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Abstract: Human consumption of fruits and vegetables are generally below recommended levels.
Waste from the production, e.g., of un-used parts such as broccoli leaves and stem when producing
broccoli florets for food, is a sustainability issue. In this study, broccoli leaves were analyzed for the
content of various dietary fibre and phenolics, applying the Uppsala method and HPLC analyses,
respectively. The results showed that broccoli leaves had comparable levels of dietary fibre (26%–32%
of dry weight (DW)) and phenolic compounds (6.3–15.2 mg/g DW) to many other food and vegetables
considered valuable in the human diet from a health perspective. A significant positive correlation
was found among soluble dietary fibre and phenolic acids indicating possible bindings between these
components. Seasonal variations affected mainly the content of conjugated phenolics, and the content
of insoluble dietary fibre. This study verified the importance of the use of broccoli production side
streams (leaves) as they may contribute with health promoting components to the human diet and
also socio-economic and environmental benefits to the bioeconomic development in the society.
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1. Introduction

Human health benefits from diets being rich in fruits and vegetables have been verified in a range
of studies, and is partly due to an association with a reduction in cardiovascular disease and cancer
mortality [1]. Both fruit and vegetables, as well as other plant based foods, are rich in compounds that
are suggested to have health beneficial properties [2]. Of these compounds, in particular dietary fiber
and bioactive compounds such as phenolics are reported as beneficial when sufficiently consumed [3–5].

Dietary fiber is a term used for naturally occurring carbohydrate polymers that are not digested
nor absorbed in the small intestine, and that have health beneficial properties [6]. Dietary fiber can
be divided into two fractions, soluble (SDF) and insoluble (IDF) dietary fiber, due to the solubility in
water. Most plant foods contain a combination of SDF and IDF [7]. Dietary fiber has been shown to
promote health benefits, such as lowering cholesterol in the blood [8], have an impact on the rate of
gastric emptying [9], and promote peristaltic movement in the intestines [10]. In addition, dietary
fiber is important as energy source for the gut microbiota, which will use the dietary fiber to produce
short chained fatty acids (SCFA) [11]. These SCFA can be absorbed and can help in regulating the
metabolism and immune system of the host [11]. A diet that contains several types of dietary fiber has
been suggested to lead to a gut microbiota with an increased diversity, which in turn could have health
beneficial effects [11–13]. Fruit and vegetables have been shown to be good sources of dietary fiber [14].
The edible parts of vegetables in the Brassica family usually contain dietary fiber in moderate to high
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amounts [15–17]. Given the recent interest in increasing the resource efficiency by using side streams
of different produce, broccoli leaves could be an attractive new source of dietary fiber.

In earlier studies, dietary fiber and phenolic compounds have been analyzed separately due
to substantial differences in their chemical structure and biological properties, even though the
phenolic compounds that are associated with the dietary fiber might have a significant contribution
to the overall health [18,19]. Dietary fiber is proposed to bind phenolics [20–22], enabling these
compounds to escape digestive enzymes in the upper gastrointestinal tract and instead reach the colon
intact [23,24]. There, the gut microbiota can ferment both the dietary fiber and the phenolics to more
easily absorbable compounds.

Phenolic compounds are defined as substances possessing an aromatic ring bearing one or more
hydroxyl group including their functional derivatives [25]. In plants, the phenolic compounds have
various functions, such acting as anti-feedant, anti-pathogenic, and protective agents (e.g., for UV
light) [25]. They also provide pigmentation of plants, are attractants for pollinators, make the cell
walls impermeable for gas and water, and contribute to physical stability of the plant [25]. Phenolic
compounds are often complex molecules, that are transformed into molecules of smaller size by
the gut microbiota before absorption, which increases the bioavailability of these compounds [26].
Most phenolic compounds have antioxidative properties, hence protecting the cells from, e.g., free
radicals [27]. Furthermore, the phenolic compounds have been implicated as involved in improving
the vascular health [28], lower the risk for developing certain types of cancer [29] and lower the risk of
chronic inflammations [3,30]. Phenolic compound may also have an impact on the diversity of the gut
microbiota, if they can reach the colon intact [26]. Leafy green vegetables usually contain high levels
of phenolic compounds [31]. In Brassica vegetables, including broccoli, a large number of phenolic
compounds have been identified [32–34], mainly from the parts already used as food, such as the
broccoli florets and kale leaves. This indicates that broccoli leaves should contain phenolic compounds
in comparable amounts.

The florets in broccoli (Brassica oleracea Italica group) have been shown to contain health beneficial
compounds, such as vitamin K and C, minerals, dietary fiber, phenolic compounds, glucosinolates and
folic acid [35–37]. The broccoli leaves, on the other hand, are not as well studied as the florets, but have
been shown to have higher levels of phenolic compounds as compared to the florets [38,39]. The stem
in broccoli contains large amount of insoluble fiber and low amounts of soluble fiber [40].

From the currently applied greenhouse production systems of broccoli, it has been estimated that
only 10% of the above ground biomass ends up as broccoli florets for consumption. The rest (90%) of
the above ground broccoli plants (which includes stems, leaves, and inflorescences of insufficient size)
becomes waste [41]. Previous experiments have shown that 70% of the total weight of the broccoli
plants is wasted in the field, while 45–50% of the harvested edible broccoli florets are wasted during
processing and transportation [42]. Such parts of the broccoli plant, today cultivated and edible but not
used as food, are interesting sources for use as novel food products. These side streams have a potential
to be used as functional ingredients to improve the nutritional values of different food products.

