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Abstract
Purpose  A large proportion of the European Union’s tomato crop is discarded during harvesting and there is a valorisation 
potential to recover proteins from this waste.
Methods  Cherry tomatoes were segregated into three separate components: juice, pomace (peels and skins), and seeds. The peels 
and skins, and seeds were separately hydrolyzed with carbohydrases to determine whether protein recovery could be increased. 
In addition, a strategy to fractionate the seeds was developed using sequential washing of milled tomato seeds, followed by low-
speed centrifugation to remove the denser seed hulls and to collect the protein rich kernels remaining in suspension.
Results  The protein content of the seeds was highest with 27.4% while the peels and skins contained 7.6%. Carbohydrase 
mediated hydrolysis resulted in a minor increase in protein recovery of 10% from seeds using Filta 02L (cellulase, xylanase 
and β-glucanase), and the quantity of protein recovered from peels and skins increased by 210% using Tail 157 (pectinase, 
hemicellulase). The strategy to separate the seeds into two fractions, revealed that a higher proportion of the fibre (65%) was 
associated with the hull fraction compared with the original seeds (47%). A significant proportion of the fibre in this frac-
tion was composed of lignin although the protein contents between both fractions was similar ranging from 27.4 to 29.9%.
Conclusions  These results reveal that carbohydrases were quite effective in protein extraction from peels and skins, but not 
from seeds. An alternative strategy was developed to remove the seed hulls from the milled seeds and to collect a fraction 
containing protein and dietary fibre where oil could be removed at this stage.

Graphical Abstract
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Statement of Novelty

Large quantities of waste tomatoes are produced yearly that 
have valorisation potential. These waste tomatoes were sepa-
rated into three different components: juice, peels and skins, 
and seeds. Previous studies have focused on solvent extrac-
tion of oils from seeds prior to protein extraction, whereas 
this study focused on developing a process to extract a frac-
tion enriched with fibre and protein without the initial de-
oiling step thereby reducing solvent use.

Introduction

Tomatoes form a large proportion of the European Union’s 
fruit and vegetable crop harvest [1], with an annual pro-
duction of 16.4 million tonnes. Approximately 0.5 million 
tonnes per annum is lost during the production stages [2], 
which is either used as animal feed or transferred to landfill 
sites. However, these losses may be based on indoor glass-
house production where pests, diseases and rates of growth 
can be controlled, whereas losses may be greater in some 
EU countries such as Spain that rely on outdoor growth [3]. 
There is an opportunity to valorize the unprocessed tomatoes 
or side residue streams generated from this crop, in order 
to isolate additional, value-added products. These include 
important compounds such as cutin found in the tomato 
skins [4] as a source of functional dietary fibre to reduce 
the risk of colorectal cancers [5] and carotenoids such as 
lycopene [6], with a range of medical related applications 
including in the prevention of certain cancers, cataracts and 
coronary diseases [7].

The current use for unsaleable or waste tomatoes is com-
posting to form a fertilizer with a high protein content of 
up to 20% [8]. However, there is potential to valorize this 
biomass through fractionation to produce value added prod-
ucts that include  functional proteins from this waste stream.

One of the challenges currently facing industry and ulti-
mately society is the identification, production and utilisa-
tion of functionally useful plant proteins as alternatives to 
animal protein for applications in a range of sectors, espe-
cially as food ingredients. Central to this challenge is the 
development of cost-effective strategies for isolating plant 
proteins that retain structural conformations and conse-
quently functional properties. Some of the emerging, alter-
native plant protein sources include pea, potato, canola and 
rice proteins but many more are required to fulfil the demand 
for the almost 50 different functional characteristics that are 
desired within the food market [9]. The wide range of appli-
cation areas for functional plant proteins in the food industry 
is almost endless that includes ice creams, desserts, dress-
ings, convenience produce, processed meat, bakery products 
and milk drinks.

