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Abstract: The nutritional composition of honey is determined by environmental conditions, and
botanical and geographical origin. In addition to carbohydrates, honey also contain pollen grains,
proteins, free amino acids, and minerals. Although the content of proteins in honey is low, they
are an important component that confirms the authenticity and quality of honey; therefore, they
became a popular study object. The aim of the study was to evaluate protein content and composition
of monofloral red clover and rapeseed honey collected from five different districts of Lithuania.
Forty-eight proteins were identified in five different origin honey samples by liquid chromatography.
The number of red clover proteins identified in individual honey samples in monofloral red clover
honey C3 was 39 in polyfloral honey 522-36, while in monofloral rapeseed honey S5, S15, and 523
there was 33, 32, and 40 respectively. Aphids’ proteins and lactic acid bacteria were identified in
all honey samples tested. The linear relationship and the strongest correlation coefficient (r = 0.97)
were determined between the content of Apilactobacillus kunkeei and Apilactobacillus apinorum, as well
as between the number of faba bean (Vicia faba) pollen and lactic acid bacteria (r = 0.943). The data
show a strong correlation coefficient between the amount of lactic acid and aphid protein number
(r = 0.693). More studies are needed to evaluate the relationship between the pollination efficiency of
red clover by bees and the multiplicity of red clover proteins in honey protein, as well as microbiota
diversity and the influence of nature or plant diversity on the occurrence of microbiota in honey.

Keywords: aphid microbiota; biological process; cellular component; clover honey; molecular
function; lactic acid bacteria

1. Introduction

The most suitable plant pollinators are honeybees due to their biology and adaptability
to plants [1]. Some plant species are selectively pollinated by a single insect species, and this
has a significant effect on plant seed productivity and survival [2]. The flowers of red clover
have a long, approximately 10 mm, corolla tube and nectarines are located at nectary base
of it, making the nectar collection difficult for short-tongued bees [3]. The most important
pollinators of red clover belong to different species and subspecies of wild long-tongued
bumblebees (Bombus ssp.), such as B. pascuorum ssp., B. ruderatus, and B. hortorum ssp., and
some races or hybrids of honeybees [3,4]. While long-tongued bumblebees collect nectar
by reaching it down in the corolla tube, short-tongued bumblebees, such as B. terrestris and
B. lucorum, bite holes in the lower part of the corolla to access nectar without pollinating,
thus reducing pollination efficiency and seed yield [5]. Bees can also bite holes in corolla
tubes or use the holes previously bitten by bumblebees to collect nectar from red clover,
resulting in no pollen transfer to nectar [6]. The study of diploid and tetraploid clover
seed production revealed that tetraploid varieties produce more nectar per floret than
diploid ones; however, that differences in corolla tube dimensions due to ploidy level did
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not affect seed production, suggesting that insects visited and pollinated the flowers [7].
Therefore, it is necessary to maintain medium- and long-tongued honeybee populations
and to protect the variety of wild pollinators [8]. The studies of BalZekas et al. [4,9] reveal
that Caucasian x European dark bee (Apis mellifera mellifera L. have been widespread in
Lithuania since ancient times, and are listed as a Lithuanian native bee) hybrids and
Caucasian x Carniolan bee hybrids collected 74.8% and 65.6% more honey per colony
compared to pure Caucasian bees, respectively.

The earlier studies on the protein composition of manually collected clover pollen
from flowers of red clover cvs. ‘KirSiniai” and ‘Vy¢iai’, berseem clover (Trifolium alexan-
drinum L.) cv. ‘Faraon’, and white clover (Trifolium repens L.) cv. ‘Mediinai’ identified and
described over 200 protein spots from which quantitative levels were most divergent in
30 investigated clover pollen proteome maps [10,11]. The berseem clover honey had no
sulfur-containing amino acids methionine and cysteine, but contained a sufficiently high
amount of lysine and was the most acidic (pH 3.26) compared to the other types of honey
studied [12]. It is known that legumes possess antioxidant enzymes, such as superoxide
dismutase, catalase, and various peroxidases as well as non-enzymatic antioxidants such
as ascorbate and glutathione, which protect them from reactive oxygen species (ROS) and
have a symbiotic relationship with nitrogen-fixing soil bacteria called rhizobia [13,14].
Legumes have been shown to have various proteins, such as natural resistance-associated
macrophage proteins/duodenal metal transporter (NRAMP/DMT) homologs involved in
metal ion transport across membranes within the legume nodule [15], transferrin-mediating
iron transport [16], and comprise about 24% mass of leghaemoglobin present in legume
nodules [17]. Another protein identified in legumes that contains iron is ferritin, whose
accumulation (around 24 dpi) is correlated with the highest level of leghaemoglobin [18].
Ferritin constitutes almost half of the of total seed iron in soybeans, common beans, and
peas and, depending on the plant species, can range from 18 to 42% and is known for
participating in cell detoxification as well as indicating stress-induced responses [19,20].
Therefore, the identification of legume proteins and the determination of their role in
various biological processes are of great importance.

The composition of sugars and proteins in nectar honey differs from that of honeydew
honey in terms of color, organoleptic properties, and the values for electrical conductivity,
pH, optical rotation, ash content, sugar profile, and mineral content; however, physico-
chemical indicators do not necessarily reflect its authenticity [21]. For better identification
chromatography, spectroscopy, and molecular biology approaches are used along with
melissopalynological analysis when the botanical origin of honey pollen and the amount
of honeydew elements are visually assessed [22-26]. Honeydew honey is a specific type
of honey, obtained from the secretions of plants or aphids and, in some cases, insects’
excretions, especially when natural sources and climatic conditions favor the harvest of
honeydew over nectar. Red and white clovers are preferred by several aphid species, such
as Aphis coronillae Ferrari, Therioaphis trifolii, and Acyrthosiphon pisum Harris [27,28]. Honey-
dew honey is mainly studied for the variety of sugars it contains, such as «,«-trehalose,
melezitose, theanderose, nystose, or maltotetraose in honeydew, as well as chemical indica-
tors, enabling the differentiation of its types and the distinction from nectar honey [29,30].
Studies of honeydew collected from field beans infected with aphids (Acyrthosiphon pisum)
were conducted in Belgium, revealing that the protein diversity of aphid honeydew origi-
nates from the host aphid and its microbiota, including endosymbiotic bacteria and gut
flora [31].

This study aimed to determine monofloral red clover and rapeseed honey samples
of Lithuanian origin at the protein level by describing and comparing their protein com-
position and aimed to evaluate proteins associated with aphids and lactic acid bacteria in
honey samples.
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2. Materials and Methods
2.1. Collection of Honey and Determination of Its Botanical Origin

Honey samples were collected in different districts of Lithuania. All honey samples
were collected from Apis mellifera bees bred in Lithuania. Monofloral clover honey (C3)
was collected from a private beekeeper farm in Rokiskis district, while monofloral rapeseed
honey samples (S5 and S15) were collected in Kédainiai, as well as polyfloral samples from
Ukmerge (522) and Rokiskis (S23) districts. Honey samples were tested after 6 months
of storage in dark glass bottles in the refrigerator at 5 °C until used in further analysis.
Honey sample preparation for botanical composition analysis was performed using the
melissopalynology technique as described in [23]. In brief, a 10 g honey sample was
weighed and dissolved in distilled water and centrifuged. The sediment was washed with
20 mL of distilled water and again centrifuged. Sediment was collected and spread on a
slide over an area of approximately 20 mm x 20 mm, dried and covered with glycerine
jelly. Pollen photos taken under a Nikon Eclipse E600 microscope (Nikon Corporation,
Tokyo, Japan) at two positions: polar and equatorial view, at 400 x magnification, focusing
on pollen wall and surface sculpture. The botanical composition of honey was assessed by
calculating the frequency of pollen in honey samples and expressed as a percentage of total
pollen sum and considered as monofloral if the species was predominant and accounted for
45%; secondary pollen—16-45%; important pollen 3-15; minor pollen <3%. The botanical
origin of the pollen was determined by taking photos and compared with the known plant
pollen photos presented in the pollen catalogue [24,32].

