 20 mg of the ground sample powder to the pre-weighed tube. Weigh the tube with tissue and tissue powder and record these weights in the lab notebook.

2.3 Incubate all 2 mL microfuge tubes (with open lids) with 20 mg of tissue powder in a heat block or oven at 60 °C for 1 hour.

2.4 After incubation, cool samples for 10 min at room temperature (RT).

2.5 Add 1.8 mL of water to each microfuge tube and mix by vortexing. Then, centrifuge at 25,200 x g (15,000 rpm) for 10 min at RT and discard the supernatant (Figure 2).

2.6 Add 1.8 mL of Protein Solubilization buffer (PSB) (Table 1) to each retained pellet and mix by vortexing. Centrifuge at 25,200 x g (15,000 rpm) for 10 min at RT and discard the supernatant.

2.7 Repeat step 2.6 again for each sample.

2.8 Add 1.8 mL of water to each pellet, mix by vortexing, and centrifuge at 25,200 x g (15,000 rpm) for 10 min. After centrifugation, save the pellet and discard the supernatant.

2.9 To the retained pellet, add 1.8 mL of methanol and incubate in a 60 °C heat block for 20 min. Then, centrifuge at 25,200 x g (15,000 rpm) for 10 min at RT. After centrifugation, discard the supernatant and retain the pellet (Figure 2).

2.10 Repeat step 2.9 again for each sample.

2.11 Air dry the pellet at RT or proceed immediately by vacuum drying. Vacuum dry using vacuum drier at 30 °C for 2 to 3 hours or until the pellet is completely dry.

NOTE: The experiment can be paused at this point by air drying over-night or continue by vacuum drying.

2.12 After drying, weigh sample tubes with the dried pellet and record the weight next to the respective empty tube weight in the lab notebook. Estimate the pellet weight by subtracting the two values. These weights will be used for lignin estimation at the end of lignin extraction process. 

2.13 At this point of lignin extraction, include the commercial bamboo lignin for generation of the lignin standard curve. Measure commercial bamboo lignin into separate tubes ranging from 0.5 mg to 5 mg in 0.5 mg increments (0.5 mg, 1 mg, 1.5 mg, 2 mg, 3 mg, 3.5 mg, 4 mg, 4.5 mg, and 5.0 mg). Measure each concentration three times for three technical replicates.

NOTE: From here on, the standards measured in the above step were processed in the same way as samples that were dried.

3. Treatment of pellet with TGA and acid to precipitate lignin

3.1  Subject processed samples from the above step, along with measured standards, to TGA (thioglycolic acid) treatment.

3.2 Add 1 mL of 3 N HCl (Table 1) and 100 µL of TGA to each pellet.

3.3 Vortex and incubate in an 80 °C preheated heat block for 3 hours in a fume hood (Figure 2). 

NOTE: The heating step at 80 °C must be monitored. High pressure buildup may open the lids and can lead to chemical spills. Screw cap tubes are recommended but 2 mL tubes can be loosely capped during this step as an alternative to prevent such spills. 

3.4 After incubation, cool tubes at RT for 10-15 min and centrifuge at 25,200 x g (15,000 rpm) for 10 min at RT.

NOTE: Waste generated from acid and organic solvents must be separated and stored in glass containers with ventilated caps. Use separate glass containers for the collection of acid and TGA waste. 

3.5 After centrifugation, discard the supernatant and retain the pellet. Add 1 mL of water, mix by vortexing, and centrifuge at 25,200 x g (15,000 rpm) for 10 min at RT.

3.6 After centrifugation, discard the supernatant and mix the pellet in 1 N NaOH for 24 h at 37 °C shaker/thermal mixer at low speed (Figure 2). 

NOTE: This incubation time can be reduced to 1 hour7.

3.7 After incubation, centrifuge the 2 mL microfuge tubes at 25,200 x g (15,000 rpm) for 10 min at RT. Retain the supernatant for the following step. 

NOTE: The procedure involves use of strong acids and other chemicals that are corrosive in nature. Hence, wearing proper PPE is recommended throughout the process of lignin estimation. TGA has a strong unpleasant smell and is corrosive in nature. Hence, it is recommended to use only in the hood. 