Previous studies have focused on the potential source 
of functional seed protein containing 23–34% of mate-
rial extracted from seeds that are separated from the tomato 
pulp by sedimentation [10–12]. The functional properties 
of these protein extracts showed higher oil absorption com-
pared with soy proteins, while the foaming and emulsion 
characteristics were similar [13]. In laboratory feeding trials 
on rats, tomato seed protein resulted in acceptable weight 
gains but to a lesser extent compared with the use of casein 
[14]. One of the benefits of tomato seeds is the higher pro-
portion of the essential amino acid, lysine, that could be 
used to fortify foods low in lysine, whereas other plant pro-
teins such as soy and corn contain lower amounts of this 
amino acid [12]. While the potential functional properties 
of tomato seed protein have been reported, the development 
of an industrial process that does not rely on de-oiling of 
the tomato seeds prior to protein extraction has not been 
explored. Such a process would provide further progression 
towards developing a biorefinery process and associated 
value-chain approach to improve the economic viability of 
tomato waste valorisation, thereby diverting material away 
from animal feed applications or landfill.

The aim of this study was to develop a protocol to sepa-
rate tomatoes into juice, pomace (pulp and peel), and seeds, 
with a view to ultimately incorporating these methods into a 
fruit and vegetable biorefinery, in order to create additional 
value to waste and/ or co-product streams. Compositional 
analysis was performed on each of these fractions to provide 
an insight into the valorisation potential and the presence of 
anti-nutritional compounds, the levels of which will impact 
on potential food applications areas because of reduced pal-
atability. An assessment of the valorisation opportunities for 
these different fractions focused on proteins and involved 
determining the effectiveness of enzymatic hydrolysis to aid 
the separation process. Finally, a procedure was developed 
to separate the seed hulls and kernels into separate fractions.

Materials and Methods

Separation of Tomato Seeds

Cherry tomatoes (4.5 kg) that were deemed unsaleable were 
supplied frozen by Annecoop Ltd., Spain, which has one of 
the largest tomato farming operations in the EU aand sup-
plies fresh produce to customers across Europe. These toma-
toes were warmed at 50 °C for 5 min to loosen the skins and 
then passed through a juicing machine (Robot Coupe Auto-
matic Sieve C200, Robot Coupe, France). Tomato juice was 
collected from one outlet and pomace was collected at the 
other. The pomace was placed into a 200 L pan, stirred and 
periodically passed through a sieve (5 mm diameter holes) 
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and into a collection bucket. The pulp and skins collecting 
within the sieve were emptied whenever this became full and 
the seeds possessing a gelatinous outer layer passed through 
the holes of the sieve. Any tomato pulp or skins that had 
passed through the sieve that floated on the surface of the 
water in the collection bucket were skimmed off the surface. 
The collected seeds were then freeze dried to prevent degra-
dation and ball milled.

Compositional Analysis of Tomato Components

The moisture content of each fraction was determined on 
a 5 g sample using a moisture analyser at 105 °C (Kern, 
Germany), until the evaporation rate was less than 2 mg of 
water/ 20 s. The total dry weights in the samples of the dif-
ferent tomato fruit fractions components were determined 
by multiplying the total wet weights by the percentage of 
dry weight that was determined using the moisture analyser. 
These dried samples were used to determine the fibre and 
phytic acid content. Fibre analysis was performed using a 
fibre analyser (Ankom Technology, USA) following the pro-
cedure described in the Ankom Technical Manual (http://​
www.​ankom.​com) for neutral detergent fibre (NDF) and 
acid detergent fibre (ADF), after extracting any residual oil 
in acetone by shaking ten times and incubating for 10 min. 
The acetone washed samples were air dried at room tem-
perature and then oven dried at 103 °C for 30 min. NDF 
by treating fibre bags with 2 L neutral fibre detergent, 20 g 
sodium sulphite and 4 ml amylase (Ankom Technology) for 
1 h at 100 °C and 10 psi and the fibre bags were washed 
three times with 2.67 ml amylase (Ankom Technology) in 
116.67 ml deionized water for 5 min during each cycle. ADF 
was determined by treating the fibre bags with ADF solution 
for 1 h at 100 °C and 10 psi followed by 3 × 5 min washes 
with hot distilled water. Lignin analysis was performed in 
the fibre bags in the Daisy Incubator (Ankom Technology) 
at room temperature (3 h in 500 ml 72% sulphuric acid) 
and then continuously washed in tap water until the pH was 
neutral as determined using a pH meter. The Ankom bags 
were soaked in acetone for 5 min and dried at 103 °C for 
3 h at the end of each treatment with NDF, ADF and lignin 
analysis. The ash contents were determined on 0.5 g of sam-
ple, not previously used for fibre content, at 600 °C for 4 h 

in a furnace oven. Hemicellulose content was determined by 
subtracting ADF from NDF values, cellulose content was 
determined by substracting lignin from ADF values, and 
lignin was determined by subtracting lignin from the weight 
of the empty bags. The ash contents in each of the respec-
tive fibre components were determined and subtracted from 
each component.