2.2. Protein Isolation and Preparation for LC-MS

Proteins have been identified in the pollen separated from the honey. Pollen proteins
were extracted as described in our previous study [33]. Briefly, pollens were homogenized
in buffer, then lysed by boiling for 5 min at 95 °C and centrifuged for 30 min. The pellets
containing proteins were precipitated using 5 vol of ice-cold 97.6% acetone, stored at
—20 °C overnight, and afterwards the pellet was washed twice with 96.6% ethanol by
centrifugation. The protein pellet was dissolved in 8 M urea solution and supplied for mass
spectrometry analysis.

Whole proteome samples were digested with trypsin according to FASP protocol as
described by Wisniewski et al. [34]. Briefly, proteins were diluted in urea, alkylated and
digested overnight with TPCK Trypsin 20233 (ThermoFisher Scientific, Vilnius, Lithuania),
then centrifuged and additionally eluted using 20% CHzCN. The solution was acidified
with 10% CF3COOH and lyophilized in a vacuum centrifuge. The lyophilized peptides
were redissolved in 0.1% formic acid.

2.3. LC-MSE (DIA)-Based Protein Identification

Liquid chromatography (LC) was performed using a Waters Acquity Ultra-Performance
LC system (Waters Corporation, Wilmslow, UK) with an analytical column of ACQUITY
UPLC HSS T3 250 mm. Data were acquired using the Synapt G2 mass spectrometer and
Masslynx 4.1 software (Waters Corporation) in positive ion mode, using data-independent
acquisition (DIA) coupled with ion mobility separation (IMS, UDMSF) [35]. For the survey
scan, the mass range was set at 50-2000 Da with a scan time of 0.8 s. Raw data were lock mass-
corrected using the doubly charged ion of [Glul]-fibrinopeptide B (1m/z 785.8426; [M+2H]**)
and a 0.25 Da tolerance window and processed with the ProteinLynx Global SERVER (PLGS)
version 3.0.1 (Waters Corporation, Manchester, UK) Apex3D and Pep3D algorithms to
generate precursor mass lists and associated product ion mass lists for subsequent protein
identification and quantification. Peak lists were generated using the following parameters:
(i) low energy threshold was set to 150 counts, (ii) elevated energy threshold was set to
50 counts, (iii) intensity threshold was set to 750 counts. Database searching was performed
with the PLGS search engine using automatic peptide tolerance and fragment tolerance,
minimum fragment ion matches of 1 per peptide and 3 per protein, and false discovery rate
(FDR < 4%). Trypsin as the cleavage protease was used for data analysis, one missed cleavage
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was allowed, and the fixed modification was set to carbamidomethylation of cysteines, the
variable modification was set to oxidation of methionine. UniProtKB/SwissProt databases
were used for protein identification.

2.4. Statistical Analysis

Label-free quantification using the TOP3 approach was used for the quantification of
proteins. TOP3 intensity was calculated as the average intensity of the three best ionizing
peptides using ISOQuant [36]. The maximum FDR of protein identification was set to 1%.
Identified proteins were submitted to AgBase (Version 2.0) (https://agbase.arizona.edu,
accessed on 24 September 2021) for annotation of Gene Ontology (GO) functions.

3. Results
3.1. Comparison of the Protein Number of Monofloral Red Clover Honey with Other Honeys of
Different Origins

The total number of proteins identified in the studied honey samples ranged from
606 to 558, where C3 sample contained the highest number of proteins and S5 the lowest
(Figure 1). The total number of identified red clover proteins was 240, where monofloral
red clover (C3) and monofloral rapeseed (S23) honey samples showed the highest number
of red clover proteins, 39 and 40, respectively, although no red clover pollen was found
in sample 523. Though the majority of the identified red clover proteins were repetitive
throughout all five honey samples, about 25% of red clover proteins were non-repetitive
(Figure 1). A heat map was created for the comparison of the abundance of red clover
proteins in different honey samples (Figure 2).
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Figure 1. Number of proteins identified in five honey samples of Lithuanian origin, where C3:
monofloral red clover honey; S5, S15, 522: monofloral rapeseed honey; S22: polyfloral honey.

The highest frequency of occurrence was found for 19 red clover proteins in all honey
samples studied. It was found that not every red clover protein was repeated in the
individual honey tested. Proteins that are present only in honey samples 522, C3, and
523 are NADH-dependent glutamate synthase, plasma membrane ATPase, zinc finger
C3HC4 type protein (RING finger) protein, and bifunctional polymyxin resistance protein
ArnA, indicated by the yellow color in the heatmap. The relative composition of these
non-repetitive proteins was the lowest compared to the other proteins present in the five
honey samples studied, at 20.0%. Among six identified ribosomal proteins, three were
identified in all samples, while a 40S s16-like ribosomal protein was present in all sample
except S5. The other ribosomal proteins, 40S ribosomal protein s9-2-like (Fragment) and 40S
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ribosomal protein sa-like (Fragment), were not present in two honey samples, specifically
S5 and S15, and the sequence coverage for the latter ribosomal proteins was low—7.41 and

12.50% (Table 1).
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Figure 2. Heat map of the pattern of abundance of red clover protein (Trifolium pratense) (rows) in

honey samples (columns). The color indicates the abundance of log2 proteins, and the blue indicates

a missing value. The numbers before the names of the proteins indicate frequency of occurrence (%).

Proteins common to all five honey samples are shown at different intensities of red color.

Table 1. Characterization of red clover (Trifolium pratense) proteins extracted from monofloral red

clover and rapeseed honey, as well as multifloral honey.