4. Precipitation of lignin

4.1 Transfer the supernatant to a fresh 2 mL microfuge tube and add 200 µL of concentrated HCl. Incubate at 4 °C for 4 hours or overnight (Figure 2).

NOTE: The extraction process can be paused at this point by extending the refrigeration step to overnight. 

4.2 Centrifuge at 25,200 x g (15,000 rpm) for 10 min at RT and dissolve the pellet in 1 mL of 1 N NaOH.

4.3 Incubate in the shaker at RT for 10 min to suspend the pellet completely in NaOH.

4.4 Finally, measure the absorbance of samples at 280 nm using a spectrophotometer and compare with the standard lignin curve.

4.5 Measure the unknown concentration of lignin by using the calibration curve regression line values, and absorbances of extracted samples at 280 nm. 

5. Standard curve preparation and lignin estimation in the sample

5.1 Process lignin standards in the same way as experimental samples from TGA treatment. 

5.2  Measure commercial bamboo lignin standards in 0.5 mg increments starting from 0.5 mg, 1 mg, 1.5 mg, 2 mg, 2.5 mg, 3.0 mg, 3.5 mg, 4.0 mg, 4.5 mg and 5 mg. Then, process by TGA, HCl, dissolve in 1 N NaOH followed by measuring absorbance at 280 nm (Figure 3A). 

5.3 Use values of lignin concentration and absorbance readings to generate a scattered plot of standard lignin curve (Figure 3B). 

5.4 Use the regression line, y = mx+c generated in the scattered plot, for the estimation of unknown lignin content of prepared samples using “x” values from average absorbances of extracted samples at 280 nm and “m” and “c” values from lignin standard curve regression line. 

5.5 Divide the lignin content in the resultant y value by total weight of the vacuum/air dried plant biomass sample after methanol extraction in mg (approximately 15 mg) to obtain lignin concentration per mg. Then, multiply this value by 100 to calculate lignin percentage per mg.

REPRESENTATIVE RESULTS 
Two different cotton experimental lines were compared for differences in their lignin contents in different tissues. The extracted lignin content of each sample was measured at 280 nm and recorded its respective absorbance values. The average absorbance values of each biological replicate were compared against the regression line of the lignin standard curve (Table 2, Figure 3C). The regression line, y = mx + c, is used to calculate the unknown lignin content of the extracted experimental lines, sample 1 and sample 2. The results of average OD values were substituted in “x” while “m” and “c” values were plugged from the regression line of lignin standard curve to obtain lignin concentration “y” in mg (Table 3, Figure 3B). In the next step, to calculate per 1 mg of lignin content, divide the “y” value by the weight of the sample (15 mg) after methanol extraction. In the following step, to calculate per gram (= 1,000 mg) the y/15 value was multiplied by 1,000. To get % of lignin we divide y/15 value by 1,000 and multiply by 100. The average of lignin % for three biological replicates (of each line, sample 1 and sample 2) was compared between the two experimental lines sample 1 (11.7%) and sample 2 (10.3%). The lignin values were consistent among biological replicates suggesting that the TGA method is a reliable method and highly specific to measure the lignin content. Comparison studies were also made between different tissue types (root, stem and leaves) of two experimental lines of cotton, and both lines showed relatively lower lignin content in leaves (3.4%) compared to stems (9.4% to 9.9%) and roots (9.4% to 9.2%) (Table 4, Figure 4). 

Figure 1: Preparation of plant biomass sample
(A) Collected cotton plant material from green house. (B) Gently flipped pots to separate roots. (C) Thoroughly washed in water to remove all the dirt. (D) Separated root, stem and leaf tissues. (E) Air-dried tissue for 2 days after separating the tissue. (F) Air dried tissue is transferred to the incubator at 49 °C for 10 days. (G) Biomass grinder was used to grind plant biomass samples. (H) Ground plant biomass samples of root, stem and leaf. (I) Ground samples are loaded into the grinding vials, placed in the freezer mill chamber, grounded in the freezer mill at a rate of 10 CPS for 3 cycles. (J) Grinded vials showing finely ground tissue powder after grinding in the freezer mill. (K) Resultant of finely ground tissue powder of root, stem and leaf after using freezer mill for grinding.