Protein determination was carried out by weighing wet 
material in duplicate to the equivalent of 1 g dry weight of 
material, as determined by mositure content. To the tubes 
containing pulp, 0.5 M NaOH (20 ml) was added, while 
0.2 M NaOH (10 ml) was added to the seeds. The discrep-
ency in concentration and volume used reflected the higher 
moisture content associated with the pulp. The tubes were 
incubated at 50 °C with end-over-end rotation (1 h) and 
then centrifuged at 1493 × g for 5 min. The supernatants 
were decanted into preweighed tubes and the weights of the 
supernatants were measured. The volumes were determined 
assuming that 1 g of supernatant was equivalent to 1 ml. The 
concentration of protein in the supernatants were determined 
using the Bradford assay and each sample was diluted until 
a reading of 0.4 was obtained, using the microplate reader 
at 595 nm.

The presence of anti-nutrients occurring as phytic acid 
was determined using the assay kit (Phytic Acid Kit, Mega-
zyme, Ireland), which involved measuring free phosphates 
and then enzymatically released phosphates bound as phytic 
acids. The phytic acids were solublized from 1 g sample in 
20 ml 0.66 M HCl. The assay contains phytase that degrades 
any phytic acids present into myo-inositol polyphosphates 
and another enzyme, alkaline phosphatase, into free phos-
phates. The phosphates are detected by reacting them with 
ammonium molybdate and acid to form a blue coloured 
compound that can be measured in the plate reader at 
655 nm. The free phosphate concentrations were performed 
beforehand and these values were subtracted from the phos-
phates indicating phytic acids.

Enzyme Mediated Protein Extraction from Tomato 
Seeds

Freeze dried tomato seeds (20 g) were ball milled and sam-
ples of 100 mg samples were weighed into 2 ml Eppendorf 

Table 1   Carbohydrases and 
their main activities, and 
optimum temperatures and pH 
ranges

Enzyme Activities Operating tem-
perature

Operating pH

Tail 157 Pectinase/hemicellulose 50–60 °C 4.0–5.0
Tail 113 Pectinase/arabinase/hemicellulase/cellulase 45–55 °C 4.0–5.0
Tail 01 Pectinase/hemicellulase 45–55 °C 3.5–5.5
Cellux 01L Cellulase/β-glucanase 50–60 °C 4.5–6.0
Filta 02L Cellulase/xylanase/Β-glucanase 40–65 °C 4.0–6.5

http://www.ankom.com
http://www.ankom.com
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tubes. To each tube, distilled water (1.65 ml) and carbo-
hydrase (Table 1) diluted to one tenth (50 µl) was added 
and each treatment was performed in duplicate. The control 
consisted of distilled water (1.7 ml) without any enzyme. 
The milled seeds were resuspended in water and incubated 
at 50 °C with end-over-end rotation at 40 rpm (3 h). This 
temperature was chosen because it was within the optimum 
range for all of the carbohydrases as recommended speci-
fications by the supplier (Tailorzymes) and enabled direct 
comparison of the carbohydrases without the influence of 
higher temperatures being a factor in higher activities. The 
tubes were centrifuged at 15,493×g (10 min) and the super-
natants were collected noting the exact volume. The protein 
concentrations associated with each of the enzymes were 
determined and these values were subtracted from protein 
concentrations extracted with each of the enzymes. The 
protein concentrations were determined in the supernatants 
using the Bradford method and diluting the protein extracts 
until an absorbance at 595 nm reached an absorbance value 
of ~ 0.4.

Enzyme Mediated Extraction of Protein from Tomato 
Pulp

Wet tomato pulp (1 g equivalent dry weight) was centri-
fuged at 5575×g (10 min) and the supernatant was dis-
carded. A minimal amount of protein was lost in the super-
natant (0.057% of protein per g dry biomass). The pellets 
were resuspended in distilled water (20 ml) and the pH was 
adjusted from 4.2 to 4.7 ± 0.1 with 0.2 M NaOH. Each of the 
carbohydrases (Table 1) was separately added (50 µl) and the 
tubes were incubated with end-over-end rotation at 40 rpm 
for 3 h at 50 °C. The tubes were centrifuged at 5575×g for 
5 min and the supernatant was decanted into another tube. 
The weights of the supernatants were measured, and protein 
concentrations were determined in water using the Bradford 
assay. Controls were also prepared using only carbohydrases 
at the same concentrations used to determine the effective-
ness of carbohydrases in protein extraction and these values 
were subtracted from protein concentrations determined 
with each carbohydrase.