Accession

T H 1 2 (o
Number Entry Description Mw (Da) pl(pH)  NRP SC*?, (%)
5-methyltetrahydropteroyltriglutamate-
AOA2K3P3K7  AOA2K3P3K7 TRIPR homocysteine Smethyltransferase OS = T. 84,808 6.21 15 2235
- pratense OX = 57577 GN = L195_g006435 . ’ ’
PE=3SV=1*
Actin 3 OS = Trifolium pratense OX = 57577
A0A2K3N8B1 A0A2K3N8B1_TRIPR CN = actin 3PE =35V = 1 * 42,047.0 5.08 13 37.67
14-3-3 protein OS = T. pratense OX = 57577 GN
A0A2K3PQG8 A0A2K3PQGS8_TRIPR = L195_g014284 PE=35V = 1 29,428 4.47 6 28.85
AOA2K3PKLA  AOA2K3PKL4 TRIPR ~ UDFP-arabinopyranose mutase OS =T pratense )7y 575 10 3881

OX =57577 GN = L195_g012535 PE=3SV =1*
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Table 1. Cont.
Accession L. 1 2 (o
Number Entry Description Mw (Da) pl(pH)  NRP SC?, (%)
ATP synthase subunit mitochondrial-like
AO0A2K3NAQ8  A0A2K3NAQS8_TRIPR OS = Trifolium pratense OX = 57577 36,945.3 8.68 9 33.33
GN =L1195_g023402PE=3SV=1*
S-adenosylmethionine synthase OS = T.
AO0A2K3P1V8 AO0A2K3P1V8_TRIPR pratense OX = 57577 GN = L195_g005826 43,170.9 5.95 9 21.03
PE=3SV=1*
Glyceraldehyde-3-phosphate dehydrogenase
AOA2K3NSU2  AOA2K3N8U2_TRIPR cytosolic-like (Fragment) OS = Trifolium 27,983.8 6.12 8 34.23
- pratense OX = 57577 GN = L195_g022684 S ’ ’
PE=3SV=1*
Adenosylhomocysteinase OS = T. pratense OX
AO0A2K3MUC?7  A0A2K3MUC7_TRIPR — 57577 GN = 1.195_g017604 PE = 35V = 1* 53,696.5 5.90 12 27.01
Alpha-1,4-glucan-protein synthase
A0A2K3M758 AO0A2K3M758_TRIPR OS = Trifolium pratense OX = 57577 24,287.1 6.33 4 26.67
GN =L195_g042687 PE=4SV =1
40S ribosomal protein s9-2-like (Fragment)
OS =T. pratense OX = 57577
AO0A2K3MIW9  AOA2K3M1W9_TRIPR GN = L195_g040850 16,395.1 10.72 2 741
PE=3SV=1
Plasma membrane ATPase OS = Trifolium
AO0A2K3PJ70 AO0A2K3PJ70_TRIPR pratense OX = 57577 GN = L195_g012022 89,990.8 4.85 7 9.5
PE=35V=1
Aconitate hydratase OS = T. pratense
AO0A2K3NU12 A0A2K3NU12_TRIPR OX = 57577 GN = L195_g002996 PE =35V = 1 107,854.8 7.93 11 14.80
L-ascorbate oxidase OS = T. pratense
AO0A2K3NL25 AO0A2K3NL25_TRIPR OX = 57577 GN = L195_g000155 PE = 3 SV = 1 62,128.5 8.93 4 8.91
Plasma membrane ATPase OS = T. pratense OX
AO0A2K3P8U8 AO0A2K3P8US_TRIPR — 57577 GN = L195_g008323 PE = 3SV = 1 105,769.6 6.27 6 8.66
UDP-glucose 6-dehydrogenase OS = Trifolium
AO0A2K3L1T3 AO0A2K3L1T3_TRIPR pratense OX = 57577 GN = L195_g028356 54,262.1 6.34 10 21.56
PE=3SV=1*
V-ATPase 69 kDa subunit OS = T. pratense
AO0A2K3NLX6 AO0A2K3NLX6_TRIPR OX = 57577 GN = L195_g000444 PE =3 5V = 1 68,962.7 5.08 14 32.26
Heat shock protein OS = T. pratense
AO0A2K3LNL7 AO0A2K3LNL7_TRIPR OX =57577 GN = L195_g036127 59,084.3 513 4 741
PE=3SV=1
Fructokinase-2 OS = T.pratense OX = 57577
A0A2K3NRS2 AO0A2K3NRS2_TRIPR GN = L195_g002190 31,966.5 5.66 6 21.69
PE=4SV=1*
Beta-galactosidase OS = T. pratense OX = 57577
AO0A2K3PGB1 AO0A2K3PGB1_TRIPR GN = L195_g011002 PE =3 SV = 1 87,315.5 8.55 5 6.33
Serine hydroxymethyltransferase OS = T.
A0A2K3NMF1 A0A2K3NMF1_TRIPR pratense OX = 57577 GN = L195_g000637 52,275.3 6.65 6 20.81
PE=3SV=1*
Fructokinase-2 OS = T. pratense OX = 57577
AO0A2K3PJL4 AO0A2K3PJL4_TRIPR GN = L195_g006176 PE =4SV = 1 38,560.9 4.69 3 14.08
40S ribosomal protein s13-like (Fragment)
AO0A2K3LKQ2 AO0A2K3LKQ2_TRIPR OS =T. pratense OX = 57577 GN = 13,628.1 10.63 4 31.09
L195_g035087 PE=35SV =1*
40S ribosomal protein s16-like OS = T. pratense
A0A2K3MF29 AO0A2K3MF29_TRIPR OX = 57577 GN = L195_g041963 PE = 3 SV = 1 16,297.1 10.68 3 17.86
Heat shock cognate 70 kDa protein 2-like
AO0A2K3NCQ3  A0A2K3NCQ3_TRIPR (Fragment) OS = T. pratense OX = 57577 97,918.3 5.60 2 3.46

GN =L1195_g024109 PE=45V =1
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Table 1.

Cont.

Accession
Number

Entry

Description

Mw (Da)

pI (pH)

NRP!

SC?2, (%)

AO0A2K3NWT6

A0A2K3NWT6_TRIPR

UTP--glucose-1-phosphate uridylyltransferase
(Fragment) OS = T. pratense OX = 57577
GN =1195_g004002 PE=3SV =1

41,977.1

5.67

22.98

AQ0A2K3PGD6

A0A2K3PGD6_TRIPR

Alpha-1,4-glucan-protein synthase
OS = Trifolium pratense OX = 57577
GN =1195_g011040PE=3SV =1

38,857.7

5.62

7.49

A0A2K3]M62

A0A2K3JM62_TRIPR

40S ribosomal protein sa-like (Fragment)
OS =T. pratense OX = 57577
GN =1195_g048757 PE=35V =1

24,945.21

5.07

12.50

A0A2K3NK64

A0A2K3NK64_TRIPR

Putative mitochondrial-processing peptidase
subunit beta-like protein (Fragment) OS = T.
pratense OX = 57577 GN = L195_g026750
PE=4SV=1*

29,192.50

7.31

10.34

A0A2K3PKPO

AO0A2K3PKPO_TRIPR

60S ribosomal protein 17-4-like OS = T. pratense
OX =57577 GN = L195_g012568 PE=3SV =1*

28,587.59

10.40

20.90

A0A2K3MW20

A0A2K3MW20_TRIPR

26S protease regulatory subunit 6a-like protein
OS =T. pratense OX = 57577 GN =
L195_g018159 PE=3SV =1

42,632.90

5.26

8.44

AO0A2K3LNN3

AO0A2K3LNN3_TRIPR

60S ribosomal protein 110-like (Fragment)
OS =T. pratense OX = 57577
GN =L1195_g036135PE=3SV =1*

19,939.28

10.91

21.05

A0A2K3PN04

A0A2K3PN04_TRIPR

Heat shock cognate protein 80-like OS =T.
pratense OX = 57577 GN = L195_g013385
PE=3SV=1*

