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Abstract 11 

Background: Succinic acid is a crucial platform chemical for production of various industrially 12 

significant compounds. For a sustainable and eco-friendly process, succinic acid synthesis has 13 

been shifted towards the fermentative route using renewable biomass substrates. Pineapple 14 

consumption and processing generate an immense amount of waste from its non-edible peel 15 

portion. As a carbon source, pineapple peel can be valorized for succinic acid bioproduction. 16 

Results: The hydrothermal pretreatment (121°C, 15 min) of pineapple peel waste resulted in the 17 

highest sugar release of 35.22 g/L (18 g/L glucose and 17 g/L fructose). The subsequent 18 

fermentation of pineapple peel hydrolysate was performed by a natural succinic acid producer, 19 

Actinobacillus succinogenes TISTR 1994. When the non-detoxified hydrolysate was used as a 20 

sole carbon source, 6.21 g/L of succinic acid was produced from 26.16 g/L of sugars. Additional 21 

supplementation of 9 g/L mixed nitrogen source enhanced the formation of succinic acid to 9.96 22 

g/L from roughly the same amount of sugar. The current production conditions using mainly 23 
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hydrolysate-based medium gave the succinic acid yield of 0.39 g/g sugar suggesting feasibilities 24 

for further improvement.              25 

Conclusion: Bio-based succinic acid production was attempted for the first time using the solid 26 

pineapple waste as a main starting material. Results demonstrated a proof of concept that the 27 

abundant pineapple peel waste can serve as a renewable substrate for a low-cost, value-added 28 

bioconversion to succinic acid. Optimization of nutritional composition in hydrolysate is 29 

necessary to enhance the yield of succinic acid in future studies. 30 

Keywords: Succinic acid, Fermentation, Actinobacillus succinogenes, Pineapple peel waste 31 

 32 

Background 33 

 Succinic acid (C4H6O4) has gained the spotlight over the past decades as a versatile 34 

molecule for various industrial applications. In food and beverage industry, succinic acid is used 35 

as a flavoring agent, an acidity regulator, and an antimicrobial agent. It also plays a role in 36 

pharmaceutical industry in the production of amino acids, vitamins and antibiotics (Saxena et al. 37 

2017). More importantly, the structure of succinic acid serves as a building block for synthesis of 38 

commercially valuable chemicals. Via hydrogenation reactions, succinic acid can be converted to 39 

γ-butyrolactone (GBL), 1,4-butanediol (BDO) and tetrahydrofuran (THF) (Kang et al. 2015). 40 

GBL and THF are widely used as solvents and cleaners for many industrial purposes. BDO has 41 

uses in the manufacture of spandex fibers and polyurethanes. More recently, the exploitation of 42 

BDO and succinic acid for the production of biodegradable polymer, polybutylene succinate 43 

(PBS), has received increasing attention as the eco-friendly plastic alternative. Being the 44 

compound of unlimited business potentials, succinic acid was ranked in the top twelve platform 45 

chemicals by the U.S. Department of Energy in 2004 (Werpy and Petersen 2004). 46 



Pineapple (Ananas comosus L. Merr.) has long been one of the most profitable crops in 47 

many countries in the tropical zone. It is either consumed fresh or processed as canned 48 

pineapple, pineapple jam, pineapple juice, etc. In whichever form pineapple may be eaten, only 49 

the yellow flesh portion is utilized accounting for 40% of the total fruit (Sukruansuwan and 50 

Napathorn 2018). This creates about 60% of the waste from the unused peel and core portion per 51 

one fruit. Considering the global pineapple production projected to reach 31 million tonnes by 52 

2028, the greater proportion of waste to deal with can be expected in the coming years (FAO 53 

2020). Traditionally, pineapple waste is taken care of by municipality and sent to incineration. 54 

Rural people make use of the waste by turning it into compost for gardening. Moreover, the 55 

waste is applied as animal feed, and otherwise dumped in landfills, where bacterial 56 

decomposition takes place and emits methane, a potent greenhouse gas (Namsree et al. 2012).        57 

The microbial biotransformation of pineapple waste into value-added products has 58 

emerged as the superior option to dispose of the waste. First, it generates more income for 59 

pineapple processors from converting their production residues into beneficial products. Second, 60 

the biosynthetic process in a controlled setting is usually more innocuous with less hazardous 61 

byproduct released into the environment. The composition of pineapple wastes includes 17.2% 62 

(w/v) α-cellulose, 12.3% (w/v) hemicellulose, and 1.8% (w/v) lignin for the core section, and 63 

22.9% (w/v) α-cellulose, 13.9% (w/v) hemicellulose, and 5.1% (w/v) lignin for the peel section 64 

(Sukruansuwan and Napathorn 2018). These lignocellulosic components are subjected to 65 

physical, biological, chemical or enzymatic pretreatment to obtain fermentable carbohydrates. 66 