The aim of this study was to evaluate the content and composition of dietary fiber and phenolic
compounds in broccoli leaves, and to investigate potential relationships between the content and
composition of these groups of compounds. A second aim was to discuss possible impact on health from
consumption of broccoli leaves, based on the evaluated content and composition of these compounds.
Furthermore, the study aimed to describe possible food applications of broccoli leaves as a side stream
from commercial broccoli (florets) production.

2. Materials and Methods

2.1. Plant Material

Broccoli leaves were collected on the fields at a commercial production site located in the southern
part of Sweden, in the vicinity of 56◦24′38.5”N 12◦39'34.5"E. The grower used the same broccoli
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cultivar ´Beneforte´, known for its nutritional high value [43], throughout the whole production site.
The broccoli florets to be commercialized were harvested in October during the two years of sampling,
2017 and 2018. The leaves for this study were collected within 24 h after the final harvest of the broccoli
florets. Leaves were collected from a total of four fields; two fields in 2017 and two fields in 2018
(denominated Field 1 (2017), Field 2 (2017), Field 3 (2018) and Field 4 (2018)). In each field, three
squares (1.5 × 1.5 m) were randomly positioned (excluding edges of the fields) and ten plants were
selected from each square. The plants were cut approximately 2 cm above ground, excluding the roots
and most woody lower section. The plants were then transported to the lab in plastic bags, washed
under flowing water to rinse away visible dirt, air dried and the whole leaves (including midvein and
petiole) were thereafter placed pairwise in bags and stored at –80 ◦C to minimize the degradation of
phenolic compounds.

2.2. Water Content Determination and Milling

Water content for analysis was determined by weighing the frozen samples before and after
freeze-drying for 48 h. The freeze-dried samples were milled using an Ultra Centrifugal Mill ZM 200
(Retsch GmbH, Haan, Germany) equipped with a sieve with pore size <0.5 mm. The powder was
stored in +4◦C in dark plastic containers until analysis.

2.3. Analysis of Dietary Fibere

The components of dietary fiber were analyzed according to the Uppsala method [44], with
modification according to Andersson et al. [45] for separate analysis of soluble and insoluble dietary
fiber components (sugar residues); Klason lignin, uronic acid (UA), rhamnose (rha), fucose (fuc),
arabinose (ara), xylose (xyl), mannose (man), galactose (gal) and glucose (glc). Following previous
experiences and method descriptions [44,45], analysis were performed in duplicates. The analytical
results are reported on a dry matter basis (DW). Dry matter was determined by drying the milled
samples at 105 ◦C for 16 h.

2.4. Analysis of Phenolic Compounds

All samples were analyzed in triplicates, and measurements of phenolic compounds were
according to Lin et al. [46], with some modifications as described below. Similar as in our previous
study [47], a methanol extraction was applied as described below, following common practice for
phenolic compounds [48–50].

2.4.1. Methanol Extraction

For each sample, 2 mL 60% MeOH were added to 100 mg freeze-dried leaf sample in an Eppendorf
tube and vortexed (Combi-spin FVL-2400, Biosan, Latvia) for 5 seconds until mixed. The tubes were
put in ultrasonic bath (Sonorex Digitec DT 100 H, Bandelin, Germany) at 35 ◦C, for 60 min in order to
extract the phenolic compounds from the tissues, and thereafter chilled shortly in cold water. The tubes
were centrifuged at 4 ◦C and 21,000× g in a Centrifuge 5427 R (Eppendorf, Hamburg, Germany),
for 10 min to separate sufficient supernatant from pellet. An aliquot of the supernatant was saved as
methanol extract for analysis with HPLC, while one other aliquot was analysed further with alkaline
hydrolysis. Compounds analysed from the methanol extraction are denominated as conjugated phenolics,
since the phenolic compounds in Brassica are commonly found as conjugated to sugars and organic
acids [51]. The conjugated phenolics normally include naturally occurring flavonoid glycosides and
phenolic acids glycosides [51]. The conjugated phenolics were therefore further subdivided into two
groups (called Flavonoids and Phenolic Acids Derivatives, respectively), based on their retention time in
the chromatogram (Figure S1).
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2.4.2. Hydrolysis

After the methanol extraction, alkaline hydrolysis was used on the supernatant from samples in
order to liberate the phenolic acids from their glycoside.

For the alkaline hydrolysis, 200 µL 2 M NaOH was added to 500 µL supernatant from the methanol
extraction for each sample and the tube was shortly vortexed to mix. Then, the tube was put on a
shaking bed at 2 ◦C for hydrolysis during 18 h. Thereafter, 280 µL 6 M HCI was added and the tube was
again vortexed. A liquid-liquid extraction was performed by adding 2 × 500 µL ethylacetate to extract
the released phenolic compounds. The top phase was collected and the ethylacetate was evaporated
under N2 until dryness. The residue was dissolved in 100 µL 100% MeOH and the tube was placed in
ultrasonic bath, at 25 ◦C, for 5 min to dissolve the sample. An amount of 100 µL of the solution was
transferred to a HPLC vial for analysis with HPLC. Compounds analyzed from the alkaline hydrolysis
are denominated phenolic acids. The phenolic acids (after hydrolysis) were further subdivided into two
groups (called Group 1 and Group 2) based on their retention time in the chromatogram (Figure S1).