80,416.30

474

6.44

A0A2K3NMQ3

A0A2K3NMQ3_TRIPR

Clathrin heavy chain OS = T. pratense
OX =57577 GN = L195_g000733 PE=3SV =1*

194,249.43

5.12

3.93

A0A2K3NL88

A0A2K3NL88_TRIPR

Zinc finger C3HC4 type (RING finger) protein
(Fragment) OS = T. pratense OX = 57577
GN =L195_g000168 PE=45V =1

498,961.65

5.45

1.59

A0A2K3MUW?7

A0A2K3MUW?7_TRIPR

ATP:AMP phosphotransferase (Fragment) OS
=T. pratense OX = 57577 GN = L195_g017796
PE=3SV=1*

23,286.85

7.17

9.52

A0A2K3PPZ5

AO0A2K3PPZ5_TRIPR

Formate dehydrogenase (Fragment) OS = T.
pratense OX = 57577 GN = L195_g012685
PE=3SV=1*

39,037.45

6.12

4.52

A0A2K3NV46

A0A2K3NV46_TRIPR

Phosphate carrier protein mitochondrial-like
(Fragment) OS = T. pratense OX = 57577
GN =1195_g003373 PE=3SV =1

28,095.87

9.88

7.66

A0A2K3P5Y0

A0A2K3P5Y0_TRIPR

Oxoglutarate dehydrogenase
(succinyl-transferring) OS = T. pratense
OX = 57577 GN = L195_g007276 PE=3 SV =1

117,275.66

6.61

1.96

AO0A2K3NKS8

A0A2K3NKS8_TRIPR

Non-specific serine/threonine protein kinase
OS =T. pratense OX = 57577
GN =L195_g000037 PE=4 SV =1

451,716.00

6.54

1.67

A0A2K3MA51

AO0A2K3MAS51_TRIPR

Chaperone protein ClpB1-like protein
(Fragment) OS = T. pratense OX = 57577
GN =1195_g043754 PE=4SV =1

49,117.09

5.40

6.76

A0A2K3PPN3

AO0A2K3PPN3_TRIPR

Bifunctional polymyxin resistance protein
ArnA OS =T. pratense OX = 57577
GN =L195_g013962 PE=3SV =1

43,325.58

6.73

6.82

AO0A2K3NQ11

AO0A2K3NQ11_TRIPR

Pyruvate dehydrogenase E1 component
subunit beta OS = T. pratense OX = 57577
GN =L195_g001564 PE=4SV =1

39,140.65

5.61

13.61
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Table 1. Cont.
Accession . 1 2 (o
Number Entry Description Mw (Da) pl(pH)  NRP SC?, (%)
Auxin transport protein big-like protein OS = T.
AO0A2K3NL22 AO0A2K3NL22_TRIPR pratense OX = 57577 GN = L195_g000147 573,903.34 5.78 6 1.30
PE=35SV=1
HECT-type E3 ubiquitin transferase

AO0A2K3NLG1 AO0A2K3NLG1_TRIPR OS = T.pratense OX = 57577 391,925.50 491 2 0.59

GN =1195_g000287 PE=4SV =1*

60S ribosomal protein 14-like (Fragment)

A0A2K3LUX0 AO0A2K3LUXO_TRIPR OS =T. pratense OX = 57577 40,718.52 11,09 3 8.40

GN =1195_g038328 PE=35V =1

Clathrin heavy chain 1-like protein (Fragment)

A0A2K3P6Y1 AO0A2K3P6Y1_TRIPR OS =T. pratense OX = 57577 140,432.72 4.94 5 6.23

GN =L195_g007628 PE=4SV =1

P-loop containing nucleoside triphosphate
hydrolases superfamily protein (Fragment)

AO0A2K3N3T6 AO0A2K3N3T6_TRIPR 05 = T.pratense OX = 57577 69,425.16 5.17 4 9.97

GN =L1195_g020931 PE=35V =1

NADH-dependent glutamate synthase

AQ0A2K3PCD9 A0A2K3PCD9_TRIPR (Fragment) OS = T. pratense OX = 57577 143,094.74 5.94 3 5.34

GN =L195_g009558 PE=3 SV =1

Notes: !—number of reported peptides for protein (NRP); 2—sequence coverage (SC); *—proteins.

The mitochondrial-like UDP-arabinopyranose mutase, actin 3, and ATP synthase
subunit proteins had highest sequence coverage, 38.81%, 37.67%, and 33.33%, compared
to all identified proteins in this study. A total of 19 red clover proteins were common to
all tested honey samples of different botanical origin and comprised 39.6% of the total red
clover proteins identified (Figure 3). The relative abundance of these 19 proteins ranged
from 6730 to 62,775.1, with HECT-type E3 ubiquitin transferase being the lowest and
S-adenosylmethionine synthase the highest.

6730
11,060

HECT-type E3 ubiquitin transferase

Heat shock cognate protein 80-like

Formate dehydrogenase (Fragment)

608 ribosomal protein 110-like (Fragment)

Putative mitochondrial-processing peptidase subunit beta-like protein (Fragment)
60S ribosomal protein 17-4-like

Glyceraldehyde-3-phosphate dehydrogenase cytosolic-like (Fragment)

12050
12,654
14,097
19,544

2217/

ATP:AMP phosphotransferase (Fragment) 23388
408 ribosomal protein s13-like (Fragment) 25447
UDP-glucose 6-dehydrogenase DSTS
5-methyltetrahydropteroyltriglutamate--homocysteine S-methyltransferase 25,954
Clathrin heavy chain 26,434
Adenosylhomocysteinase OS=Trifolium pratense 26,598
Fructokinase-2 36,319
Actin 3 36,822
UDP-arabinopyranose mutase 43,328
Serine hydroxymethyltransferase 44329
ATP synthase subunit mitochondrial-like 51,197
S-adenosylmethionine synthase 62,775
0 10000 20000 30000 40000 50000 60000 70000

Protein abundance

Figure 3. Composition and mean abundance of red clover proteins identified in tested honey samples.
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The bifunctional polymyxin resistance protein ArnA was identified only in monofloral
rapeseed honey (523). NADH-dependent glutamate synthase was detected only in the
honey sample S522.

3.2. Pollen Composition of Honey Samples from Different Regions of Lithuania

The monofloral red clover honey (sample C3) contained 48% of red clover pollen,
while rapeseed pollen comprised 35% of total pollen content (Figure 4). The amount of
pollen in monofloral rapeseed honey samples S5, 515, and 523 ranged from 47.0 to 54.4%
and polyfloral honey sample S22 contained 29.9% of pollen of this species. The secondary
pollen of faba bean (Vicia faba) and thistle (Cirsium vulgare) was found in samples S5 and
S22 comprising 35.0% and 21.1% of total pollen, respectively, while, in addition, sample 522
contained 16.8% of buckwheat (Fagopyrum esculentum) pollen. The important minor pollen,
in particular willow (Salix caprea), meadowsweet (Filipendula ulmaria), and faba bean (Vicia
faba), were found in the sample S15 and accounted for 15.6%, 13.1%, and 10.4%, respectively.
The samples S22 and S23 contained other important minor pollen, such as fruit tree (Malus
domestica) and caraway (Carum carvi), ranging from 10.6% to 10.3%, respectively. The lowest
content of pollen from the latter group, namely, raspberry (Rubus idaeus), willow (Salix
caprea), and maple (Acer platanoides), was found in sample C3 and accounted for 6.0%, 5.4%,
and 4.0%, respectively. Abundant concentrations of anemophilous pollen (63.0%) were
detected in polyfloral honey sample S22. Among them were sweet wormwood (Artemisia
annua), accounting for 46.0%, and tansy (Tanacetum vulgare), accounting for 17.0%. The
concentration of honeydew elements was higher in monofloral rapeseed honey samples
S5 and 515, accounting for 14.4% and 7.3%, while only 5.0% of it was found in monofloral

clover honey.