Measurement of Carbohydrase Activities

Cellulase activities were determined in duplicate for each 
carbohydrase by immersing 1 g Avicel in 10 ml deion-
ized water (pH 6.1) and adding 50 µl carbohydrase. The 
tubes were incubated at 50 °C with end-over-end rotation 
at 40 rpm and then sugar concentrations were determined 
after 1 h incubation by centrifuging at 11337 xg (5 min). The 
quantity of sugars were measured after diluting a sample of 
the supernatant and then mixing at 1:3 with DNSA solution 
(1 g DNSA, 20 ml 2 M NaOH and 100 ml 20 g potassium 

sodium tartrate), heating to 100 °C for 5 min and then cool-
ing on ice. The absorbance of these samples was measured 
at 540 nm against DNSA containing deionized water [15]. 
Xylanase activities were determined using 1 g oat xylan 
immersed in 10 ml deionized water (pH 5.7) using the same 
procedure described for measuring cellulase activity. A 
comparison was made between protein yields and enzyme 
activities because the enzymes were used as a liquid rather 
than as a solid. However, the protein contents of the car-
bohydrases were determined using the Bradford assay and 
specific enzyme activities were also calculated.

Laboratory Scale Protocol to Extract Proteins 
from Tomato Seeds

Duplicate sets of milled seeds (2.5 g) were transferred into 
50 ml Falcon tubes and distilled water (40 ml) added to each. 
The tubes were shaken for 20 s and centrifuged for 3 min at 
either 40 × g or 1493 × g. The supernatants were decanted 
into fresh tubes and aliquots of 0.5 ml were taken to deter-
mine protein contents using the Bradford assay. Further 
extraction on the same samples involved adding distilled 
water (35 ml) to each pellet and the mixture was agitated 
(20 s), centrifuged (3 min at 40×g or 1493 × g and sam-
ples (0.5 ml) were collected from the supernatant for pro-
tein determination. The remainder of the supernatant was 
decanted and pooled with the previous supernatants. This 
whole step from resuspension of the pellet in 35 ml dis-
tilled water, to pooling of supernatants was repeated three 
more times. Ethanol {1:1 (v/v)} was added to the pooled 
supernatants, left overnight at 4 °C and the suspension was 
centrifuged at 5575×g for 5 min to collect the protein pel-
let. The remaining seed hulls and the extracted protein were 
freeze-dried and weighed. The non-fibrous portion of the 
seeds was calculated by subtracting the weights of the seed 
hulls and seed protein from the original weight of seeds at 
the start of the experiment.

Statistical Analysis

Levels of significant differences were calculated using Stu-
dent’s t-Test on each processed sample compared with the 
control. Each enzyme treatment and the controls were per-
formed in duplicate.

Gel Electrophoresis and Protein Identification

Protein samples were diluted (50  mg powder/ml) in 
1 × lithium dodecyl sulfate sample buffer (Thermo Scien-
tific) ± 10 mM reducing agent (dithiothreitol, DTT, Sigma-
Aldrich). Samples were then heated to 70 °C for 30 min 
and centrifuged for 1 min at 10,000×g. Proteins were then 
separated using sodium dodecyl sulfate polyacrylamide gel 
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electrophoresis (SDS-PAGE) on 4–12% acrylamide gels 
(Genscript, Netherlands).

Protein bands of interest were excised with a scalpel 
and subjected to in-gel digestion using trypsin (Promega, 
USA). Extracted peptides were reduced and alkylated using 
DTT and iodoacetamide, respectively, and analyzed using 
matrix-assisted laser desorption ionization (MALDI) mass 
spectrometry (autoflex maX, Bruker Daltonics). The peptide 
mass list was searched against the NCBIProt database using 
Mascot search engine (Matrix Science, USA) with carbami-
domethyl as a fixed modification of cysteine and oxidation 
of methionine as a variable modification.