2.4.3. HPLC Analysis

In order to identify the phenolic compounds, the samples were analyzed by HPLC-MS. The phenolic
compounds were identified by their particular spectra, their UV-maxima, molecular weight and
retention time, and were compared with previous literature [32–34]. For the methanol extract,
kaempferol-3-O-rutinoside (Extrasynthèse, France) was used as an external standard and for alkaline
hydrolysis caffeic acid (Sigma, Germany) was used.

The individual phenolic compounds were analyzed in a HPLC–DAD–ESI(-)–MS system,
Agilent 1260 (Agilent Technologies, Waldbronn, Germany). The system consisted of binary pump
(0.700 mL/min), thermostated column compartment (35 ◦C), with a Triart C18 ExRS column (YMS,
150 mm × 3 mm, particle size 3µm and pore size 8 nm), an autosampler, a diode array detector (DAD)
(350 nm for methanol extract and 280 nm for alkaline hydrolysis), a mass spectrometer (Agilent 6120,
ionization mode API-ES negative polarity, gas temperature of 350 ◦C, drying gas 12.0 L/min, m/z
130–800). Data acquisition was made with Chemstation software (B04.03-SP1 [version 87], Agilent
Technologies, Waldbronn, Germany). Injection volume was 3.00 µL per sample. The mobile phase
consisted of a binary solvent system using water acidified with 0.5% formic acid (solvent A) and 0.1%
formic acid in acetonitrile (solvent B). The gradient increased linearly from 0–3% B (v/v) at 0–7 min, to
3–12% B at 7–13 min, to 12–14% B at 13–17 min, to 14–35% B at 17–26 min, held at 35% B at 26–28 min,
decreased to 3% B at 28–32.5 min and held at 3% B at 32.5–35 min.

2.5. Statistical Analysis

Data were expressed as mean ± standard deviation (SD). Statistical analysis was made in RStudio
Team (2016, US), version 1.1.456 [52], with the packages ggplot2, ggbiplot, dplyr, emmeans, lme4
and lmerTest.

Variation in content of different compounds in plants is related to variation among genotypes and
environment of cultivation, know to play an equal role and being related to selection of cultivars and
environments used [53,54]. It is known from a broad range of studies that environmental variation
is due to multitude of factors including year, site and field variation, originating from variation in
soil, temperature, precipitation etc. [55,56]. Comparisons of environmental effects on compounds
evaluated in the study were carried out applying a general linear model analysis of variance (ANOVA)
comparing effects of years and fields. When significant differences (p < 0.05) were found, the differences
between the means were evaluated by the use of Tukey post-hoc test (build in the command compact
letter display (CLD)). A principal component analysis (PCA) was made to investigate the relationship
between content of dietary fiber and phenolic compounds. Each data point was the average from
two (dietary fiber) or three (phenolic compounds) sample replications. Content of dietary fiber and
phenolic compounds in the analyzed broccoli leaves were compared with content in other comparable
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food items with data collected from literature. Due to different levels of digits presented in various
publications concerning this data, all numbers were rounded to one decimal level.

3. Results

3.1. Dietary Fiber and Water Content in Broccoli Leaves

The majority of the dietary fiber in broccoli leaves consisted of IDF, comprising 23.8%–30.6% of
the DW as compared to the SDF constituting 2% of the DW (Table 1). Cultivation location impacted
the concentration of IDF in the leaves (23.8–30.6% of DW), and significant differences were found
between Field 1 and 4 (Table 1). No significant differences were found for SDF and total dietary fiber
(TDF) among fields, and neither among years for the total content of IDF, SDF, or TDF in the leaves
(data not shown).

Table 1. Total content of dietary fiber in broccoli leaves, divided into insoluble (IDF), soluble (SDF) and
total (TDF) dietary fiber. TDF was calculated as the sum of IDF and SDF.

IDF SDF TDF
[% of DW] [% of DW] [% of DW]

Field 1 (2017) 30.6 b
± 4.2 1.9 a

± 0.4 32.6 a
± 4.4

Field 2 (2017) 25.0 ab
± 0.7 1.8 a

± 0.3 26.8 a
± 0.5

Field 3 (2018) 25.3 ab
± 1.5 2.0 a

± 0.1 27.3 a
± 1.6

Field 4 (2018) 23.8 a
± 1.2 2.3 a

± 0.2 26.0 a
± 1.3

Data is expressed as mean ± SD (n = 6). Values followed by the same letters do not differ significantly (p < 0.05) by
using the Tukey post hoc test.

Significant differences were found for the content of dietary fiber constituents (Klason lignin
and sugar residues) in samples originating from different fields and years. Similarly, as for the total
content of dietary fiber, the content of the individual soluble fiber constituents was generally low in
comparison with the content of insoluble fiber constituents. Among the analyzed dietary fiber (Table 2),
the most abundant constituents were Insol glc, Insol UA, and Insol xyl. Significant differences were
found among samples from different fields in content of individual constituents for Insol UA, Insol ara,
Sol ara, Sol xyl, Sol man, and Sol glc (Table 2).

Table 2. Content of dietary fiber constituents (Klason lignin and sugar residues) in broccoli leaves from
four fields.