Glucose, xylose, fructose, arabinose and galactose are major sugars found in pineapple peel 67 

hydrolysate in diverse quantities depending on hydrolysis conditions. They are crucial carbon 68 

sources for microbial growth and product formation in the fermentation process. Previous 69 



researches have demonstrated the feasibility of pineapple waste as a starting material for the 70 

biosynthesis of industrially significant chemicals, such as citric acid, lactic acid, ethanol, lipid, 71 

biohydrogen and polyhydroxybutyrate (Imandi et al. 2008; Abdullah and Sodarto 2007; 72 

Soontornchaiboon et al. 2016; Tinoi and Rakariyatham 2016; Cahyari et al. 2018; Sukruansuwan 73 

and Napathorn 2018).  74 

In regard to succinic acid, it is conventionally synthesized through chemical reactions 75 

from petroleum-derived maleic anhydride as a starting material. This petrochemical approach is 76 

not sustainable in the long run due to the gradual scarcity of petroleum as well as the high-cost 77 

and pollution-generating procedures (Liu et al. 2008). Accordingly, the manufacture of succinic 78 

acid has been geared towards the biological route using microbial cell factories. The advantages 79 

of fermentative production of succinic acid comprise utilization of renewable resources and 80 

reduction of the air pollutant through carbon dioxide fixation pathway (Willke and Vorlop 2014). 81 

The biotechnological production of succinic acid has been explored extensively using various 82 

biomass and agro-residues as precursors (e.g., sake lees, cane molasses, corn stover, corncob, 83 

bagasse, cassava root) (Yang et al. 2019). However, only few attempts have been made using 84 

pineapple waste as the substrate for succinic acid production. Jusoh et al. (2014) acquired liquid 85 

pineapple waste from the canned pineapple factory and used the waste as a substrate for succinic 86 

acid fermentation. The sugar composition of the liquid waste consisted of 40.23 g/L sucrose, 87 

26.33 g/L glucose and 40.27 g/L fructose. Under aerobic condition, 6.26 g/L of succinic acid was 88 

produced by Escherichia coli AFP 184 from the liquid pineapple waste. Another study by Ferone 89 

et al. (2019) was also conducted on the liquid waste from pineapple juice processing plant. 90 

Pineapple juice containing roughly 34 g/L glucose, 12 g/L fructose and 10 g/L sucrose was used 91 

as carbon sources for succinic acid fermentation. After 400 h of anaerobic fermentation, 38 g/L 92 



of succinic acid was produced by Actinobacillus succinogenes DSM 22257. From a different 93 

starting material, Dessie et al. (2018) investigated the possibility of solid fruit and vegetable 94 

wastes as substrates for succinic acid bioproduction. Biological hydrolysis of mixed fruit and 95 

vegetable wastes (e.g., pineapple, banana, orange, onion, potato) was performed by Aspergillus 96 

niger and Rhizopus oryzae to release fermentable sugars. The biotransformation of the mixed 97 

solid waste hydrolysate (12 g/L glucose and 13.83 g/L fructose) into succinic acid was 98 

accomplished by Actinobacillus succinogenes NJ113. Under anaerobic carbon dioxide-enriched 99 

condition, 27 g/L of succinic acid was achieved within 40 h of fermentation.  100 

In the current study, a divergent source of precursors, solid pineapple waste, specifically 101 

the peel portion, was employed for bio-based succinic acid production. The peel waste was 102 

collected after pineapple peeling and trimming from a market where pineapple was sold in a 103 

ready-to-eat, fresh-cut form. The effect of acid hydrolysis conditions on the release of 104 

fermentable sugars from the waste was examined. In fermentation experiments, the effect of 105 

nutrient supplementation on succinic acid formation using pineapple waste hydrolysate as a main 106 

carbon source was studied. Actinobacillus succinogenes, the best-known natural producer of 107 

succinic acid, was selected as a workhorse microbe for this purpose to evaluate the efficiency of 108 

pineapple peel waste as a starting biomass for succinic acid biosynthesis.   109 

 110 

Methods 111 

Preparation of pineapple peel powder 112 

 Pineapple peel waste, a remainder after fresh-cut pineapple preparation, was collected 113 

from a local market. The fruit peels were briefly washed with tap water to get rid of dirts and 114 

contaminants. The peels were roughly chopped up into shorter and thinner pieces in order to 115 



decrease the subsequent dehydration time. The peel pieces were then put in a hot air oven at 116 

70°C for 12 h. The dried peels were ground using a kitchen blender. Finally, the pineapple peel 117 

powder was sifted through a 40-mesh sieve to get fine powder particles and stored in a desiccator 118 

until use. 119 

 120 

Hydrolysis of pineapple peel powder 121 

 The peel powder underwent hydrolysis using diluted acid and heat to convert cellulose 122 

and hemicellulose into fermentable carbohydrates. The powder was suspended in acid solutions 123 