C3 S1s S22 S23 S5
Honey samples

110

100

Honeydew
90
Tanacetum vulgare

Artemisia spp

80
Filipendula ulmaria

70 Tilia cordata

Trifolium repens

60 Rubus idaeus

Acer platanoides
50 Carum carvi

Malus domestica

40 Fagopyrum esculentum

Vicia faba

Pollen content in honey, %

30
Salix caprea

Brassica napus
20

O
|
L]
]
L
O
]
|
L
B
|
|
|
B
|

Trifolium pratense

10

Figure 4. Botanical origin of five honey samples of Lithuanian origin, based on the pollen content,
where C3: monofloral red clover honey; S5, S15, S22: monofloral rapeseed honey; 522: polyflo-
ral honey.
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The principal component analysis (PCA) and the contribution of variables were cal-
culated in R with the factoextra package (v.1.0.7) using transformed Log?2 data of protein
abundance (Figure 5). Top 30 proteins contributed to the principal components (total
contribution of a given protein, on explaining the variations retained by two principal
components). Proteins correlated with PC1 and PC2 are the most important in explaining
variability in the data set.

20-

Apilactobacillus kunkeei )
Apilactobacillus apinorum A0 A2KZP1V8

Brassica napus

1| AOAO87EPKS
ADAONOCQ41 QI9LFW1 Trifolium pratense
A0 AONOCQC3 SN
o \ . 730261 Brassica napus
10- AOAOMOIDSF1 A0 AORH Malus domestica
A0 AO87ENA2 U8ZEQAY Solanum tuberosum

Arabidopsis thaliana

AOAOC3AFUS FRGAQ87PS
$35 B A087EPK So

Kl AQAUNRRESS
A0 AOBTEPJS5 ‘ A0 A498HT56
9 AOAONOUVX] St 3 RORAZEQU
B =l - R0A078TFEG
;‘3 AOA175YJ97 AQ0AD = AV/8JEE
& Ot ROAOSTEPMT 7 Wi = i N i R
o
g | L Jex!
AOAOS7TENYS ° ; A0A0787693
S15 i
AOAO87EQ84 i
1
i
!
-10- 1
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: content, %
1
' 12.5
,
1 10.0
: 7.5
AOAONOCRP1 1 5.0
V| Apis mellifera ’
20~ : H e ° 25
AOATMTJFB4 | §22 I
R
ADATMTRC42
| | !
20 10 10 20

Dim (39.2%)
Figure 5. Principal component analysis based on the abundance of the top 30 proteins.

3.3. Comparison of the Diversity of Plant Proteins Found in Honey Samples

Proteins related to 13 plants were detected in the honey samples (Table 2) and as-
sociated with pollen of 8 nectariferous and 5 anemophilous plants. Among them, there
were mainly proteins associated with rapeseed (Brassica napus), the number of which var-
ied within limits from 59 to 82 and consisted of 12.1%. Lower, but nevertheless relative,
amounts of protein are associated with red clover (Trifolium pratense) and apple tree (Malus
domestica) plants—6.2%, willow (Salix viminalis)—5.0%, and cherry (Prunus avium)—4.2%.
The properties of the latter proteins have been reported in our previous studies [37-39].

Table 2. Number of proteins associated with different floral and microbiota origins found in
honey samples.

Honey Samples Number of

Plant, Microbiota, and Bee-Specific C3 S5 S15 S22 S23 Total Proteins

Proteins, Determined in Honey Number B
Number of Proteins in Honey Samples Expressed in %

Proteins associated with the pollen of nectariferous™ and anemophilous®N plants

Brassica napusN 82 59 69 67 77 354 12.1
Trifolium pratense™ 39 33 32 36 40 180 6.2
Malus domesticaN 37 34 29 47 34 181 6.2
Salix viminalisN 31 23 28 28 37 147 5.0

Prunus aviumN 24 22 22 29 26 123 42
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Table 2. Cont.
Honey Samples
. . i Number of
Plant, MlCI‘OblOta, end B.ee-Spemﬁc C3 S5 S15 S22 S23 Total Proteins
Proteins, Determined in Honey Number E din %
Number of Proteins in Honey Samples xpressedin Jo
Vicia fabaN 3 3 3 3 3 15 0.5
Cirsium eriophorumN 1 0 0 0 0 1 0.3
Vicia ramulifloraN 1 1 1 2 0 5 0.2
Artemisia annua®™N 45 33 47 50 42 217 74
Daucus carota subsp. satious®N 36 35 35 37 33 176 6.0
Solanum tuberosum™N 34 28 35 32 35 164 5.6
Arabidopsis thaliana®N 35 26 30 31 30 152 5.2
Artemisia keiskeana®N 1 1 1 1 1 5 0.2
Proteins associated with Apis mellifera
Apis mellifera 60 59 61 60 60 300 10.3
Proteins associated with aphidsA, endosiombionts of aphisE, lactic acid bacteria
Acyrthosiphon pisum™ 22 19 25 17 19 102 3.5
Aphis craccivora® 11 12 16 14 10 63 2.2
Aphis glycines® 9 11 8 6 4 38 13
Buchnera aphidicola (Aphis fabae)® 0 1 1 0 0 2 0.07
Buchnera aphidicola (Aphis glycines)F 0 1 0 0 0 1 0.3
Buchnera aphidicola (Aphis gossypii)E 0 1 0 0 0 1 0.3
Serratia symbiotica® 3 3 3 2 3 14 0.5
Arsenophonus endgsymbzont of aphis 3 3 3 5 5 13 05
craccivor
Apilactobacillus kunkeei" 92 105 98 89 87 471 16.1
Apilactobacillus apinorum®™ 27 36 34 23 26 146 5.0
Lactiplantibacillus amylovorus® 0 1 0 0 1 2 0.7
Lactiplantibacillus plantarum" 4 2 3 3 2 14 0.5
Lactiplantibacillus acidophilus" 3 2 2 2 3 12 0.4
Lactiplantibacillus z'ielbiueckzz subsp. 1 ’ 1 0 1 5 02
bulgaricus
Proteins associated with bacteriaP and viruses¥, animal-related*R
Escherichia coli (strain K12)B 1 1 1 1 1 5 0.2
Fagopyrum esculentum endornavirus 1V 0 0 1 1 0 2 0.7
Grand total 606 558 590 585 578 2917 100.0

There were only three proteins related to faba bean (Vicia faba), and their number was
the same in all honey samples tested. Honey samples contain a large group of specific
proteins for bees (Apis mellifera). The number of honeybee-specific proteins obtained in
current study ranged from 59 to 61 and accounted for 10.3% of the total amount. Other plant
proteins detected in this assay have been associated with pollen from anemophilous plants,
e.g., arabidopsis (Arabidopsis thaliana), annual mugwort (Artemisia annua) and mugwort
(Artemisia keiskeana), carrot (Daucus carota subsp. Sativus), and potato (Solanum tuberosum),
among which the Artemisia annua pollen was the highest at 7.4%.