Klason
lignin Insol UA Insol rha Insol fuc Insol ara Insol xyl Insol

man Insol gal Insol glc

Field 1 (2017) 1.8 a
± 0.6 8.1 b

± 0.6 0.7 a
± 0.0 0.2 a

± 0.0 2.6 b
± 0.6 2.6 a

± 0.7 1.0 a
± 0.0 1.5 a

± 0.2 12.2 a
± 1.9

Field 2 (2017) 1.7 a
± 0.5 7.5 ab

± 0.4 0.7 a
± 0.1 0.1 a

± 0.0 1.6 ab
± 0.1 1.7 a

± 0.2 0.9 a
± 0.0 1.2 a

± 0.1 9.6 a
± 0.2

Field 3 (2018) 1.8 a
± 0.4 7.3 ab

± 0.4 0.7 a
± 0.0 0.2 a

± 0.0 1.1 a
± 0.1 2.1 a

± 0.5 0.9 a
± 0.1 1.3 a

± 0.1 1.0 a
± 0.8

Field 4 (2018) 1.6 a
± 0.4 6.9 a

± 0.4 0.7 a
± 0.0 0.2 a

± 0.0 1.4 a
± 0.2 1.7 a

± 0.1 0.9 a
± 0.1 1.3 a

± 0.1 9.3 a
± 0.7

Fields, 2017 1.8 a
± 0.5 7.8 a

± 0.6 0.7 a
± 0.1 0.2 a

± 0.0 2.1 a
± 0.7 2.1 a

± 0.7 1.0 a
± 0.1 1.4 a

± 0.2 10.9 a
± 1.9

Fields, 2018 1.7 a
± 0.4 7.1 b

± 0.4 0.7 a
± 0.0 0.2 a

± 0.0 1.3 b
± 0.2 1.9 a

± 0.4 0.9 b
± 0.1 1.3 a

± 0.1 9.6 a
± 0.8

Sol UA Sol rha Sol fuc Sol ara Sol xyl Sol man Sol gal Sol glc

[10−2] [10−2] [10−1] [10−2] [10−1] [10−1] [10−1]

Field 1 (2017) 1.0 a
± 0.4 5.6 a

± 0.9 1.3 a
± 0.6 3.3 b

± 0.5 2.3 ab
± 0.1 1.1 ab

± 0.2 3.1 a
± 0.4 0.8 ab

± 0.1
Field 2 (2017) 1.1 a

± 0.2 4.1 a
± 0.7 1.1 a

± 0.6 2.3 a
± 0.4 1.6 a

± 0.1 1.0 a
± 0.2 2.5 a

± 0.5 0.7 a
± 0.1

Field 3 (2018) 1.1 a
± 0.1 5.3 a

± 1.2 3.1 a
± 0.8 2.2 a

± 0.3 3.2 b
± 0.4 1.4 ab

± 0.1 2.9 a
± 0.3 1.1 b

± 0.1
Field 4 (2018) 1.4 a

± 0.2 5.9 a
± 0.7 2.1 a

± 0.3 2.4 ab
± 0.2 3.2 b

± 0.4 1.4 b
± 0.1 2.8 a

± 0.1 1.1 b
± 0.3

Fields, 2017 1.1 a
± 0.3 4.8 a

± 0.1 1.2 a
±0.1 2.8 a

± 0.5 1.9 a
± 0.9 1.0 a

± 0.2 2.8 a
± 0.4 0.8 a

± 0.1
Fields, 2018 1.2 a

± 0.2 4.7 a
± 1.0 2.1 b

± 0.1 2.2 a
± 0.3 2.4 b

± 0.7 1.2 b
± 0.2 2.7 a

± 0.4 0.9 b
± 0.1

Values are mean [% of DW] ± SD. Values followed by the same letters do not differ significantly at p < 0.05 by using
the Tukey post hoc test. From each field, three plants were analysed in duplicates. Leaves, 2017 and Leaves, 2018 are
the total amount of the constituent from the two fields from each year respectively. Insol: insoluble. Sol: Soluble.
The sugar residues are annotated UA: uronic acid. rha: rhamnose. fuc: fucose. ara: arabinose. xyl: xylose. man:
mannose. gal: galactose. glc: glucose.
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Higher content was found for leaves from 2017 as compared to those from 2018 of the insoluble
fiber constituents Insol UA, Insol ara, and Insol man (Table 2). The content was instead lower in leaves
from 2017 as compared to those from 2018 of some soluble fiber constituents Sol fuc, Sol xyl, Sol man,
and Sol glc (Table 2).

The water content in broccoli leaves, measured before and after freeze-drying of the samples, was
approximately 80%, with 84.8 ± 1.5% in 2017, and 80.9 ± 2.9% in 2018.

3.2. Phenolic Compounds in Broccoli Leaves

Year of cultivation impacted significantly the amount and composition of phenolic compounds in
broccoli leaves. Thus, a significantly higher content of conjugated phenolics (compounds analyzed
in methanol extract, mainly phenolic compounds conjugated to sugars and phenolic acids [51]) was
found in leaves harvested in 2017 (10.8–15.2 mg/g DW) as compared to 2018 (6.3–7.5 mg/g DW), while
the content of phenolic acids (compounds analyzed in methanol extract after alkaline hydrolysis) did
not differ significantly in leaves harvested in different years (Table 3).