Results and Discussion

Tomato Composition

The whole tomato fruits were fractionated into juice, pom-
ace (pulp and peel), and seeds (Fig. 1). It was impossible 
to separate the peel and pulp because at this stage the peel 
appeared as fragmented pieces. The juice formed the largest 

proportion of material in tomatoes in terms of dry biomass 
(60%) and seeds (12%) were least. However, a large propor-
tion of these tomatoes was comprised of water and only 49 g 
of tomato seeds were recovered from 4.5 kg fresh toma-
toes. The processing of a larger quantity of round tomatoes 
(100 kg) resulted in a lower proportion of seeds being recov-
ered (250 g) which would still be insufficient to perform pilot 
scale studies [Baker et al., unpublished]. Therefore, a differ-
ent strategy using sedimentation of seeds was implemented 
to recover a larger quantity of material from a tomato juice 
processing plant [16]. It was impossible to separate the pulp 
and seeds from processed pomace using sieving because the 
gelatinous layer surrounding the seeds was removed during 
heat processing that would enable the seeds to pass through 
the sieve. The remaining pomace after processing resulted in 
the recovery of 44% of the dry biomass as seeds. However, 
the development of a strategy to recover crude protein from 
tomatoes that would be otherwise discarded is important 
process that should be independently investigated.

Compositional analysis of the pomace and seeds indi-
cated that non-fibre was the major component in both frac-
tions (Table 2), and a relatively high lignin content in the 

Fig. 1   The deseeding process 
for tomatoes

Table 2   The activities of 
carbohydrases used to hydrolyse 
pulp and seeds

Cellulase and xylanase activities were determined in water using Avicel and oat xylan, respectively

Carbohydrase Cellulase activities Xylanase activities

Units per ml Units per g dry weight Units per ml Units per g dry weight

Tail 157 94 ± 18 4.97 × 104 ± 9.43 × 103 400 ± 13 2.12 × 105 ± 6.93 × 103

Tail 113 36 ± 3 3.04 × 104 ± 2.17 × 103 439 ± 1 3.71 × 105 ± 5.43 × 102

Tail 01 35 ± 9 2.19 × 104 ± 5.83 × 103 154 ± 22 9.51 × 104 ± 1.363 × 104

Cellux 01L 59 ± 6 3.47 × 104 ± 3.52 × 103 405 ± < 1 2.38 × 105 ± < 1
Filta 02L 14 ± 9 7.70 × 103 ± 5.21 × 103 620 ± 13 3.43 × 105 ± 6.98 × 103
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pomace (25.3 ± 1.5%). Whether the remaining material after 
fibre analysis was lignin is unclear and one possibility is that 
cutin, a macromolecule with properties similar to lignin, and 
that can form a structural component in mosses [17] may 
show acid resistant properties that are similar to lignin. In 
contrast, the lignin content in the seeds was considerably 
lower (9.51 ± 0.43%), with cellulose and lignin contents of 
the seeds having similar values to those reported previously 
[18]. There were significant quantities of cellulose in the 
pomace and of both hemicellulose and cellulose in the seeds, 
indicating that the application of an enzymatic processing 
step using carbohydrases could have an effect in releasing 
proteins from both fractions.

The protein content was determined for each of the 
tomato fractions, with the milled tomato seeds contain-
ing the highest amounts (Table 2). The protein content in 
un-milled seeds was 0.17 ± 0.02% and so it was necessary 
to mill the seeds to reduce particle size and facilitate opti-
mised, downstream protein recovery [19]. Kjeldahl analy-
sis revealed that the protein concentrations in milled seeds 
(Table 2) were similar to those reported previously [11, 12], 
but there are no reported values for the protein content of 
tomato pulp. It is possible that some of the protein remained 
inaccessible even under the alkaline treatment, resulting in 
lower values determined using the Bradford assay. Similar 
findings were revealed in another study, where protein deter-
mination of tomato seeds under weak alkaline conditions, 
using the Bradford assay, was lower than values determined 
using Kjeldahl analysis [20]. The Bradford assay measures 
soluble protein although the majority of soluble proteins will 
be determined at specific pH values [21]. In contrast, Kjel-
dahl analysis will also include insoluble proteins such as 

globular proteins although very low concentrations of other 
nitrogenous compounds besides amino acids may also be 
included.