3.4. The Identified Proteins of Aphids and Their Endosymbionts

Honeydew is a sweet and sticky liquid excreted by certain insects, usually aphids, and
is collected by bees for honey production. The amount of honeydew found in the honey
samples ranged from 2.4% to 14.4%. Detected aphid proteins associated with Acyrthosiphon
pisum represent the largest group in comparison to Aphis craccivora and Aphis glycines,
and varied within limits of 17-25, 10-16, and 411, respectively, in tested honey samples.
Considering the relative amount of these protein numbers, we can say that they constitute
small amounts of 3.5%, 2.2%, and 1.3% (Table 2). Only four single proteins related to the
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endosymbiont black bean aphid Buchnera aphidicola (Aphis fabae), the soybean aphid Buchnera
aphidicola (Aphis glycines) and cotton aphid Buchnera aphidicola (Aphis gossypii) were found in
the studied honey samples (Table 2). Facultative symbionts Serratia symbiotica is a species
of bacteria endosymbiont of the black bean aphid Aphis fabae [30]. Slightly more (2-3)
facultative endosymbionts proteins of Serratia symbiotica and the Arsenophonus endosymbiont
of Aphis craccivor were found in our honey samples than those of Buchnera aphidicola Aphis fabae.
The content of aphid endosymbionts in our honey samples was very low, between 0.07
and 0.5%.

3.5. Lactic Acid Bacteria in Honey

We identified proteins associated with Apilactobacillus kunkeei and Apilactobacillus
apinorum in five honey samples studied; the number of proteins related to these bacteria
prevailed in the range of 87-105 and 23-36, respectively (Table 3). The total numbers of
these proteins present in all honey samples are 146 and 471, representing 16.1% and 5.0%
of all proteins found in the samples. Proteins specific for bees (Apis mellifera) account
for 10.3%, while other different LABs account for less than 1.0%. The total percentage
of proteins associated with plants in honey samples is 58.84%. The same honey samples
contained microbiota including aphis (Acyrthosiphon pisum), Aphis craccivora, and Aphis
glycines, all LAB taken together, as well endosymbionts, and their numbers accounted
for 41.07%. These data indicate that the number of plant proteins exceeds the microbiota
present in the honey samples.

The data on protein content in honey show a slightly different trend compared to the
differentiation in the protein number obtained from microbiota, plants, and bee-specific
proteins. The following sequence of these data is obtained after evaluating the significant
protein amounts: mean proteins content for Apilactobacillus kunkeei was 161.78 pg, plant
proteins, Apilactobacillus apinorum, and Apis mellifera 130.78 ug, 48.56 ng, and 57.8 nug,
respectively (Table 4). The relative amount for Apilactobacillus kunkeei is 40.55%, plant
proteins 32.78%, while Apilactobacillus apinorum and Apis mellifera accounted for 21.17% and
14.49%, respectively.

Statistical analysis reveals significant differences between the protein content of rape-
seed and all proteins related to the proteins of anemophilous plants at p < 0.05. The same
trend was found between proteins associated with red clover and proteins characteris-
tic of anemophilous plants, such as Arabidopsis thaliana, Solanum tuberosum, and Daucus
carota subsp. sativus. However, there were no significant differences between the proteins
associated with rapeseed oil and red clover proteins, as well as apple tree proteins.

Statistically significant differences in protein content are observed between Apilacto-
bacillus kunkeei, Apilactobacillus apinorum, and Apis mellifera, at p < 0.05. Significant differ-
ences in protein content are also obtained between plant proteins compared to Apilacto-
bacillus apinorum and Apis mellifera at p < 0.05, while differences were insignificant between
the Apilactobacillus kunkeei and plant proteins groups. A significant linear relationship was
determined between the content of Apilactobacillus kunkeei and Apilactobacillus apinorum,
correlation coefficient (r = 0.97). Assuming that the identified proteins belong to aphids
that live in leguminous plants, the relationship between the amount of faba bean (Vicia faba)
pollen found in honey and the proteins associated with aphids and lactic acid bacteria was
calculated (Tables 2 and 4).

The strongest correlation coefficients were observed between FBP and LABN as well
FBP and LABC, at v = 0.943 and 0.935, respectively. Moderate correlation (r = 0.764) was
found between the LABC and LABN.
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Table 3. The significant protein content (ug) in honey samples of different floral origins.

Uniprot
Accession Protein Name Species C3 S5 S15 S22 S23

Number
A0A078]693 BnaC03g73810D protein Brassica napus 640 254 120 319 47.6
AO0AOQ78JFE6 Fructose-bisphosphate aldolase Brassica napus 36.8 3.4 2.0 17.5 47.5
A0A498HTS56 Uncharacterized protein Malus domestica 54.1 10.0 6.7 25.3 63.1
AQ0A2K3P1V8 S-adenosylmethionine synthase Trifolium pratense 424 231 8.5 17.4 37.1
QILFW1 UDP-arabinopyranose mutase 2 Arabidopsis thaliana 10.0 2.5 1.1 3.2 16.6
P80261 NADH dehydrogenase [ubiquinone] Solanum tuberosum 59 18 07 20 75

iron-sulfur protein 3
A0A175Y]97 AAI domain-containing protein Daucus carota subsp. sativus 4.3 155 3.6 15 1.9
AOAO087ENY5 Phosphoglycerate kinase Apilactobacillus kunkeei 506 577 16.6 220 25.2
AO0AQ87EP]5 50S ribosomal protein L4 Apilactobacillus kunkeei 20.7  26.0 7.3 74 11.6
A0A087EPM7 30S ribosomal protein S9 Apilactobacillus kunkeei 185 248 7.5 6.3 8.8
AO0A087EQO00 Glutamine synthetase Apilactobacillus kunkeei 162 284 8.0 4.6 8.7
AOAO087EQA3 Threonine--tRNA ligase Apilactobacillus kunkeei 147 209 5.1 4.0 9.7
AOAOM9DBL5 50S ribosomal protein L5 Apilactobacillus kunkeei 11.7 244 6.3 3.0 4.6
AOA087EPI7 DNA-directed RNA polymerase Apilactobacillus kunkeei 114 278 61 32 103
subunit beta
AOA087EQ84 Probable manganese-dependent Apilactobacillus kunkeei 92 180 49 39 29
inorganic pyrophosphatase
AOAOC3AFUS8 Nitroreductase Apilactobacillus kunkeei 9.0 14.7 3.8 2.6 5.7
AOAOS7EMNo  Clycine/betaine ABC transporter Apilactobacillus kunkeei 86 136 32 31 60
ATP-binding protein
A0AOM9YD308 Catalase Apilactobacillus kunkeei 6.5 18.3 43 2.7 3.8
AOAQ87EPK8 30S ribosomal protein S8 Apilactobacillus kunkeei 6.2 8.1 2.1 15 4.8
AOAONOUVX1 Beta sliding clamp Apilactobacillus kunkeei 5.5 8.3 21 2.0 3.0
AOAQ87ENA2 Aldo/keto reductase Apilactobacillus kunkeei 5.4 14.6 2.7 1.1 3.8
AQA087EPK1 50S ribosomal protein L16 Apilactobacillus kunkeei 52 9.5 1.9 14 2.6
AOAONOCRP1 DUF5776 domain-containing protein Apilactobacillus kunkeei 4.9 14.0 6.9 9.0 0.0
AO0A087EQ04 50S ribosomal protein L27 Apilactobacillus kunkeei 41 13.7 24 12 3.2
AOAONOCQ41 ~ OPhosphogluconate dehydrogenase, 4y oy opacitlus apinorum 176 399 95 40 173
decarboxylating

