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treated and the SSF treated SB. Again, most of the changes took place within three days after 

inoculation with little to no change up to days 6 and 10. In Table 4.7 below, the bioconversion 

rate for the formulated feed was 14.5% and that of the steam pre-treated control was 9.8%. 

The SSF treated substrate displayed improved bioconversion rates over the steam pre-treated 

control, with SSF 2 showing the highest bioconversion rate of 13.4%. The higher bioconversion 

rate reflects the effectiveness of the larvae when converting SB to larvae biomass.  Dry matter 

reduction was also higher in the treated substrate (40% - 44.3%) when compared to the steam 

pre-treated control, with SSF2 showing the highest percentage at 44.3% (Table 4.7). These 

results are in line with previous reports, as dry mass reduction from soybean curd residue and 

artificial feed was 44–56% (Somroo et al., 2019), for chicken feed it was 33–40% (Diener et 

al., 2009) and 39% for pig manure (Newton et al., 2005).   

Table 4.7: BSF Larval Trial 3: Steam pre-treated SB treated with a mixed microbial culture and 7.5 FPU/g per DW Cellic 
CTec3 enzyme, then mixed with a formulated standard feed at an inclusion ratio of 50%. Larval weight, dry bioconversion, 
and dry matter reduction were recorded. All values represent mean values of assays done in triplicate. Calculated standard 
errors are displayed with the data   

Treatment Feed Added (g) Residue (g) 
Feed 

Consumed 
(g) 

Mean BSFL 
Dry Weight 

(g) 

DBR 
(%) 

DMR 
(%) 

Formulated feed 162 73.2 ± 2.1 88.8 ± 2.1 
0.061 ± 
0.005  

14.5 ± 
1.9 

54.8 ± 
1.3 

Steam pre-treated 162 110.6 ± 0.7 51.4 ± 0.7 
0.039 ± 
0.001 

9.8 ± 
0.2 

31.9 ± 
0.4 

SSF 1 162 93.0 ± 7.7 69.0 ± 7.7 
0.049 ± 
0.004 

12.0 ± 
0.6 

42.6 ± 
4.7 

SSF 2 162 90.2 ± 3.5 71.8 ± 3.5 
0.055 ± 
0.003 

13.4 ± 
0.7 

44.3 ± 
2.2 

SSF 3 162 97.2 ± 2.8 64.8 ± 2.8  
0.051 ± 
0.004 

12.6 ± 
0.9 

40.0 ± 
1.7 

Formulated feed: 100% formulated standard feed, Steam pre-treated: no microorganisms or enzymes added, SSF1: BSFL trial 

after SB was treated with microorganisms and enzymes for 3 days, SSF2: BSFL trial after SB was treated with microorganisms 

and enzymes for 6 days, SSF3: BSFL trial after SB was treated with microorganisms and enzymes for 10 days, DBR: Dry 

bioconversion rate, DMR: Dry matter reduction. 

4.6. Black Soldier Fly Larvae Protein and Fat Content 

The nutritional value of Black soldier fly larvae is strongly influenced by its feed. If the feed is 

high in protein, the larvae will contain high protein levels and the same goes for fat. (Aristi et 

al., 2020). Despite the protein content of the larvae not varying by much, the size of the larvae 

varied considerably. Therefore, for the purpose of comparisons, calculations in Table 4.8 were 

based on the protein and fat content presented in Appendix A-4. The BSFL trials showed a 

consistency with the literature values of about 40% larval protein (Table 4.8). Based on Trial 
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1 (Enzyme treatment) a similar pattern was observed to that of the larvae dry weight, where 

the protein values increased with increasing amounts of carbohydrates in the larval diets. No 

significant difference (p>0.05) was observed for the protein levels between the increasing 

enzyme dosages.  