Table 3. Content of phenolic compounds in broccoli leaves.

Conjugated Phenolics Phenolic Acids (after Hydrolysis)
[mg/g DW] [mg/g DW]

Field 1, 2017 10.8 ab
± 1.8 4.4 a

± 1.7
Field 2, 2017 15.2 b

± 4.8 3.6 a
± 1.0

Field 3, 2018 6.3 a
± 1.1 5.3 a

± 1.2
Field 4, 2018 7.5 a

± 0.6 5.7 a
± 1.1

Values shown are the mean of three replicates [% of DW] ± SD. Values followed by the same letters do not differ
significantly at p < 0.05 by using the Tukey post hoc test. For Field 4, one replicate out of nine were removed due to
experimental error.

Thereby, similar amounts of conjugated phenolics and phenolic acids were found in leaves
harvested in 2018, while 2.5–5 times higher levels of conjugated phenolics as compared to phenolic
acids (after hydrolysis) were noted in leaves harvested in 2017. In addition, a second group of
compounds was detected in the phenolic acids chromatogram in leaves from 2018, which were not
found in those from 2017 (Figure S1). No significant difference was found neither in the content of
conjugated phenolics, nor in content of phenolic acids in the broccoli leaves from the different fields.

3.3. Relationship among Dietary Fiber and Phenolic Compounds in Broccoli Leaves

Principal component analysis visualized a close relationship among some of the soluble dietary
fiber (Sol fuc, Sol xyl, Sol man, Sol glc) and the phenolic acids and also two of the conjugated phenolics
(I and K), as could be seen from their positive values on PC1 from the loading plot (Figure 1b).
In addition, a significant and positive Pearson correlation (p < 0.05) was found for the Group 1 of
phenolic acids (Peaks 1–6 in chromatogram) and two of the dietary fiber constituents; Sol xyl and Sol
glc, while Sol man was significant at p < 0.06 (Table 4). Furthermore, for Group 2 of the phenolic acids
(Peaks 7–26 in chromatogram), significant positive Pearson correlations (p < 0.05) were found with
Sol fuc, Sol xyl, Sol man and Sol glc, and negative with Insol UA, Insol ara, and Insol man, respectively
(Table 4).

Most of the conjugated phenolics showed negative values for PC1 in the loading plot, thereby
indicating a negative relationship with the above mentioned soluble dietary fibers (Sol fuc, Sol xyl, Sol
man, Sol glc) (Figure 1a), which was also verified by a negative Pearson correlation between these
dietary fiber and both the group Flavonoids (peak B–O in chromatogram) and the group Phenolic acids
Derivatives (peak P–Z in chromatogram (Table 4). Furthermore, the Flavonoids also showed significant
Pearson correlations with Insol fuc (p < 0.05) and with Sol rha, Sol fuc and Sol man at p < 0.06.
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Figure 1. Loading plot (a) and score plot (b) for the principal component analysis for dietary fiber
constituents (Klason lignin and sugar residues), conjugated phenolics and phenolic acids (after hydrolysis)
from broccoli leaves. Each data point is the mean from three replications, n = 3. Insol: insoluble. Sol:
soluble. UA: uronic acid. Rha: rhamnose. Fuc: fucose. Ara: arabinose. Xyl: Xylose. Man: mannose.
Gal: galactose. Glc: glucose. For a tentative identification of the peaks in conjugated phenolics see
Table 5. For the phenolic acids, Peaks 2, 4, 5, 8, 9, 10, 16 and 19 have a tentative identification (Table S1),
and HPLC and MS spectra can be found in Figure S7 and Figure S8.



Int. J. Environ. Res. Public Health 2020, 17, 2406 8 of 16

Table 4. Pearson correlation coefficients among dietary fiber constituents and groups of phenolic compounds.

Group 1 Group 2 Phenolic Acid
Derivatives Flavonoids Colour Legend

Klason lignin −0.41 −0.05 0.04 0.02
Insol UA −0.47 −0.59 0.36 0.11
Insol rha −0.18 −0.11 0.01 −0.18
Insol fuc 0.14 0.25 −0.43 −0.61 p−value
Insol ara −0.42 −0,65 0.44 0.16 > 0.05
Insol xyl 0.08 −0.13 −0.04 −0.21 0.05–0.01

Insol man −0.36 −0.59 0.48 0.27 0.01–0.001
Insol gal −0.12 −0.22 0.10 −0.23 <0.001
Insol glc −0.18 −0.33 0.16 −0.06
Sol UA 0.54 0.33 0.09 −0.14
Sol rha 0.47 0.42 −0.44 −0,57
Sol fuc 0.39 0.72 −0.76 −0.56
Sol ara −0.29 −0.46 0.23 0.00
Sol xyl 0.69 0.83 −0.72 −0.88

Sol man 0.56 0.71 −0.73 −0.56
Sol gal −0.02 0.02 −0.21 −0.35
Sol glc 0.74 0.84 −0.72 −0.66

Flavonoids: Peaks B-O from the chromatogram of methanol extract (conjugated phenolics). Phenolic acid derivatives:
Peaks P-Z from the chromatogram of methanol extract (conjugated phenolics) (Figure S1). Group 1: Peaks 1–6
in chromatogram after alkaline hydrolysis (phenolic acids). Group 2: Peaks 7–26 in the chromatogram after the
alkaline hydrolysis (phenolic acids). The scatter plots with significant p-values can be found in Figures S2–S6 in
Supplementary Materials.