(0, 1.5 and 3% (v/v) sulfuric acid) with a solid:liquid ratio of 1:10 (g/mL). The powder 124 

suspension was subjected to heat treatment (105 and 121°C) using autoclave for 15 min. The 125 

acid pretreatment conditions were adapted from Tinoi and Rakariyatham (2016) and 126 

Sukruansuwan and Napathorn (2018). Afterwards, the whole mixture was centrifuged at 9,000 127 

rpm for 10 min to separate the pineapple peel hydrolysate from the peel residues. The liquid 128 

hydrolysate was strained through four layers of cheese cloth to remove light particles. The 129 

hydrolysate was pH-adjusted to 7 using 6 M sodium hydroxide and preserved at 4°C prior to use. 130 

 131 

Determination of fermentable sugar composition in pineapple peel hydrolysate 132 

 The peel hydrolysate was filtered through a 0.45 µm syringe filter. The filtered sample 133 

was then analyzed for sugar composition (glucose, xylose and fructose) using the High 134 

Performance Liquid Chromatography (HPLC) (Shimadzu, Japan). The instrument is equipped 135 

with two LC-20AD pumps, a DGU-20A5 degasser, an SIL-20AC autosampler, a refractive index 136 

detector (RID-10A), and an Inertsil NH2 column (5 µm particle size, 250 mm x 4.6 mm, GL 137 

Sciences Inc., Japan). The analysis conditions modified from Veena et al. (2018) included 40°C 138 



RID temperature, 40°C column temperature, acetonitrile:water (85:15, v/v) mobile phase filtered 139 

through a 0.22 µm filter, 0.5 mL/min flow rate, and 10 µL injection volume.  140 

 141 

Preculture conditions 142 

 Actinobacillus succinogenes TISTR 1994 was obtained from Thailand Institute of 143 

Scientific and Technological Research and preserved as a glycerol stock at -80°C. The stock 144 

culture (2% v/v) was transferred into Tryptic Soy Broth (TSB) supplemented with 10 g/L 145 

glucose. A 100-mL serum bottle was used for culture cultivation. It was sealed with a rubber 146 

septum and an aluminum cap to maintain anaerobic condition. Additionally, carbon dioxide was 147 

flushed into the bottle headspace for 5 min. The culture bottle was placed in a shaking incubator 148 

at 37°C, 100 rpm for 36-48 h. The grown culture was transferred again to a new medium bottle 149 

and incubated at the same conditions for 24 h to get the inoculum for main fermentation. 150 

 151 

Succinic acid production from pineapple peel hydrolysate 152 

 The medium components for the main fermentation were 0.2x TSB (6 g/L TSB) plus 153 

pineaaple peel hydrolysate from each hydrolysis condition. The fermentation was carried out in a 154 

serum bottle and maintained in anaerobic condition using a sealed cap and carbon dioxide 155 

flushing identical to the preculture. The A. succinogenes inoculum from the preculture step (2% 156 

v/v) was injected into the fermentation bottle. The culture bottle was placed in a shaking 157 

incubator at 37°C, 100 rpm for 36 h. Sampling was performed at 0, 22 and 36 h to measure 158 

succinic acid and sugar concentrations over the course of fermentation.  159 

 160 

Effect of nutrient supplementation on succinic acid production  161 



 The influence of medium composition on succinic acid formation was studied using the 162 

best hydrolysate yielding the highest succinic acid in the previous experiment. Five fermentation 163 

conditions were tested including (1) TSB supplemented with the same amounts of glucose and 164 

fructose as contained in the hydrolysate, (2) hydrolysate only, (3) hydrolysate plus 0.2x TSB, (4) 165 

hydrolysate plus 0.2x TSB and 5 g/L yeast extract, and (5) hydrolysate plus 0.2x TSB and 40 g/L 166 

magnesium carbonate. All media types were put in serum bottles prepared for anaerobic 167 

fermentation in the same manner as the previous experiment. The A. succinogenes preculture 168 

(2% v/v) was injected into the medium bottle to begin fermentation. The culture bottles were 169 

incubated at 37°C, 100 rpm for 36 h. Sampling was performed at 0, 18 and 36 h to quantify 170 

succinic acid and sugars during fermentation. 171 

 172 

Determination of succinic acid content in fermentation experiments 173 

 The sample taken from fermentation was centrifuged at 9,000 rpm for 15 min. The 174 

supernatant was filtered through a 0.45 µm syringe filter. The filtered sample was then analyzed 175 

for succinic acid concentration using the same HPLC (Shimadzu, Japan), but a photodiode array 176 