Table 4.8: The average amount of protein and fat produced per dry BSFL weight per Kg of feed of each treatment. All 
values represent mean values of assays done in triplicate. Calculated standard errors are displayed with the data  

Treatment 
Feed Added 

(Kg) 

BSFL Dry Weight 

(g/Kg) 

Crude Protein 

(g/Kg) 
Crude Fat (g/Kg) 

Trial 1     

Formulated feed 0.162 135.2 ± 4.0 59.9 ± 2.1 27.2 ± 1.1 

Steam pre-treated 0.162 80.9 ± 0.5 37.7 ± 0.3 7.4 ± 0.3 

2.5 FPU 0.162 90.7 ± 0.3 36.4± 0.1 14.2 ± 0.2 

5.0 FPU 0.162 95.1 ± 0.4 39.5± 0.3 20.37 ± 0.3 

7.5 FPU 0.162 105.6 ± 1.2 44.4 ± 1.2 24.1 ± 0.1 

Trial 2     

Formulated feed 0.162 147.5 ± 1.8 66.0 ± 0.6 39.5 ± 1.1 

Steam pre-treated 0.162 85.8 ± 1.1 40.7 ± 1.1 19.1 ± 0.2 

BT 1  0.162 89.5 ± 0.4 42.6± 0.1 25.9 ± 0.1 

BT 2 0.162 85.2 ± 0.8 42.6 ± 0.3 17.2 ± 0.4 

BT 3 0.162 81.5 ± 0.7 37.0 ± 0.6 16.6 ± 0.3 

Trial 3     

Formulated feed 0.162 151.2 ± 1.9 48.4 ± 1.1 45.7 ± 1.1 

Steam pre-treated 0.162 97.5 ± 0.4 38.8 ± 0.2 28.4 ± 0.1 

SSF 1 0.162 121 ± 1.4 51.2 ± 0.3 36.4 ± 1.0 

SSF 2 0.162 135.2 ± 1.1 46.3 ± 0.8 47.5 ± 0.7 

SSF 3 0.162 126.5 ± 1.5 38.8 ± 0.5 37.7 ± 0.6 

Formulated feed: 100% formulated standard feed, Steam pre-treated: No microorganisms or enzymes added, BT1: BSFL trial 
after SB was treated with microorganisms for 3 days, BT2: BSFL trial after SB was treated with microorganisms for 6 days, 
BT3: BSFL trial after SB was treated with microorganisms for 10 days, SSF1: BSFL trial after SB was treated with 
microorganisms and enzymes for 3 days, SSF2: BSFL trial after SB was treated with microorganisms and enzymes for 6 days, 
SSF3: BSFL trial after SB was treated with microorganisms and enzymes for 10 days. Average BSFL dry weight is based on 400 
BSF larvae. 

For Trial 2, The amount of protein produced from the different treatments was all similar at 

about 37 – 42.6 g protein per Kg feed (g/Kg) and no significant difference was observed 

between the treatments. This was shown to have a similar trend to the dry weight of the 

larvae. Trial 3 showed the best overall protein production results with SSF1 yielding 51.2 g/Kg, 
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significantly higher than that of the formulated feed as seen in Table 4.8.  BSFL were found to 

have high protein content when reared on the treated sugarcane bagasse, confirming that 

BSFL can be used for upcycling protein from lignocellulosic biomass into BSFL biomass suitable 

to be used as feed for human consumption. The larval protein content in this study is in line 

with what observed by (Lalander et al., 2019) whose larval protein ranged from 39.1 % and 

44.2 % for larvae reared in different substrates. 

While the fat content for SB was not determined in this study, according to literature SB 

consist of <3 % fat (Suryaningrum et al., 2021). Feed type is likely to have an impact on the fat 

content and composition for the BSFL since they need to accumulate energy in the form of 

fat to prepare for their adult phase (Lalander et al., 2019). BSFL fat is a promising source of 

food, feed, and biodiesel feedstock. BSFL fat is composed of saturated FAs, such as palmitic 

acid (C16:0), stearic acid (C18:0), and lauric acid (C12:0) and has desirable physical and 

chemical properties which facilitate further conversion into biodiesel. In Trial 1, the observed 

crude fat values of BSF larvae increased with increasing amounts of carbohydrates (Appendix 