AOAOMIYD5F1 L-lactate dehydrogenase Apilactobacillus apinorum 125 412 6.3 21 8.0
AOAOM9D658 Glutathione reductase Apilactobacillus apinorum 9.9 24.3 5.7 2.6 6.7
AOAONOCQC3 Glutathione reductase Apilactobacillus apinorum 6.8 194 2.5 1.2 53
AO0A7M7RC42 Uncharacterized protein Apis mellifera 436 155 112 482 10.4
A0A7M7IFB4 Glucosylceramidase Apis mellifera 56.0  27.0 152 454 16.5

Table 4. Correlation coefficients between the number of faba bean (Vicia faba) pollen and the microbiota

proteins number and content.

FBP APN LABN LABC

Number of faba bean pollen (FBP) 1 0.415 0.943 0.935

Aphid protein number (APN) 0.415 1 0.693 0.065

Lactic acid bacteria number (LABN) 0.943 0.693 1 0.764
Lactic acid bacteria content (LABC) 0.935 0.065 0.764 1

Note: aphid protein number (APN): Acyrthospihon pisum, Aphis craccivor, Aphis glycines, Serratia symbiotica,
Arsenophonus endosymbiont of aphis craccivor; lactic acid bacteria number (LABN): Apilactobacillus kunkeei, Apilacto-
bacillus apinorum, Lactiplantibacillus plantarum, Lactiplantibacillus acidophilus; lactic acid bacteria content (LABC):
Apilactobacillus kunkeei, Apilactobacillus apinorum.

3.6. Gene Ontology (GO) Classification of Red Clover Proteins

3.6.1. Evaluation of Red Clover Proteins According to Biological Processes

The red clover proteins were submitted to AgBase (version 2.0) and evaluated ac-
cording to the Gene Ontology resource (GO), which consists of ternary parts [40]. The
highest number of proteins related to red clover found in the tested honey samples was
associated with the biological processes of metabolic process (eight), biosynthetic process
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(six), and translation (six). The other biological processes (four) include the metabolic
process of cellular amino acids, the metabolic process of sulfur compounds, transport, and
cofactor metabolic process (Tables S1 and S2). There is also a small-molecule metabolic
process, glycolytic process, glycine biosynthetic process from serine, a cellular amino acid
biosynthetic process, and five other processes. The biosynthetic process is associated with
nucleoside monophosphate phosphorylation, methionine biosynthetic process nucleoside,
S-adenosylmethionine biosynthetic process, and three other processes.

In total, five proteins were determined as involved in oxidation-reduction process
(Tables S1 and S2), namely, phosphorylation—four; a carbon metabolic process—three; each
of those processes included two proteins: (i) methylation; (ii) intracellular protein transport;
(iii) clathrin coat assembly; a protein was in process of proton transmembrane transport
process, and many other processes were also involved. The four proteins group involved in
transport, sulfur compound metabolic process, cellular amino acid metabolic process, and
cofactor metabolic process accounted for 9.5%. The three smallest protein groups involved
in chromosome organization signal transduction and protein folding composed an equal
part of 2.4%.

3.6.2. Characteristics of Red Clover Proteins Annotated in the Biological Process and
Results of Experimental Data

In this investigation, we present detailed protein characterization involved in the
125 different biological processes based on protein annotation. Proteins involved in
oxidation-reduction included various proteins (Table S1). During the study of honey ex-
tracts, the following enzymes involved in the oxidation-reduction process were identified:
L-ascorbate oxidase; pyruvate dehydrogenase E1 component subunit beta; oxoglutarate
dehydrogenase (succinyl-transferring); NADH-dependent glutamate synthase (Fragment);
and formate dehydrogenase (Fragment). The molecular weight and isoelectric point (IEP)
of those enzymes were 62.1; 39.1; 117.2; 143.1; and 39.0 kDa and 8.91; 13.61; 1.96; 5.34; and
4.52, accordingly (Table 1).

The metabolic process (GO:00442810) included eleven different processes, and the pro-
teins were identified in eight processes (Table S1). The enzyme identified in these processes,
the beta subunit of the beta component of pyruvate dehydrogenase El, is involved in the
glycolytic process. Enzymes adenosylhomocysteinase, S-adenosylmethionine synthase, and
serine hydroxymethyltransferase are involved in the metabolic process. The sequence cover-
age for proteins from a group of small molecule metabolic processes is higher compared to
proteins involved in the oxidation-reduction process, and the coverage varies in the range
of 5.34 to 22.98%. Our data reveal the process of tetrahydrofolate interconversion in the
metabolic processes of the cellular nitrogen compound as well in small molecule metabolic
processes. UTP--glucose-1-phosphate uridylyltransferase (Fragment) participates in the
UDP-glucose metabolic process, and ATP:AMP phosphotransferase (Fragment) participates
in the nucleoside monophosphate phosphorylation process. NADH-dependent glutamate
synthase (Fragment) participates in the glutamate biosynthetic process. The isoelectric
point of those enzymes varied from 5.67 to 7.17 and the molecular mass ranged from 42.0
to 143.1 kDa. The lowest molecular mass was determined for UTP--glucose-1-phosphate
uridylyltransferase (Fragment) and highest for NADH-dependent glutamate synthase
(Fragment) (Table 1). We establish the biosynthesis process that is included in the above-
mentioned glycine biosynthetic process mentioned above from serine (AOA2K3NMF1),
cellular amino acid biosynthetic process (AOA2K3P3K?7), and others, such as methionine
biosynthetic process (AOA2K3P3K?7), glutamate biosynthetic process (AOA2K3PCD9), nu-
cleoside monophosphate phosphorylation (AOA2K3MUW?), and acetyl-CoA biosynthetic
process from pyruvate (AOA2K3NQ11).

The protein translation process is related to ribosomal proteins. Data reveal six riboso-
mal proteins: 40S ribosomal protein s9-2-like (Fragment), 40S ribosomal protein s16-like,
40S ribosomal protein s13-like (Fragment), 60S ribosomal protein 110-like (Fragment), 40S
ribosomal protein sa-like (Fragment), and 60S ribosomal protein 14-like (Fragment). The
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data show that these proteins are characterized by high isoelectric points 10.63-11.09, except
40S ribosomal protein sa-like (Fragment), which was extracted at isoelectric point of 5.07.
This indicates that the latter proteins are exclusively basic. The molecular weight of the
identified ribosomal proteins ranged from 13.6 to 28.6 kDa and the number of reported
peptides ranged from 2 to 6. The sequence coverage (31.09%) was highest for the 40S ribo-
somal protein s13-like (Fragment); lowest (7.41%) for the 40S ribosomal protein s9-2-like
(Fragment), and for others from 17.86% to 21.05%.