(PDA) detector (SPD-M20A) and an Inertsil ODS-3 column (5 µm particle size, 250 mm x 4.6 177 

mm, GL Sciences Inc., Japan) were employed. The analysis conditions modified from Kuenz et 178 

al. (2020) consisted of a D2 lamp on PDA detector, 40°C column temperature, 0.1% 179 

metaphosphoric acid mobile phase filtered through a 0.22 µm filter, 0.8 mL/min flow rate, 10 µL 180 

injection volume, and a 210-nm wavelength.  181 

 182 

Results and discussion 183 

Determination of fermentable sugar composition in pineapple peel hydrolysate 184 



 The acid and thermal hydrolysis of pineapple peel powder was undertaken in six 185 

conditions including water at 105°C, water at 121°C, 1.5% H2SO4 at 105°C, 3% H2SO4 at 186 

105°C, 1.5% H2SO4 at 121°C, and 3% H2SO4 at 121°C. Each condition was held at the tested 187 

temperature for 15 min. After hydrolysis, the hydrolysate (liquid fraction) was separated from 188 

the solid residues. The pH of hydrolysate was adjusted to 7. The fermentable sugar content 189 

released following hydrolysis was examined using HPLC (Fig. 1). According to the results, the 190 

hydrolysis condition leading to the maximal release of fermentable sugars was the treatment with 191 

just water at 121°C. Two types of sugar were detected consisting of 18.05 ± 1.63 g/L glucose and 192 

17.17 ± 1.57 g/L fructose. Unsurprisingly, the mere water treatment was not sufficient to 193 

discharge xylose. The hydrothermal treatment of pineapple waste was formerly carried out by 194 

Tinoi and Rakariyatham (2015). Glucose and fructose were only sugars found in the hydrolysate, 195 

but the concentrations of the two sugars were higher in the current study. In order to liberate 196 

xylose, acid-associated pretreatment was necessary. Acid catalyzes the breakage of 197 

hemicellulose polymer resulting in higher yields of its corresponding sugar monomers (Wyman 198 

et al. 2005). In our experiments, xylose was present in all acid-treated hydrolysate regardless of 199 

the acid concentration. The greatest xylose liberation of 6.69 ± 0.71 and 6.64 ± 0.37 g/L was 200 

achieved via pretreatment at 121°C coupled with 1.5% and 3% H2SO4, respectively.  201 

 The summary of reducing sugars and sugar yields derived from each hydrolysis condition 202 

was displayed in Table 1. The combined amount of sugars was calculated from xylose, fructose 203 

and glucose peaks shown on HPLC chromatogram equipped with a refractive index detector 204 

(RID). However, more sugar types such as galactose and arabinose were additionally detected in 205 

pineapple peel hydrolysate by Sukruansuwan and Napathorn (2018). One of the reasons for this 206 

inconsistency could be due to the difference in HPLC detectors employed in the analysis. In their 207 



study, the evaporative light scattering detector (ELSD) was utilized which is normally perceived 208 

to be a superior detector to RID in the aspect of sensitivity and stability (Ganzera and Stuppner, 209 

2005). This suggested that the total sugars existing in the hydrolysate could be more diverse in 210 

the reality. Therefore, the values of fermentable sugars shown in Table 1 represented the minimal 211 

sugar concentration identifiable in the current analysis condition. Considering the sugar content 212 

and yield, the hydrothermal treatment at 121°C was the best condition contributing to 35.22 ± 213 

3.20 g/L of fermentation sugars and 0.27 ± 0.02 g/g of sugar yield from hydrolysis. 214 

 215 

Succinic acid production from pineapple peel hydrolysate 216 

 Pineapple peel hydrolysate from six pretreatment conditions was employed as the main 217 

carbon source for succinic acid biosynthesis by A. succinogenes. In all fermentation bottles, 0.2x 218 

TSB equal to 4 g/L of nitrogen source (tryptone and soy peptone) was supplemented in addition 219 

to the hydrolysate. To achieve anaerobic condition, a serum bottle tightly sealed with a rubber 220 

septum and an aluminum cap was used as a fermentation container. Moreover, carbon dioxide 221 

was flushed into the bottle headspace for 5 min to ensure a carbon dioxide-saturated gas phase. 222 

This gas plays an important role in succinic acid bioproduction. It functions as a co-substrate 223 

which directs the metabolic flux of carbon towards carbon dioxide-fixing pathway encouraging 224 

the conversion to succinic acid (Zou et al. 2011). The titer of succinic acid was compared among 225 

six types of hydrolysate fermentation. Unfortunately, the fermentation of hydrolysates derived 226 

from acid-containing pretreatment resulted in low quantities of succinic acid (less than 2 g/L) in 227 

all conditions (data not shown). It is possible that toxic byproducts such as furfural, 5-228 

hydroxymethylfurfural (5-HMF) and levulinic acid were generated during hydrolysis more than 229 

anticipated. These toxic compounds are products of monosaccharide-degradation reactions 230 



occurred in the presence of acid and heat. They negatively affect sugar yields and microbial 231 

growth in the subsequent fermentation step also known as fermentation inhibitors (Wyman et al. 232 