Three quarters of phosphorus in plants is stored as 
phytates, although it cannot be absorbed by ruminants and 
the presence of phytates in food can lead to the deficiency in 
other minerals such as iron and zinc [22]. Our results showed 
that 76% of the total phosphorus was in the form of phytic 
acid and the amount was within the expected range for most 
cereal grains (Megazyme, Ireland). A previous study has 
shown that the carryover of phytates into the protein extract 
is much less compared with the quantity found in the origi-
nal seeds [23].

Enzyme Mediated Protein Extraction from Seeds

A range of different enzyme mixtures were assessed in 
order to determine any improvements in protein extraction, 
each with minor differences in optimum temperature and 
pH conditions (Table 1). Enzyme mediated protein extrac-
tion from seeds indicated that the only carbohydrase which 
resulted in an increase in protein yield, following treatment, 
was Filta 02L. This was 10% higher and significantly dif-
ferent compared with the control (Fig. 2A) without enzyme 
(P = 0.008). Filta 02L possessed β-glucanase, xylanase and 
cellulase activities that would enable these carbohydrases to 
hydrolyse both the hemicellulose and cellulose present in the 
matrix. In contrast, Cellux 01L possessed β-glucanase and 
cellulase activities and did not show increased protein recov-
ery. The other carbohydrases evaluated as part of this study, 
Tail 157 and Tail 01, did not possess cellulase activity and 
subsequently yielded lower quantities of protein compared 

Fig. 2   Protein yields based 
on total protein present as 
determined by Kjeldahl analysis 
of enzyme mediated extrac-
tion of A protein from tomato 
seeds and B protein from pulp, 
compared to control without 
enzymes (none). Maximum 
protein concentrations in mg per 
g biomass from wet seeds was 
92.2 ± 2.7, from dry seeds was 
97.8 ± 2.8, from wet pulp was 
0.34 ± 0.3 and from dry pulp 
was 5.4 ± 0.5. Maximum protein 
yields compared with total alka-
line extracted protein (which are 
lower than total protein based 
on Kjeldahl analysis) from 
tomato seeds was 123 ± 4% per 
g dry biomass and 38 ± 4% per 
g dry biommass

0

5

10

15

20

25

30

35

40)ssa
moib

yrd
grep

%(
dleiy

nietorp

enzyme

A

0
1
2
3
4
5
6
7
8
9

pr
ot

ei
n 

yi
el

d 
(%

 p
er

 g
 d

ry
 b

io
m

as
s)

enzyme

B



Waste and Biomass Valorization	

1 3

with Filta 02L. Tail 113 which had similar carbohydrases to 
Filta 02L did not show increased levels compared with the 
control, perhaps due to lower levels of carbohydrase activity 
or possessed activity that targeted different carbohydrates. 
Therefore, carbohydrases that could completely degrade 
both hemicellulose and cellulose, such as xylanase, cellulase 
and β-glucanase appear to be necessary in order to increase 
the recovery of protein from tomato seeds. Some of the car-
bohydrases, Tail 157, Tail 113 and Cellux 01L, appeared to 
show a decrease in protein yield in comparison to the control 
without carbohydrase. However, only Tail 157 was signifi-
cantly lower (P = 0.008) and it unclear why this resulted in 
a lower yield. It was apparent that this enzyme contained 
higher quantities of pectinases than the other enzymes and 
the release of galacturonate may form a gel-like substance in 
the presence of metallic ions [24], that may result in protein 
binding.

Enzyme Mediated Protein Extraction from Tomato 
Pulp

Protein extraction studies from the pulp indicated that 
Tail 157 increased the yield by 210%, which was signifi-
cantly higher (P = 0.005) (Fig. 2B). The other enzymes also 
appeared to increase the protein yield between 30 and 40%, 
although only Tail 01 and Filta 02L were significantly higher 
(P < 0.05). Tail 157 appeared to act on the tomato peels caus-
ing them to completely disintegrate when whole tomatoes 
were incubated in the presence of this enzyme (unpub-
lished). Considering the low levels of proteins that were 
extracted, it is important to include controls that account 
for the quantity of protein associated with each carbohy-
drase and these concentrations were subtracted from protein 
yields obtained with each carbohydrase. Tail 157 contains 
mostly pectinases, and the presence of a significant pectin 
content in tomatoes ranging from 5 to 10% of the total dry 

biomass [8] may be a factor in the effectiveness of this car-
bohydrase. Furthermore, the cellulase activity of Tail 157 at 
94 ± 18 units per ml (Table 2) was considerably higher than 
the other carbohydrases where cellulose was a major fibre 
component (Table 3). Therefore, higher cellulase activity 
may contribute to higher protein recovery although further 
experiments would be required. There could be other fac-
tors such as physical treatments that could improve protein 
yields, including the use of microwave extraction from 
freeze dried tomato pulp to recover 7.8% of protein [25]. The 
remaining pulp could be valorised to recover carotenoids 
using solvent extraction [26].