A-1) ranging from 14.2 to 24.1 g/Kg. A t-test revealed that there was a significant difference 

between the steam pre-treated substrate and the 5 FPU and 7.5 FPU treatments, however no 

significant difference was found between 5 FPU and 7.5 FPU treatments. Aita & Moon, (2020) 

observed the same trend when they increased the amount of carbohydrate added to the BSF 

larvae diets. Moreover, Li et al. (2015) found increasing amounts of lipids in BSFL upon adding 

increasing levels of glucose and xylose to their diet. In Trial 2, the crude fat content varied 

strongly with BT1 having the highest level of crude fat at 25.9 g/Kg. BT2 and BT3 had the 

lowest crude fat at 17.2 and 16.6 g/Kg respectively. The results of this study showed that 6 

and 10 days of cultivating mixed microorganisms on steam pre-treated SB had no significant 

effect on the crude fat content. Somroo et al. (2019) showed that the addition of L. buchneri 

to soybean curd residue increased fat content by 3.9%. It should be noted that L. buchneri 

was added at the start of the rearing trial to the soybean curd residue, unlike in this case 

where the microorganisms were cultivated for 3, 6 and 10 days before the rearing trial. BT1 

was significantly different when compared to the other treatments. Trial 3 showed the 

highest fat content overall, ranging from 36.4 to 47.5 g/Kg. A t-test revealed that there was a 

significant difference between the steam pre-treated substrate when compared to SSF2 and 

SSF3 treatments, however no significant difference was found between SSF2 and SSF3. This 
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shows a similar pattern to the dry weight production of the larvae. These results indicated 

that the diet had a larger influence on the crude fat content of the BSL larvae since more 

nutrients in the substrate were available to utilize and convert to larval biomass with the aid 

of enzymes degrading the cellulose and hemicellulose, thus more sugars were available for 

microbial consumption resulting in greater fat yields.   

4.7. Fibre Content 

For comparison purposes, the cellulose and hemicellulose content were calculated based on 

the proximate composition results obtained from the neutral detergent fibre, acid detergent 

fibre and acid detergent lignin (Appendix A1-3) and expressed as (g/Kg). Figure 4.8 shows the 

cellulose and hemicellulose hydrolysis of each treated substrate before and after BSF larval 

trials, with the highest cellulose and hemicellulose reduction values observed in the SSF 

treatment. With the aid of cellulase and the activity of microorganisms, about 44% to 49.7% 

of cellulose and 51.9% to 56.4% of hemicellulose could be consumed when the two agents 

worked together. The data suggests that the sugar and microbial products were then 

absorbed by BSFL for development. The lowest cellulose conversion values observed was in 

the microbial treated feed ranging from 15-26% (C) and the lowest hemicellulose conversion 

values was observed in the enzyme treated feed ranging from 35.7-40.3% (B). The 

hemicellulose reduction was similar between the bacterial treated and SSF feeds. All 

treatments including the controls showed significant reductions in both cellulose and 

hemicellulose after larval rearing trials. These cellulose and hemicellulose reduction 

percentage values were comparable those observed by Ur Rehman et al. (2017a). They 

showed that the highest cellulose reduction was in chicken manure at 67.7%, while the lowest 

were found in dairy manure at 49.9%. They also observed that the hemicellulose content of 

the dairy manure was reduced by 49.8%. From figure 4.8 it was clear that, in the absence of 

enzymes and microorganisms, about 21% to 32.1% cellulose and 33.9% to 46% hemicellulose 

was removed. 
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Figure 4.8: Total cellulose and hemicellulose content of feed (blue bars) and residues (orange bars) prior to and after larval rearing 

trial. Total cellulose content (g/Kg) before and after BSF larval rearing for Trial 1 (A) Trial 2 (C) and Trial 3 (E) on a dry matter basis. 

Total hemicellulose content (g/Kg) before and after BSF larval rearing for Trial 1 (B) Trial 2 (D) and Trial 3 (F) on a dry matter basis. 

Values represent averages of assays performed in triplicate and error bars show standard deviation. 
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These results were also comparable to with Zheng et al., (2012) who showed that in the 

absence of Rid-X (containing natural active bacteria that facilitated breakdown of solid 

organic wastes, and cellulase, lipase, protease, and amylase) about 27.9% cellulose and 32.6% 

hemicellulose were degraded by BSF larvae. They also reported that higher reduction 

percentages were achieved with the addition Rid-X. It is difficult to conclude whether this 

reduction was the result of the BSFL, or microorganisms present in the feed due to the trials 

being performed under non-sterile conditions. However, studies by Watanabe & Tokuda, 

(2010) and Li et al. (2011) have confirmed that larvae and their microbial symbionts were 

capable of digesting lignocellulosic components in their gut. The ash content before and after 

larval rearing trials ranged between 2.1% and 3.9% (Appendix A1-A3). This was in line with 

the results obtained from the chemical composition. The protein in the feed was similar 

amongst the different treatments. The protein content in SB was usually about 1-3% 