2005). Nevertheless, the amounts of these post-hydrolysis toxic products were not measured in 233 

this study. According to Sukruansuwan and Napathorn (2018), analysis of pineapple peel acid-234 

hydrolysate revealed low concentrations of inhibitor compounds (less than 2 g/L). To aim for a 235 

reasonable processing cost in light of a large-scale production, detoxification procedures were 236 

deliberately skipped for a simplified biosynthetic process of succinic acid. In future work, the 237 

content of toxic compounds formed after the biomass hydrolysis step should still be determined 238 

to ensure an effective bioconversion of sugars to succinic acid in the following step. 239 

 Fig. 2 shows changes in levels of sugars and succinic acid over the course of fermentation 240 

of hydrolysates produced from hydrothermal pretreatment. Only fermentation profiles of 241 

hydrolysates extracted with water and heat were illustrated here because acid-treated 242 

hydrolysates resulted in a small amount of produced succinic acid (less than 2 g/L) as mentioned 243 

earlier. Moreover, hydrothermal treatment normally leads to the decreased production of toxic 244 

byproducts due to the absence of acid catalyzing the sugar degradation reaction. As expected, the 245 

hydrolysate prepared using water at 121°C contributed to the highest titer of succinic acid (8.97 246 

± 0.61 g/L) in the current fermentation condition. This could be straightforwardly explained by 247 

the greater amount of initial sugar components (15.87 ± 1.40 g/L glucose and 14.67 ± 1.35 g/L 248 

fructose) in 121°C-pretreated hydrolysate.   249 

  250 

Effect of nutrient supplementation in hydrolysate on succinic acid production  251 

  The best pineapple peel hydrolysate for succinic acid production was acquired from the 252 

hydrothermal method at 121°C. This hydrolysate comprised the highest fermentable sugars 253 



leading to the highest succinic acid titer from the previous experiment. Consequently, the 121°C-254 

pretreated hydrolysate was selected as a fermentation medium base which was also a main 255 

carbon source for the next experiment. To investigate the effect of nutrient availability on 256 

succinic acid biosynthesis, different levels and types of nutrients in a fermentation medium were 257 

compared. Five scenarios of nutrient availability were designed for the fermentation including 258 

(1) TSB supplemented with the same amounts of glucose and fructose as contained in the 259 

hydrolysate, (2) hydrolysate only, (3) hydrolysate plus 0.2x TSB, (4) hydrolysate plus 0.2x TSB 260 

and 5 g/L yeast extract, and (5) hydrolysate plus 0.2x TSB and 40 g/L magnesium carbonate.  261 

 Fig. 3 displays the concentrations of sugars and succinic acid over the course of 262 

fermentation with varying nutrients. As expected, the highest succinic acid content of 14.59 ± 263 

0.23 g/L was achieved by A. succinogenes fermentation in the complex medium, TSB. In this 264 

rich medium condition, a sufficient nitrogen source (20 g/L of tryptone and soy peptone) was 265 

supplied. In view of carbon source, TSB already had 2.5 g/L of glucose in its ingredients so more 266 

glucose was added to match the glucose amount in the hydrolysate (13.3 g/L). Likewise, fructose 267 

was supplemented to match the fructose content in the hydrolysate (12.6 g/L). The TSB 268 

condition was tested to see how a nutritious medium rich in nitrogen source affected the 269 

formation of succinic acid as compared with a hydrolysate medium. Although it is a widely-used 270 

medium in a laboratory setting, it is not a cost-effective option for a large-scale production. 271 

Agricultural byproducts, such as corn steep liquor, soybean meal and pharmamedia, which are 272 

substantially cheaper may be applied as nitrogen sources for a low-cost manufacture of succinic 273 

acid. In the fermentation of mere hydrolysate, 6.21 ± 0.35 g/L of succinic acid was produced 274 

despite the lowest nutritional level (no added nitrogen source). As the nitrogen source increased, 275 

succinic acid production was improved. 7.60 ± 0.30 g/L and 9.96 ± 0.55 g/L of succinic acid 276 



were gained in the hydrolysates supplemented with 0.2x TSB (4 g/L nitrogen source) and 0.2x 277 

TSB plus 5 g/L yeast extract (9 g/L of combined nitrogen sources), respectively. Apart from 278 

carbon and nitrogen sources, magnesium carbonate (MgCO3) has been shown to play a 279 

significant role in promoting succinic acid biosynthesis (Zou et al. 2011; Zhang et al. 2012; Zhu 280 

et al. 2012). Magnesium carbonate assists in regulating the pH of fermentation, providing 281 

magnesium ions for boosting the activity of phosphoenolpyruvate carboxykinase, a key enzyme 282 

in the carboxylation pathway towards succinic acid synthesis, and serving as a carbon dioxide 283 

donor which could replace gaseous carbon dioxide when it was fully supplied (Zhang et al. 2009; 284 