Further Separation of the Milled Seeds

Another strategy was explored to separate the milled tomato 
seeds into two separate fractions, one containing predomi-
nately the seed hulls and the other fraction predominately 
containing the seed kernels. Tomato seeds are composed 
of ~ 50% non-fibrous material (Table 1), and it would appear, 
based on results from previous studies, that a significant 
amount of this soluble material could be tomato seed oil 
which has been found to comprise 31% of the total tomato 
seed weight [27]. Most studies have described the forma-
tion of tomato meal where the oils are removed through a 
defatting process by hexane extraction [11, 23, 28–31] or 
by using pressing [27]. However, the use of large quantities 
of organic solvent in pilot scale studies presents significant 
flammability issues, along with increasing CAPEX and 
OPEX and it is desirable to develop a green process that 
limits organic solvent use. Therefore, a process was investi-
gated that would postpone the use of organic solvents until 
a later stage where lower volumes would be required due to 
the decrease in biomass.

Table 3   Percentage composition of tomato components

Component Juice Pomace Seeds

Dry weight content 9.3 6.7 94.3
Proportion in dry 

weight
60.5 27.4 12.0

Non-fibre ND 46.7 ± 0.4 53.1 ± 1.23
Hemicellulose ND 5.4 ± 0.4 18.6 ± 1.0
Cellulose ND 13.8 ± 1.6 18.4 ± 0.85
Lignin ND 25.3 ± 1.5 9.5 ± 0.4
Ash ND 0.9 0.5
Protein (Bradford) 3.0 ± 0.8 2.0 ± 0.03 10.0 ± 0.9
Protein (Kjeldahl) ND 7.6 ± 0.2 27.4 ± 0.2
Free phosphate ND ND 9.20 × 10−3 ± 1.07 × 10−4

Phytic acid ND ND 0.29 ± 0.04
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Fig. 3   Protein extraction from tomato seeds using alkali compared 
with sequential extraction in water followed by precipitation of insol-
uble material at different centrifugal forces (based on 1 g as starting 
material)
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The total protein yields after the first extraction and from 
the pooled sequential extraction mixtures was ~ 14% and 
36% g based on total protein determined using Kjeldahl 
analysis (Fig. 3). Almost all of the alkali extractable protein 
was recovered as determined by the Bradford assay. This 
indicated that a significant amount of protein could be recov-
ered from subsequent washes, although this does require the 
use of large volumes of water and ethanol. Rather than using 
large quantities of ethanol, protein could be precipitated 
using citric acid and up to 500 mg/l chitin as a coagulat-
ing agent [32] or different pH acidification ranges [33]. The 
volume of water to weight of biomass ratio at 18:1 during 
the initial wash was similar to previously reported values, 
conducted under dilute alkaline conditions [28]. However, 
a considerable amount of residual protein remained in the 
seed hull fraction following processing (Table 4). The quan-
tity of protein in the crude protein extracts as determined 
by the different methods, Bradford and Kjeldahl analysis, 
were similar at ~ 30%, indicating that the majority of the pro-
tein was soluble and that a considerable proportion of other 
components were co-extracted with the protein. A hexane 
extraction revealed that 25% of the total crude protein was 
composed of oils and fats, indicating that the protein content 
would increase to ~ 40%. Further increases in protein yield 
could be obtained by ultrafiltration to collect proteins that 
remained in suspension even after ethanolic precipitation.