Figure 2: Critical steps involved in TGA mediated lignin extraction
Flow chart of critical steps involved in lignin extraction from plant biomass to lignin content estimation using TGA method: 1. Preparation of plant samples by sufficient drying and grinding into fine powder using freezer mill; 2. 20 mg of tissue powder was subjected to PSB, methanol and water washes and dried; 3. Using TGA and acid, lignin was precipitated; 4. Preparation of lignin standard curve using commercial bamboo lignin; 5. Estimation of lignin content.
 
Figure 3: Standard curve preparation and lignin estimation in the sample
(A) Table showing different concentrations of commercial bamboo lignin used for generating lignin standard curve from absorbance readings at 280 nm. (B) Scattered plot generated with Excel program using the values from table A. (C) Bar graphs representing the estimated root tissue lignin contents of sample 1 and sample 2.

Table 1: Preparation of solutions used in the protocol.
Table showing the preparation of different solutions used in the protocol.

Table 2: Lignin standard curve prepared from 0.5 mg to 3.5 mg of industrial bamboo lignin. Scattered graph with regression line showing m and c values.

Table 3: Lignin template used for calculation of unknown lignin content using absorbance readings of samples at 280 nm (as x) and standard curve regression line ‘m’ and ‘c’ values from the standard curve.

Table 4: Lignin content from different tissues (root, stem and leaves) of cotton plant at post flowering stage.

DISCUSSION
Lignin plays a significant role in plant growth and development and recently has been extensively studied for biofuel, bioenergy and bioproduct applications. Lignin is rich in aromatic compounds that are stored in all vascular plant secondary cell walls. It has several industrial applications such as wood panel products, bio dispersants, flocculants, polyurethane foams and in resins of circuit boards29,30 31. Most of the lignin generated from paper and pulp industries is released as waste or burned for heat production. Thus, if efficiently processed, lignin can be utilized as an alternative to both fossil fuel based products32,33 and bioelectricity production34. Hence, precise estimation of lignin content and composition are critical for industrial applications as the composition varies based on the plant species as well as plant organ type. The major limitation for lignin estimation is the difference arising from the method selected for the estimation of lignin content35. The estimation differences among different methods are primarily due to the contamination with other non-lignin components, variation in the solubility, addition of new groups to lignin, xylan degradation/contamination, native structural changes and loss of some lignin fraction during the elimination of other components. Further, the majority of lignin protocols are originally developed based on wood chemistry27. Hence, there is a critical need for establishing lignin protocols for herbaceous samples as more crop/plant species are targeted for biofuels and bio products. The TGA method estimates pure lignin content based on specific bonding with TGA. Therefore, the lignin estimation by TGA yields lower lignin content when compared to Klason and acetyl bromide methods35,36. This is because of the specific bonding of lignin with TGA as well as loss of some lignin content during lignin precipitation (insoluble part). 

The lignin content estimated using TGA method is reproducible and consistent. The results obtained in this study were consistent among the biological replicates and showed a significant difference between two lines, suggesting the reliability of TGA method for lignin estimation. For data reproducibility and precise estimation of lignin content, it is important to follow the steps and take following precautions. Inclusion of positive controls in different concentrations, ranging from 0.5 mg to 5 mg in three replicates, and processing them along with samples from the TGA step will avoid experimental errors and results in precise estimation of the lignin content. The standard curve must be generated for each set of samples and regression line statistic R2 must fall in the range of 97% to 99%. Th exact weight of the empty tube and dried methanol extracted tissue is critical for exact lignin content estimation. Additionally, various factors such as specific stage of plants, growing conditions, genotypes, type of tissue and the age of the plant will affect the lignin content30,37,38. Hence, it is important to grow all the experimental lines in the same environment and harvest the same type of tissues at the same time. Results of the current study showed an expected trend of lower lignin content in the leaves, higher lignin content in stems and roots, and demonstrated the applicability of this method to various plant tissues. Further, less variation among biological replicates suggested that TGA can estimate reproducible lignin content in all plant tissues. 
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