Zou et al. 2011; Zhang et al. 2012). In this study, a single dose of magnesium carbonate at 40 g/L 285 

was supplemented to the hydrolysate containing 4 g/L nitrogen source. 8.56 ± 0.74 g/L of 286 

succinic acid titer was obtained which was slightly enhanced from the hydrolysate without 287 

magnesium carbonate. Still, the improvement in succinic acid production from magnesium 288 

carbonate addition was not as great as that from yeast extract addition. Zhang et al. (2012) 289 

mentioned that the influence of magnesium carbonate on succinic acid concentration was not 290 

apparent when the glucose level was relatively low. This was seemingly the case in the present 291 

study where the initial sugars were rather low (around 25 g/L). In nutrient-restricted condition, 292 

the boost of yeast extract could be more significant as it directly provides nutrients such as amino 293 

acids and various B vitamins aiding in microbial growth (Zhu et al. 2012).  294 

 Table 2 summarizes the concentrations of fermentable sugars and succinic acid as well as 295 

the yields of succinic acid obtained from each culture condition. The highest yield of succinic 296 

acid (0.56 ± 0.03 g/g) was attained in the complex medium (TSB) fermentation. While the sole 297 

hydrolysate condition led to the lowest yield of succinic acid (0.24 ± 0.01 g/g), it acted as a bare 298 

minimum of succinic acid from pineapple peel hydrolysate fermentation. This information would 299 



be useful for further enhancement of succinic acid formation from pineapple peel waste. As 300 

shown in this study, the yield of succinic acid could be increased with additional nutrients in 301 

yeast extract (0.39 ± 0.03 g/g). In future work, inexpensive substrates from agricultural residues 302 

should be applied to adjust the nutritional composition of hydrolysate medium in order to 303 

improve the amount of succinic acid and keep the raw material cost as low as possible for a 304 

large-scale production. Various conditions of fermentation media should be attempted to find the 305 

most crucial elements promoting succinic acid production. Considering the theoretical yield of 306 

succinic acid of 1.12 g/g sugar (Nghiem et al. 2017), there is a lot of room for improvement for 307 

succinic acid biosynthesis from pineapple peel waste.       308 

       309 

Conclusions 310 

 To our knowledge, this is the first study that the solid pineapple peel waste was solely 311 

used as the starting material for succinic acid production. The best hydrolysis conditions for 312 

pineapple peel waste were the hydrothermal treatment at 121°C resulting in the highest sugar 313 

release of 35.22 g/L. When 4 g/L of nitrogen source was added to the non-detoxified pineapple 314 

peel hydrolysate, 8.97 g/L of succinic acid was produced by A. succinogenes from 30.55 g/L of 315 

starting sugars. Succinic acid biosynthesis was enhanced with further supplementation of 316 

nutrients (5 g/L of yeast extract). 9.96 g/L of succinic acid was achieved in the presence of 25.77 317 

g/L of fermentable sugars. Addition of 40 g/L magnesium carbonate as a pH controller and a 318 

carbon dioxide donor did not contribute to more succinic acid than nutrient supplementation in 319 

tested conditions. The highest yield of succinic acid was 0.39 g/g obtained from the hydrolysate 320 

with 4 g/L of combined tryptone/soy peptone and 5 g/L yeast extract. Results suggested a large 321 

room for improvement and indicated the plausibility of solid pineapple peel waste as a starting 322 



biomass for production of succinic acid. Optimization of nutrients in hydrolysate is required to 323 

enhance the yield of bio-based succinic acid.  324 

 325 

Authors’ contributions 326 

PP and CH designed the experiments; PP performed the research experiments; CH helped in 327 

manuscript preparation; PP analyzed the data; PP wrote the manuscript. All authors read and 328 

approved the final manuscript. 329 

 330 

Acknowledgements 331 

We would like to thank Thailand Science Research and Innovation fund for providing a financial 332 

support. We would also like to thank Science Center, Faculty of Science and Technology, Suan 333 

Sunandha Rajabhat University for facilitating HPLC analysis. 334 

 335 

Competing interests 336 

The authors declare that they have no competing interests. 337 

 338 

Availability of data and materials 339 

All data generated or analyzed during this study are included in this article. 340 

 341 

Consent for publication 342 

All authors have read and approved to submit the paper to Bioresources and Bioprocessing. 343 

 344 

Ethics approval and consent to participate 345 



Not applicable. 346 

 347 

Funding 348 

This research was supported by Thailand Science Research and Innovation fund (Grant No. 349 

0002404). 350 

 351 

References 352 

Abdullah M, Sodarto SH (2007) Solid and liquid pineapple waste utilization for lactic acid 353 

fermentation using Lactobacillus delbrueckii. Reaktor 11:50-52 354 

Cahyari K, Putri AM, Oktaviani ED, Hidayat MA, Norajsha JD (2018) Biohydrogen production 355 

from pineapple waste: effect of substrate concentration and acid pretreatment. IOP Conf 356 