(Suryaningrum et al., 2021), however the protein content in the feed was found to be about 

9.1-12.3%. The higher protein content could be because the steam pre-treated and treated 

SB substrate was mixed with the formulated standard feed at an inclusion ratio of 50%. In 

summary, the results demonstrate that BSFL has the potential to degrade cellulose and 

hemicellulose. The addition of cellulolytic enzyme and cellulolytic probiotic bacteria also 

improved the performance of the BSFL.  
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Chapter 5: CONCLUSION & RECOMMENDATIONS 

BSF larvae have a wide range of potential applications ranging from waste management to 

food security benefits, making them one of the most important insects in the future 

bioeconomy. To benefit from these larvae, successful and sustainable development on a large 

industrial scale is required. This is essential considering the rising need for food security. 

Sugarcane bagasse contains large amounts of unutilised cellulose and hemicellulose. The 

recovery of glucose and xylose by hydrolysis of these polymers represent an attractive way to 

provide low-cost sugar for BSF larval rearing, to produce protein and fat that could 

supplement human diets.  

Our fist aim was to evaluate biomass conversion by the larvae after rearing them on steam 

pre-treated SB, treated with different enzyme dosages for 24 h. It was established that as the 

total sugar in the feed increased, there was a concomitant increase in the mean BSFL weight. 

While a significant difference was observed between the steam pre-treated and the treated 

SB, no significant difference was observed between the three enzyme treatments. This 

suggested that any one of the three enzyme dosages chosen could sufficiently hydrolyse 

cellulose and hemicellulose. Because the use of enzymes on an industrial scale would be 

expensive, using a smaller enzyme dosage cold contribute to making the process more cost 

effective.  

Our second aim was to evaluate what effect a mixed culture of microorganisms, cultivated on 

steam pre-treated SB for a period of 3, 6 and 10 days would have on BSFL rearing.  It was clear 

that the mixed culture was capable of cellulose and hemicellulose degradation, however, 

there was no difference in the mean BSFL weights after rearing them on this substrate. Thus, 

the addition of the microorganisms alone did not have an impact on the biomass conversion. 

When the mixed culture was added to the SB with the addition of enzymes, it was observed 

that higher BSFL mean weights, ranging between 0.039-0.055 g were obtained compared to 

only microbial and enzyme treatment. A significant difference was also observed for the mean 

larvae weight between the steam pre-treated and the treated SB.  

Our third aim, focused on the analysing the protein and fat content of the larvae produced in 

the study. The protein and fat contents were consistent with that reported in literature. 

Protein content for each trial were in line with that of the mean BSFL weight, with trial 3 (SB 
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treated with microorganisms and enzymes) displaying the highest protein and fat content 

overall.  

The objective of aim four was to determine whether are not the BSFL were inherently capable 

of cellulose and hemicellulose degradation. This study showed that significant differences 

were observed for both cellulose and hemicellulose content in the feed before and after BSF 

larval rearing for all treatments as well as for the control. This suggested that either the larvae 

themselves, or organisms in their microbiome, had the necessary enzymes for cellulose and 

hemicellulose degradation. 

Finally, taking our findings into consideration with the facts that (i) SB is a clean and abundant 

feedstock, (ii) BSFL can convert low quality substrates into high quality feed sources cost 

effectively and (iii) protein derived from BSF larvae is comparable to commercially accepted 

protein resources such as soyabean meal. It may be concluded that BSF larvae grown on 

enzyme and microbially treated SB is a viable source of protein for human consumption. 

However, substantial additional research is needed to determine the economic viability of 

rearing BSF larvae on a plant-based substrates and the safety of the product. 

Recommendations for future studies: 

1. Further studies into screening of non-pathogenic microorganisms with a tolerance for 

inhibitors formed during steam pre-treatment, that also have high cellulase and 

hemicellulase activities, thus being able to grow on the substrate without the need for 

exogenous enzymes.  

2. Intensive research to determine if BSFL are capable of digesting lignocellulosic 

components in their gut via native enzymes, or if they rely on their microbiome. In the 

latter case, natural BSFL symbionts may be excellent prebiotics to aid the conversion 

process. 