It was determined that the sequential aqueous extrac-
tion of proteins revealed that use of higher centrifugation 
speeds resulted in a lower proportion of material remain-
ing suspended and more protein was associated with the 
centrifuged pellet which was assumed to contain seed hulls 
fragments based on appearance (Table 4). Higher levels of 
protein were recovered when lower speeds were used but 
the precipitates appeared slighter browner compared with 
precipitates obtained with higher centrifugation speeds due 
to the carryover of smaller seed hull fragments into this frac-
tion. Nevertheless, there were minor differences between 
the crude fractions in terms of protein content determined 
using Kjeldahl analysis. The protein contents of the material 
left in the suspensions at different low speed centrifugation 
speeds were generally similar. Protein contents determined 
using Kjeldahl analysis were generally similar to those deter-
mined by the Bradford assay in protein extracts in contrast 
to differences between Kjeldahl and Bradford determined 
in the milled seeds. This might indicate that the proteins in 
this separated fraction were more accessible to the reagents 
in the Bradford assay whereas the majority of those in the 
seeds were inaccessible. Fibre analysis of the residual hulls 
indicated that the lignin content had increased more than 
three-fold compared with the original seeds, whereas the 
levels of hemicellulose and cellulose remained unchanged, 
and the non-fibre content decreased (Fig. 4). This clearly 

Table 4   The percentages of 
each fraction in terms of dry 
weight and protein contents 
determined using different 
methods

Centrifuge speed Seeds Crude protein Hulls

– 40 × g 1439 × g 40 × g 1439 × g

Dry weight (%) 100 28.14 ± 1.13 17.6 ± 0.81 ND 59.11 ± 2.19
Protein (Bradford) 7.97 ± 0.87 33.45 ± 1.55 26.95 ± 0.81 ND ND
Protein (Kjeldahl) 27.40 ± 0.16 28.72 ± 0.02 27.55 ± 0.48 29.51 ± 0.27 29.92 ± 1.55

Fig. 4   Fibre analysis of tomato 
seed and after two sequential 
aqueous extractions
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indicated a separation of the tomato seed components. The 
fraction containing the higher proportion of lignin contained 
a similar quantity of protein at 30% of the dry matter con-
tent to the protein extract, whereby this residual material 
could be evaluated as a potential ruminant by-product for 
animal or chicken feed (Fig. 5).

An investigation into alkali extracted tomato seed pro-
teins indicated that 61% were salt soluble globulins and 
37% were glutenin and gliadins that were soluble in acetic 
acid and ethanol, respectively [31]. Similarly, analysis of 
the protein composition of the seed fraction containing 
mostly seed kernels using SDS-PAGE (Fig. 6) showed that 
the major proteins were globulins based on comparison 
with previously published data [34]. Therefore, protein 
bands migrating in the reducing lane (+ DTT) at 49 kDa, 
35  kDa and 20  kDa, represented globulins (Fig.  5). 
Another study showed that globulins precipitated at pH 
3.8- 6.2, whereas those that were soluble proteins were 
precipitated at pH 3.5- 4.6 [35]. Therefore, it is possi-
ble that a higher proportion of soluble globulins were 
extracted under neutral pH conditions.

The fraction enriched with protein and fibre recov-
ered in this study remained as a colloidal suspension but 
showed low solubility when precipitated and dried. How-
ever, the use of ultrafiltration has been shown to improve 
functional properties of proteins and this process could 
be combined with other physical pre-treatment processes 
such as microwaving for further enhancement [36]. One 
of the major challenges at this stage is upscaling from 
gram to kilogram scale quantities and understanding the 
caveats at larger scale to achieving the success determined 
at smaller scale.

Conclusions

In terms of enzyme efficiency, the use of carbohydrases 
showed a higher increase in protein yields from pulp and 
peel than from seeds compared to protein extraction with-
out carbohydrases, despite the higher concentrations of 
hemicellulose in seeds. It would appear that under these 
conditions the use of carbohydrases might be ineffective 

WHOLE TOMATOES
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Pomace

Sieving Seeds
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Fig. 5   Proposed cascade to recover different components from waste 
tomatoes. Each of these could be further downstream processed to 
increase protein content and drying of fibre

Fig. 6   SDS-PAGE gels of tomato seed protein extract under denatur-
ing conditions with dithiothreitol (+ DTT)
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from a technoeconomic perspective, due to the high pro-
duction costs for these enzymes and when considering the 
minor increase in yield of protein from seeds and the lower 
quantity of protein associated with pulp and peel. How-
ever, a pre-process step was developed to remove a signifi-
cant proportion of lignin from the milled seeds without the 
requirement for use of carbohydrases. This indicated that 
the other fraction contained a considerably lower lignin 
content and this milled seed fraction represented one third 
of the original weight of the seeds. Further processing to 
increase the protein content is required as part of the strat-
egy for optimising and developing a commercial process 
to extract protein from seeds and to integrating this into a 
wider fruit and vegetable biorefinery approach.
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