Ser Mater Sci Eng 358:012001      357 

Dessie W, Zhang W, Xin F, Dong W, Zhang M, Ma J, Jiang M (2018) Succinic acid production 358 

from fruit and vegetable wastes hydrolyzed by on-site enzyme mixtures through solid 359 

state fermentation. Bioresour Technol 247:1177-1180 360 

FAO: Food and Agriculture Organization of the United Nations (2020) Medium-term outlook: 361 

prospects for global production and trade in bananas and tropical fruits 2019 to 2028. 362 

Rome 363 

Ferone M, Ercole A, Raganati F, Olivieri G, Salatino P, Marzocchella A (2019) Efficient 364 

succinic acid production from high-sugars-content beverages (HSCBs) by Actinobacillus 365 

succinogenes. Biotechnol Prog 35(5): e2863 366 

Ganzera M, Stuppner H (2005) Evaporative Light Scattering Detection (ELSD) for the analysis 367 

of natural products. Curr Pharm Anal 1(2):135-144 368 



Imandi SB, Bandara VVR, Somalanka SR, Bandaru SR, Garapati HR (2008) Application of 369 

statistical experimental designs for the optimization of medium constituents for the 370 

production of citric acid from pineapple waste. Bioresour Technol 99:4445-4450 371 

Jusoh N, Othman N, Idris A, Nasruddin A (2014) Characterization of liquid pineapple waste as 372 

carbon source for production of succinic acid. J Teknol (Sci & Eng) 69(4):11-13 373 

Kang KH, Hong UG, Bang Y, Choi JH, Kim JK, Lee JK, Han SJ, Song IK (2015) 374 

Hydrogenation of succinic acid to 1,4-butanediol over Re-Ru bimetallic catalysts 375 

supported on mesoporous carbon. Appl Catal A: Gen 490:153-162  376 

Kuenz A, Hoffmann L, Goy K, Bromann S, Prüße U (2020) High-level production of succinic 377 

acid from crude glycerol by a wild type organism. Catalysts 10(5):470 378 

Liu Y, Zheng P, Sun Z, Ni Y, Dong J, Zhu L (2008) Economical succinic acid production from 397 

cane molasses by Actinobacillus succinogenes. Bioresour Technol 99:1736-1742 398 

Namsree P, Suvajittanont W, Puttanlek C, Uttapap D, Rungsardthong V (2012) Anaerobic 399 

digestion of pineapple pulp and peel in a plug-flow reactor. J Environ Manage 110:40-47  400 

Nghiem NP, Kleff S, Schwegmann S (2017) Succinic acid: technology development and 401 

commercialization. Fermentation 3(2):26 402 

Saxena RK, Saran S, Isar J, Kaushik R (2017) Production and applications of succinic acid. In: 403 

Pandey A, Negi S, Soccol CR, editors. Current developments in biotechnology and 404 

bioengineering: production, isolation and purification of industrial products. Elsevier, 405 

Amsterdam, Netherlands 601-630 406 

Soontornchaiboon W, Chunhachart O, Pawongrat R (2016) Ethanol production from pineapple 407 

waste by co-culture of Saccharomyces cerevisiae TISTR 5339 and Candida shehatae 408 

KCCM 11422. KKU Res J 21(2):347-355 409 



Sukruansuwan V, Napathorn SC (2018) Use of agro-industrial residue from the canned 410 

pineapple industry for polyhydroxybutyrate production by Cupriavidus necator strain A-411 

04. Biotechnol Biofuels 11:202 412 

Tinoi J, Rakariyatham N (2015) Utilization of pineapple waste hydrolysate for lipid production 413 

by oleaginous yeast Rhodotorula glutinis. Int J Adv Res 3(3):1233-1243 414 

Tinoi J, Rakariyatham N (2016) Optimization of pineapple pulp residue hydrolysis for lipid 415 

production by Rhodotorula glutinis TISTR5159 using as biodiesel feedstock. Biosci 416 

Biotechnol Biochem 80(8):1641-1649 417 

Veena KS, Sameena MT, Padmakumari AKP, Srinivasa GTK, Nishanth KS, Reshma MV (2018) 418 

Development and validation of HPLC method for determination of sugars in palm sap, 419 

palm syrup, sugarcane jaggery and palm jaggery. Int Food Res J 25(2):649-654 420 

Werpy T, Petersen G (2004) Top value added chemicals from biomass: volume I--results of 421 

screening for potential candidates from sugars and synthesis gas. Pacific Northwest 422 

National Laboratory (PNNL), Richland, WA, National Renewable Energy Laboratory 423 

(NREL), Golden, CO, DOE/GO-102004-1992  424 

Willke Th, Vorlop K (2004) Industrial bioconversion of renewable resources as an alternative to 425 

conventional chemistry. Appl Microbiol Biotechnol 66(2):131-142 426 

Wyman CE, Decker SR, Himmel ME, Brady JW, Skopec CE, Viikari L (2005) Hydrolysis of 427 

cellulose and hemicellulose. In: Dumitriu S, editor. Polysaccharides: structural diversity 428 

and functional versatility, 2nd ed. Marcel Dekker Inc, New York, NY, USA 1:1023-1062 429 