3. A study to determine the biomass conversion and nutritional value of BSFL reared on 

different lignocellulosic biomass sources to facilitate in extracting the maximum amount 

of protein and fat from BSFL.  

4. Research on how to safely use BSFL for human consumption. 

5. A techno-economic study to determine the cost of BSFL protein and fat production 

compared to alternative products with similar protein and fat content.  
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Appendices 
 

Appendix A-1: A comparison of the average (with standard errors) proximate composition of Trial 1 feed 

before and after BSF Larval rearing on a dry matter basis (%DM). 

Composition 

(%) 
Formulated Feed 

    Steam pre-

treated 
2.5 FPU 5.0 FPU 7.5 FPU 

  Feed Residue Feed Residue Feed Residue Feed Residue Feed Residue 

Dry Matter (g) 162.0±0 78.7±7.8 162.0±0 88.8±1.6 162.0±0 101.7±8.4 162.0±0 113.6±4.9 162.0±0 107.7±8.2 

Ash 5.7±0.2 5.0±2.1 2.6±0.2 3.1±0.3 2.8±0.4 3.0±0.4 2.5±0.3 2.5±0.1 2.7±0.2 2.6±0.1 

NDF 35.0±1.1 62.7±3.6 64.5±2.1 79.8±2.8 56.7±1.4 73.2±1.1 57.7±1.8 77.1±1.6 53.6±1.2 72.4±3.6 

ADF 13.4±0.7 29.0±1.5 45.1±1.4 56.3±0.5 37.9±2.1 49.3±2.1 38.0±1.1 53.0±0.9 36.1±2.8 48.7±2.5 

ADL 3.5±0.3 9.2±1.7 11.1±1.9 13.9±2.1 9.2±0.9 13.3±1.8 8.5±0.5 14.6±1.1 12.5±2.0 12.3±1.6 

Hemicellulose 21.6±1.0 33.7±2.1 19.5±1.2 23.5±2.8 18.8±1.6 23.8±3.1 19.8±1.3 24.1±2.0 17.5±1.6 23.7±1.9 

Cellulose 9.9±0.5 19.8±1 33.9±2.3 42.4±1.6 28.7±1.3 36.1±3.7 29.5±0.7 38.4±0.3 23.6±1.9 36.4±1.1 

Protein 15.5±0 13.3±1.5 9.1±0.4 6.5±0.7 10.4±0.4 8.1±0.4 10.5±0.4 7.1±0.3 10.8±0.3 8.7±0.5 

 

Appendix A- 2: A comparison of the average (with standard errors) proximate composition of Trial 2 feed 

before and after BSF Larval rearing on a dry matter basis (%DM). 

Composition 

(%) 
Formulated Feed 

    Steam pre-

treated 
BT1 BT2 BT3 

  Feed Residue Feed Residue Feed Residue Feed Residue Feed Residue 

Dry Matter (g) 162.0±0 72.1±5.5 162.0±0 93.1±6.3 162.0±0 90.8±2.4 162.0±0 90.1±0.5 162.0±0 89.8±3.7 

Ash 5.7±0.2 5.4±0.4 2.6±0.2 2.7±0.2 2.7±0.3 3.8±0.1 3.0±0.2 3.9±0.4 3.3±0.4 3.7±0.3 

NDF 35.0±1.1 65.6±0.8 64.5±2.1 76.5±1.4 62.8±2.8 69.8±5.2 64.5±1.3 74.2±0.3 65.0±1.4 75.0±1.0 

ADF 13.4±0.7 30.5±0.6 45.1±1.4 56.2±1.7 42.1±2.8 54.5±3.8 43.4±1.1 55.5±1.5 44.6±1.3 58.5±1.3 

ADL 3.5±0.3 10.5±0.9 11.1±1.2 12.9±0.8 7.9±0.3 11.3±1.4 8.8±0.3 12.4±1.1 11.9±1.5 15.2±0.6 

Hemicellulose 21.6±0.5 35.1±0.7 19.5±1.2 20.3±1.5 20.6±1.2 15.2±3.3 21±1.4 18.7±1.2 20.4±1.6 16.5±1.1 

Cellulose 9.9±0.5 20±1.4 33.9±2.3 43.3±1.6 34.2±3.1 43.2±2.4 34.7±1.3 43.1±2.4 32.8±2.5 43.3±1.7 

Protein 15.5±0 13±1.6 9.1±0.4 7.0±1.3 10.1±0.7 7.2±0.9 10.1±0.5 7.1±0.2 10.3±0.6 7.0±0.2 
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Appendix A-3: A comparison of average (with standard errors) proximate composition of Trial 3 feed before 
and after BSF Larval rearing on a dry matter basis (%DM). 