Table 5. Tentative identification of phenolic compounds in methanol extract of broccoli leaves

Peak ID Ret.time [min] DAD [nm] MS Scan(−) MS Sim Suggested Identification

A 10.37 326, 299 353, 1138.8 353 caffeoylquinic acid (chlorogenic acid)
B 13.06 341, 318 1157, 609 K-3-O-(sinapoyl)-sophoroside-7-O-diglucoside
C 13.29 346 771, 1159 K-3-O-(sinapoyl)-sophoroside-7-O-glucoside

D 13.66 333 1538 isorhamnetin-3-O-(disinapoyl)-sophorotrioside-7-
O-diglucoside

E 14.03 327 963, 1125 963.4 K-3-O-(methoxycaffeoyl)-sophoroside-7-O-diglucoside
F 14.267 333 269 933 Unidentified phenolic compound
G 14.35 334 933, 1097 933.4 K-3-O-caffeoyl-sophoroside-7-O-diglucoside
H 14.56 340 993 Q-3-O-(sinapoyl)-sophoroside-7-O-glucoside
I 14.74 333 963 963.4 K-3-O-hydroxyferuloyl-sophoroside-7-O-glucoside
J 14.88 330 1139, 1175 933.4 K-3-O-caffeoyl-sophoroside-7-O-glucoside
K 15.05 332 1139 K-3-O-sinapoyl-sophorotrioside-7glucoside
L 15.23 336 977 977.5 K-3-O(sinapoyl)-sophoroside-7glucoside
M 15.35 339 1109 1109.5 K-3-O(feruloyl)sophoroside-7-O-diglucoside
N 15.60 332 947 947.5 K-3-O(feruloyl)sophoroside-7-O-glucoside
O 15.70 269, 341 428.2, 195, 425 Unidentified phenolic compound
P 20.62 330 731, 975, 1123, 1367 Unidentified phenolic compound
Q 20.97 332 771, 1507 K-3-O(disinapoyl)sophorotrioside-7-O-diglucoside
R 20.26 Unidentified phenolic compound

S 21.33 331 1538 isorhamnetin-3-O-(disinapoyl)-sophorotrioside-7-
O-diglucoside

T 21.62 329 1316 Q-3-O(disinapoyl)sophorotrioside7-O-diglucoside
U 22.71 330 753 1402 disinapoyl-diglucoside
V 23.07 327 723 sinapoyl-feruloyl- diglucoside
W 23.33 326 693 diferuloyl-diglucoside
X 24.16 324 959 trisinapoyl-diglucoside
Y 24.48 325 617, 653, 1236 phenolic acid derivate

K stands for kaempferol, Q stands for quercetin. All peaks were not detectable in all samples. For MS Scan (−),
the main fragments are reported.

The rest of the fiber constituents (Insol ara, Sol ara, and Sol gal) showed no relationship to any
of the individual phenolics, indicated by their relatively close to zero PC1 values and relatively high
positive values on PC2 (Figure 1), which was also verified by the Pearson correlations coefficients
(Table 4).

The PCA also clearly depicted the higher content of phenolic acids and soluble fiber constituents
(Sol fuc, Sol xyl, Sol man, Sol glc) in leaves from 2018 (Field 3 and Field 4), as compared to leaves
from 2017, the latter instead having a higher content of conjugated phenolics (compare Figure 1a
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with Figure 1b). Leaves from Field 2 showed low levels of insoluble fiber, indicated by their negative
PC2 values, while insoluble fiber showed positive PC2 values. Field 1 leaves showed generally large
variation of insoluble fiber content. Based on all the dietary fiber constituents and phenolic compounds
detected with HPLC, the first two principal components accounted for 48.0 and 17.4% of the variation
respectively, adding up about 65% of the variation.

4. Discussion

The present study clearly showed that broccoli leaves, today commonly not used as food, have
high content of both dietary fiber and phenolic compounds and also that the content of some of the
dietary fiber constituents and phenolic compounds co-varied. Broccoli leaves turned out as having
high content of compounds regarded as healthy, which make them of interest as potential component
for the food industry. Environmental and climate change concern has increased the interest in using
edible side-streams of food production for new food products, which also would increase the amount
of food available globally. Furthermore, a high content of dietary fiber and phenolic compounds
combined is of interest from a health perspective. The co-variation of these compounds might be of
specific relevance as a major factor affecting the uptake mechanism in the human intestine.

Here, we have for the first time, to our knowledge, shown a co-variation in broccoli leaves
among content of certain phenolic and dietary fiber, i.e., some of the phenolic acids showed a positive
correlation with some of the SDF (Sol fuc, Sol xyl, Sol man and Sol glc; (Table 4)). Three of the
mentioned dietary fiber constituents (Sol fuc, Sol xyl and Sol glc) are known as being the main parts of
the complex soluble dietary fiber xyloglucan [57]. Previous studies have suggested a possibility that
phenolic compounds are bound to the complex dietary fiber xyloglucan [58].