Yang Q, Wu M, Dai Z, Xin F, Zhou J, Dong W, Ma J, Jiang M, Zhang W (2019) Comprehensive 430 

investigation of succinic acid production by Actinobacillus succinogenes: a promising 431 

native succinic acid producer. Biofuels Bioprod Bioref 14(5):950-964 432 



Zhang X, Jantama K, Moore JC, Jarboe LR, Shanmugam KT, Ingram LO (2009) Metabolic 433 

evolution of energy-conserving pathways for succinate production in Escherichia coli. 434 

Proc Natl Acad Sci 106(48):20180-20185 435 

Zhang YJ, Li Q, Zhang YX, Wang D, Xing JM (2012) Optimization of succinic acid 436 

fermentation with Actinobacillus succinogenes by response surface methodology (RSM). 437 

J Zhejiang Univ Sci B 13(2):103-110 438 

Zhu LW, Wang CC, Liu RS, Li HM, Wang DJ, Tang YJ (2012) Actinobacillus succinogenes 439 

ATCC 55618 fermentation medium optimization for the production of succinic acid by 440 

response surface methodology. J Biomed Biotechnol 2012:626137 441 

Zou W, Zhu LW, Li HM, Tang YJ (2011) Significance of CO2 donor on the production of 442 

succinic acid by Actinobacillus succinogenes ATCC 55618. Microb Cell Fact 10:87 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 



Fig. 1 Concentrations of glucose, xylose and fructose in pineapple peel hydrolysate derived from 456 

different hydrolysis conditions (W105: water at 105°C, W121: water at 121°C, 1.5S-105: 1.5% 457 

H2SO4 at 105°C, 3S-105: 3% H2SO4 at 105°C, 1.5S-121: 1.5% H2SO4 at 121°C, 3S-121: 3% 458 

H2SO4 at 121°C). The error bars represent the standard deviations (n = 3). 459 
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Table 1 Concentrations and yields of fermentable sugars derived from different hydrolysis 469 

conditions. Results are expressed as means ± standard deviations from three replicates. Numbers 470 

with different superscripts in the same column are statistically different (p ≤ 0.05).  471 
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Fig. 2 Concentrations of glucose, fructose and 482 

succinic acid over the course of fermentation 483 

using hydrothermal-pretreated hydrolysates at 484 

105°C and 121°C. The error bars represent the 485 

standard deviations (n = 3).  486 
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Fig. 3 Concentrations of glucose, fructose and succinic acid over the course of fermentation 505 

using hydrothermal (121°C)-pretreated hydrolysate in the presence of varied nutritional content 506 

(TSB: Tryptic Soy Broth, hyd: hydrolysate, 0.2x TSB: 6 g/L Tryptic Soy Broth, YE: 5 g/L yeast 507 

extract, MC: 40 g/L magnesium carbonate). The error bars represent the standard deviations (n = 508 

3). 509 
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Table 2 Concentrations of fermentable sugars and succinic acid, and yields of succinic acid 513 

derived from hydrothermal (121°C)-pretreated hydrolysate fermentation in the presence of varied 514 

nutritional content (0.2x TSB: 6 g/L Tryptic Soy Broth, YE: 5 g/L yeast extract, MC: 40 g/L 515 

magnesium carbonate). Results are expressed as means ± standard deviations from three 516 

replicates. Numbers with different superscripts in the same column are statistically different (p ≤ 517 

0.05). A column with an ns superscript means that all numbers in that column are not 518 

significantly different (p > 0.05). 519 



Figures

Figure 1

Concentrations of glucose, xylose and fructose in pineapple peel hydrolysate derived from different
hydrolysis conditions (W105: water at 105°C, W121: water at 121°C, 1.5S-105: 1.5% H2SO4 at 105°C, 3S-
105: 3% H2SO4 at 105°C, 1.5S-121: 1.5% H2SO4 at 121°C, 3S-121: 3% H2SO4 at 121°C). The error bars
represent the standard deviations (n = 3).



Figure 2

Concentrations of glucose, fructose and succinic acid over the course of fermentation using
hydrothermal-pretreated hydrolysates at 105°C and 121°C. The error bars represent the standard
deviations (n = 3).



Figure 3

Concentrations of glucose, fructose and succinic acid over the course of fermentation using
hydrothermal (121°C)-pretreated hydrolysate in the presence of varied nutritional content (TSB: Tryptic
Soy Broth, hyd: hydrolysate, 0.2x TSB: 6 g/L Tryptic Soy Broth, YE: 5 g/L yeast extract, MC: 40 g/L
magnesium carbonate). The error bars represent the standard deviations (n = 3).
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