Composition 

(%) 
Formulated Feed      Steam pre-treated SSF1 SSF2 SSF3 

  Feed Residue Feed Residue Feed Residue Feed Residue Feed Residue 

Dry Matter (g) 162.0±0 73.8±2.1 162.0±0 111.0±0,9 162.0±0 93.7±7.7 162.0±0 91.7±5.3 162.0±0 99.3±2.9 

Ash 5.7±0.2 5.5±0.4 2.6±0.2 3.2±0.4 2.1±0.1 3.3±0.4 2.4±0.1 3.5±0.3 2.1±0.1 2.7±0.1 

NDF 35.0±1.1 66.4±1.2 64.5±2.1 74.3±4.2 54.1±0.8 65.0±4.5 57.0±1.1 73.5±2.3 55.9±0.7 72.3±2.5 

ADF 13.4±0.7 30.4±1.7 45.0±1.4 55.0±4.0 35.7±0.8 46.0±2.2 38.1±0.6 51.2±1.6 36.9±0.9 50.0±2.2 

ADL 3.5±0.3 10.0±0.7 11.1±1.2 14.0±0.2 9.9±1.6 11.0±0.5 9.5±0.6 12.2±0.6 8.6±0.3 14.2±1.8 

Hemicellulose 21.6±0.5 36.0±1.9 19.5±1.2 19.3±0.4 18.3±1.0 19.0±2.3 22.2±1.0 19.0±0.5 19.0±0.4 22.2±0.4 

Cellulose 9.9±0.5 20.4±1.1 33.9±2.2 41.0±3.9 25.8±0.8 35.0±1.7 28.6±1.2 39.0±1.9 28.3±1.2 35.8±0.8 

Protein 15.5±0 11.8±0.5 9.1±0.4 5.4±0.3 12.3±0.4 8.3±0.6 11.7±0.5 7.3±1.0 11.9±0 7.2±0.6 
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Appendix A-4: Average protein and fat content for each treatment. All values represent mean values of assays done in 
triplicate with error bars indicating standard deviation.  

Treatment Protein (%) Fat (%) 

Trial 1   

Formulated feed 44.3 ± 2.0 24.5 ± 1.7 

Steam pre-treated 46.2 ± 0.1 12.6 ± 2.8 

2.5 FPU 40.4 ± 0.5 16.2 ± 1.2 

5.0 FPU 41.3 ± 1.1 21.4 ± 3.1 

7.5 FPU 42.2 ± 1.5 22.8 ± 1.1 

Trial 2   

Formulated feed 44.7 ± 0.9 27.0 ± 3.8 

Steam pre-treated 47.3 ± 1.2 22.7 ± 1.0 

BT 1 47.8 ± 0.7 28.8 ± 0.6 

BT 2 50.0 ± 1.0 20.3 ± 1.4 

BT 3 45.5 ± 2.8 20.3 ± 2.0 

Trial 3   

Formulated feed 32.8 ± 6.5 30.2 ± 2.1 

Steam pre-treated 39.8 ± 1.8 29.1 ± 0.9 

SSF 1 42.5 ± 2.2 30.0 ± 3.0 

SSF 2 34.4 ± 2.5 35.1 ± 4.9 

SSF 3 30.7 ± 2.0 29.8 ± 0.7 

Formulated feed: 100% formulated standard feed, Steam pre-treated: No microorganisms &/or enzymes added, BT1: BSFL 

trial after SB was treated with microorganisms for 3 days, BT2: BSFL trial after SB was treated with microorganisms for 6 

days, BT3: BSFL trial after SB was treated with microorganisms for 10 days, SSF1: BSFL trial after SB was treated with 

microorganisms and enzymes for 3 days, SSF2: BSFL trial after SB was treated with microorganisms and enzymes for 6 days, 

SSF3: BSFL trial after SB was treated with microorganisms and enzymes for 10 days. 
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