Previous results have indicated that phenolic compounds can be strongly bound to dietary
fiber, thereby they should be considered as one collective group, denominated as antioxidant dietary
fiber [19,23,59]. However, previous studies have also pointed out that phenolics are a large and diverse
group of compounds localized in several parts of the plant cell; in the vacuole, in the chloroplast, in the
nuclei, and also in the cell wall [60]. In a study of chicory leaves, the fractions of foliar parenchyma cells
were found to have higher concentration of phenolics as compared to vein fractions [61], indicating
that cells in the veins with thicker cell walls, constituting of dietary fiber, had lower concentrations of
phenolics. The results from the present study showed corresponding results, i.e., in this investigation
the dietary fiber constituents of the broccoli leaves present in highest concentration in this investigation
(Insol UA, Insol xyl, and Insol glc) showed in general no significant correlation with the analyzed
phenolics, and some of both IDF and SDF constituents showed negative correlation with different
phenolic groups. Hence, the major part of the phenolics found in this investigation should not be
bound to cell walls, i.e., the dietary fiber, but rather be present in other parts of the cells or in cells
with thinner cell wall. However, the phenolic compounds are possibly not easily extracted from the
fiber matrix with only organic solvent. As described in the materials and method section, we have
used methanol extraction following similar procedure as recommended and used in other publications
and also by us on other brassica species [48–50]. However, the results from the present study indicate
that additional phenolic compounds might be present in broccoli leaves not able to be extracted with
methods generally adopted and commonly used for phenolics extraction in plants. To be able to
evaluate content of all phenolic compounds, and including all cell wall bound phenolic compounds,
alternative extraction procedures with a more efficient disruption of the cell wall can be considered,
including enzymatic [62], ultrasonic [63] and ultrasonic assisted enzymatic extraction [64,65].

Broccoli leaves, with their mean content of TDF at 26%–32% of the DW, have an intermediate
content of TDF, as compared to other types of food and vegetables (Table 6). Thus, the content of
dietary fiber in broccoli leaves is higher than that in oat brans, carrots and apples, but lower content as
compared to onions, cabbage outer leaves, kale leaves and the broccoli florets. This makes broccoli
leaves an interesting raw material for food from a health perspective.
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Table 6. Comparing levels of total dietary fiber in food.

Sample Mean [% of DW] Reference

Potex 80.4 [44]

Onion 47.2 [16]

Kale leaves 42.7 [15]

Cabbage outer leaves 40.9 [17]

Broccoli florets 36.0 [16]

Broccoli leaves 26–32 [present study]

Cauliflower (curd) 29.7 [16]

Carrot 24.1 [44]

Oat bran 18.4 [44]

Apple 17.9 [44]

Green peas 16.7 [44]

Rye bread 10.3 [44]

White bread 4.6 [44]

Despite, as discussed above, that content of phenolics might possibly be higher in broccoli leaves
than possible to measure with the applied methodology, the levels were found similar as previously
reported for kale, and higher as compared to the broccoli florets (Table 7). Thus, from perspective of
phenolic content, the broccoli leaves are an interesting component for the food industry. The content of
conjugated phenolics in the present study varied between the years, with 10.8–15.2 mg/g DW for 2017
as compared to 6.3–7.5 mg/g DW for 2018. At the same time, the content of phenolic acids did not vary
significantly between years, but were approximately 3.6–5.7 mg/g DW.

Table 7. Comparing content of phenolic compounds by methanol extraction.

Sample mg/g DW Reference

Broccoli leaves, 2017 10.8–15.2 [present study]

Kale leaves 10.6 [33]

Broccoli leaves, 2018 6.3–7.5 [present study]

Broccoli florets 1.7–2.2 [66]

Both the content of dietary fiber and phenolics varied between the two years of this study, though
the former to somewhat lower degree. This might be due to the different weather conditions during
these years, with an exceptionally warm and dry summer in Sweden 2018 (maximum and mean
temperature in 2018 were 28.6 ◦C and 16.4 ◦C respectively, compared to 20.8 ◦C and 14.3 ◦C respectively
in 2017, according to Swedish Meteorological and Hydrological Institute (SMHI)). The levels of phenolic
compounds in kale, another member of the Brassica family, have been shown to increase when the
temperature decreases due to an accumulation of secondary metabolites [67,68]. The amount of
phenolic compounds in Brassica also depend on genetic variation (both within and among species) and
on environmental factors as well as biotic and abiotic stresses (e.g., insect attacks, light, temperature,
nutrients, water, growing conditions, and UV radiation) [51]. Furthermore, in this investigation the
broccoli leaves were collected at commercial farms applying crop rotation, i.e., the same fields were
not used for broccoli production during the two years. Instead plant materials were collected from
fields in the same area both years, resulting in that variation between the two years might also be due
to differences between fields. Lastly, water content in the broccoli leaves differed significantly between
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the years, which also indicate differences in environmental factors which might impact variation in
phenolic and dietary fiber between the years. Similar water content have been reported earlier [37,42].

In this investigation we have used the common categorization of the dietary fiber in soluble
and insoluble fiber. However, recently it has been questioned if these two categories are sufficient
when describing the functionality of the specific type of fiber, and the perceived health effects [4,69].
At present, there is insufficient knowledge of how the individual components of both the dietary
fiber and the phenolics influence the various health effects, and also possible interactions between
these groups. In addition, the structural diversity of the different fiber, both within a plant, but also
depending of the plant species, is likely to influence the digestion of the fiber, and thereby possibly the
health effects.

Health beneficial effects from phenolic compound have been suggested to be a result of some
phenolics having the opportunity to travel along the intestines to reach the colon, and the gut microbiota,
intact [3,26]. Phenolics are suggested to be strongly bound to dietary fiber, and to not be released from
the food matrix by mastication, acid pH or human digestive enzymes [70]. The phenolic compounds
that travels inside the gastrointestinal tract for a long time together with the dietary fiber might
also have the effect that they lower the amounts of reactive oxygen species (e.g., free radicals) in the
gastrointestinal tract, which would also be beneficial [19]. Dietary fiber from kale has been shown
to bind bile acid and simultaneously release phenolic compounds from the matrix, thus bile acids
can increase the bioaccessibility of the phenolic compounds [71], and has also been shown to have a
beneficial impact on the cholesterol levels in the blood [72]. In connection to this, the gut microbiota
has been shown to be altered by consumption of dietary fiber rich cruciferous vegetable, such as
broccoli, cauliflower and cabbage, which could ultimately influence gut metabolism of bioactive
food components and host exposure to these beneficial compounds [73]. Phenolic compounds in
themselves have been shown to be beneficial for health, e.g., by increasing weight loss in obese mice
and humans [74], and also to lower the mortality of some chronic diseases, mainly cardiovascular
diseases and cancer [75].

The average daily intake of dietary fiber in most Western countries (15–25 g dietary fiber/day) is
low compared with the recommended daily intake of dietary fiber in Europe (20–38 g/day for adults) [4].
The content of dietary fiber found in this investigation in broccoli leaves, 26%–32% of the DW, are in
line with earlier studies which showed that the levels of TDF in a mixture of broccoli leaves and stems
were approximately 36% [76] with lower amount of fiber in the leaves compared to the stems [42].
Hence, if broccoli side streams are used in every day food products, this will contribute to an increase
in total dietary intake of fiber towards the recommended levels, while at the same time lessen the
amount of the broccoli plant not used as food. Dietary fiber ingredients can also be used to improve
functional properties in, e.g., meat, dairy, and wheat flour-based products [77].

Production of food requires resources such as water, fertilizers, farmland, and energy. Currently,
the generated amount of food waste correspond to production on 0.9 million hectares of farmland,
release of 3.49 GT carbon dioxide equivalents (CO2e), and use of 306 km3 of drinkable water [78].
In these calculations, the biomass not harvested but that could be eaten was not included. A more
complete use of the agriculturally produced biomass would contribute to an increased productivity
with less field waste, which would have a beneficial impact on the global climate. Furthermore,
the different side steams from fruit and vegetable production are a readily available resource, and can
be used as new food products, but also as a raw material for extraction of valuable compounds [79].

In the case of broccoli, the florets only make up 15% of the total biomass of the broccoli plant,
while the leaves make up a total of 47%, and stems and roots make up the remaining 38% [37].
Broccoli powder from dried florets, leaves or stalks can be used as a natural food supplement since
these powders contain high levels of amino acids and fatty acids and also good physicochemical
properties [37,42]. An addition of 10% vegetable powder (carrot, tomato, broccoli florets, and beetroot),
has been shown to increase the nutritional and functional attributes in oil-free bread [80]. Broccoli
florets increased levels of protein, fat, vitamin E and also antioxidant capacity in these breads. Broccoli
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leaves and stems have been shown to increase the phenolic content and antioxidant capacity in bread
when added in a concentration of 2% (w/w), while still have an overall acceptability [81]. In addition,
broccoli leaf powder has been proposed for use in gluten free sponge cake to increase the content of
minerals, antioxidant capacity and protein [82], and also to increase the technological and sensory
quality of gluten free sponge cake [83]. Hence, with the levels of dietary fiber and phenolic compounds
found in broccoli leaves in this study, future food uses of this side stream would be of interest as a
food supplement to increase nutritional values. Furthermore, added-value use of the side streams of
broccoli leaves contributes to socio-economic and environmental sustainability to the bioeconomy of
our modern society.

5. Conclusions

Broccoli leaves, a side stream in the broccoli production, contain high levels of dietary fiber and
phenolics, comparable with other vegetables currently used as food. Covariation of some SDF of the
dietary fiber xyloglucan and phenolic acids may indicate interactions between these components that
most likely influence the bioavailability of the phenolics in the human intestine. To further elucidate
the relationship between dietary fiber and phenolic acid interactions and effort on bioavailability is of
relevance and would require further research combining biology/agronomy and medical expertise.
Yearly variation in weather conditions affected the content of conjugated phenolics in the broccoli
leaves. Lower levels were recorded during a season with hot and dry weather conditions than in a
season with cooler and rainier weather. As highly nutritious and readily available, broccoli leaves is an
interesting source to be used as a functional ingredient to increase the nutritional content in different
types of food, with resulting potential health benefits.
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in the chromatogram for the alkaline hydrolysis) and the insoluble dietary fiber, Figure S6: correlation between
phenolic Group 2 (Peaks 7–26 in chromatogram for the alkaline hydrolysis) and the soluble constituents of dietary
fiber. Table S1: suggested identification for the peaks in alkaline hydrolysis of broccoli leaves. Figure S7: examples
of HPLC and MS spectra for phenolic compounds in methanol extract. Figure S8: examples of HPLC and MS
spectra for phenolic compounds after alkaline hydrolysis
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