3.6.3. Evaluation of Red Clover Proteins According to Molecular Functions

The molecular function usually is a single-step reaction. We present red clover proteins
according to the annotations determined for 128 molecular functions that were detected
from experimental study of honey samples (Table 1 and Table S1). Among the proteins
whose molecular functions were determined are the activity of phosphotransferase and an
alcohol group as acceptor (Table S1). This protein catalyzes the transfer of a phosphorus-
containing group from a compound (donor) to an alcohol group (acceptor).

The other proteins with molecular function annotated in the GO description and
related to red clover proteins involve two different areas (Tables S1 and S3). Data cor-
responding to molecular functions of proteins include protein serine/threonine kinase
activity; hydrolase activity; methionine adenosyltransferase activity; adenosylhomocys-
teinase activity; adenylate kinase activity; transferase activity; catalytic activity; peptidase
activity; protein serine/threonine kinase activity; kinase activity; adenylate kinase activity;
and others. The molecular function is associated with proteins and the metal ions binding
process. Our data reveal a molecular binding function for those proteins: NAD binding;
pyridoxal phosphate binding; nucleotide binding; coenzyme binding; thiamine pyrophos-
phate binding; ADP binding; protein domain-specific binding; clathrin light chain binding;
ATP binding; RNA binding; and rRNA binding, as well as others (Table S1). In the studied
honey samples, we identified zinc ion binding; copper ion binding; and metal ion binding
as well as some clusters with iron: 4 iron, 4 sulfur cluster binding; and iron-sulfur cluster
binding. The study determined the number of proteins involved in various molecular
functions (Table S1).

3.6.4. Evaluation of Red Clover Proteins According to the Cellular Components or
Macromolecular Complexes

Gene Ontology analysis of the cellular components reveals 78 terms of the cell compo-
nents based on the data of the annotation results (Table S1). The major cell components
include the nucleus; nucleoplasm; cytoplasm; and Golgi apparatus. According to the GO
analysis, the cellular components of red clover include small ribosomal subunit; mitochon-
drial matrix; clathrin complex; proton-transporting V-type ATPase, V1 domain; clathrin
coat of the trans-Golgi network vesicle; and clathrin coat of the coated pit (Table S1). Various
membranes were identified, including cytoplasmic vesicle membrane; integral component
of the membrane; and plasma membrane (Tables S1 and S4). Protein-containing complexes
were found as assemblies that contains small ribosomal subunit; clathrin complex; clathrin
coat of trans-Golgi network vesicle; clathrin coat of coated pit and histone acetyltransferase
complex; and proton-transporting V-type ATPase, V1 domain (Tables S1 and S4).

4. Discussion

The protein composition of five honey samples was investigated, among which one
sample was monofloral red clover honey. However, all samples of honey contained pro-
teins related to red clover proteins. Seventeen red clover proteins whose peptides were
sequenced had protein coverage greater than 20.0%, and five proteins ranged from 17.86%
to 10.34%. A total of 26 proteins out of 48 studied had a sequence coverage of 9.97 to 0.59%,
among which the lowest was HECT-type E3 ubiquitin transferase (Table 1). A total of
331 functions of red clover proteins were annotated, among which 125 are involved in
biological processes, 128 have a molecular function, and 78 are related to the components



Life 2024, 14, 862

16 of 22

of cell structure (Table S1). The molecular function of the proteins studied was associated
with binding, catalytic, transporter, structural, and nucleic acid binding transcription factor
activities, as well as with components of membranes, organelle, and protein-containing
complexes. The red-clover-related proteins have been identified in various cellular compo-
nents are as follows: histone acetyltransferase complex, proton-transporting V-type ATPase,
V1 domain, and clathrin complex (Table S1).

The protein sequence-based prediction method was applied for the annotation of
protein function of leguminous plant species such as barrel clover (Medicago truncatula) and
soybean (Glycine max), as well as other plants among which were rice (Oryza sativa), poplar
(Populus trichocarpa), and tomato (Solanum lycopersicum) [41]. GO analysis of the above-
mentioned and the additional five species of Trifolium subterraneum, Medicago truncatula,
Cicer arietinum, Trifolium pratense, and Glycine max confirms the genes involved in biological
processes assist in metabolic, cellular, single-organism, localization, biological regulation,
and signal processes, etc., and this has been reported in earlier studies [42].

The two proteins identified in honey samples extract are V-ATPase 69 kDa subunit
and clathrin heavy chain (Table 1). We have identified L-ascorbate oxidase belonging to the
family of multi-copper oxidases and function in plants and fungi [43] by oxidizing ascorbic
acid to dehydro-L-ascorbic acid, a potentially toxic product damaging the digestive system
of the herbivore Helicoverpa zea. Oxidized ascorbate loses its antioxidant properties, as
well as its nutritional and antioxidant functions in phytophagous insects and, thus, has a
potentially important role as a plant defense protein against insects [44]. The other enzyme
of the oxidase family, namely, glucose oxidase (GOD), with a molecular weight (Mw) of
approximately 170 kDa, was identified in buckwheat honey [45]. In this origin of honey,
GOD had the highest enzymatic activity of 1.13 pumol min~!/g~!, compared to rapeseed
(0.55 umol min’l/g’l) or willow honey (0.1-0.51 umol min’l/g’l) [46].

Auxin is a plant hormone playing an important role in plant growth and signaling,
and it regulates photosynthetic rates and chlorophyll content in many plant species [47].
The BIG auxin transport protein is involved in auxin efflux and polar auxin transport
(PAT) [48]. Auxin transport big-like protein, with a molecular weight of 573.9 kDa and
isoelectric point pl of 5.78, was found in four of the honey samples studied, among which
was monofloral clover honey (Table 1). It was annotated as the protein is involved in
the binding of zinc ions (Table S1). It has a high molecular weight of 498.9 kDa and
was annotated as zinc finger protein (ring finger) protein (Fragment), and was identified
in monofloral clover honey. The study by Mohanta and colleagues [49] on the plant
proteome reveals that higher eukaryotic plants contain five proteins with higher molecular
mass compared to others, among which is auxin transport protein BIG 568.4 kDa; the
auxin protein (auxin TP BI) was identified in the molecular weight of Trifolium pratense of
566.6 kDa compared to other proteins in this plant. The study reveals that proteins with
acidic pl predominate over the proteins with an alkaline pl, suggesting that it depends on
differential composition of amino acids in different species, and this might be associated
with environmental and ecological pressure. The enzyme S-adenosylmethionine synthase,
also known as methionine adenosyltransferase (MAT), was determined during our analysis
of honey samples. According to research data, this enzyme catalyzes the formation of
S-adenosylmethionine (AdoMet, SAM, or SAMe) from methionine and ATP [50,51]. The
SAM component is a precursor for the plant hormone ethylene [52].

UTP-glucose-1-phosphate uridylyltransferase, also known as glucose-1-phosphate
uridylyltransferase (UDP—glucose pyrophosphorylase) or UGPase, is an enzyme involved
in carbohydrate metabolism and has been used to improve the quality and increase the pro-
duction of agricultural plants [53-55]. This enzyme was identified in the honey samples we
studied, supporting the earlier findings of Treigyté and coauthors [11], who found protein
uridine diphosphate (UDP)-glucose 6-dehydrogenase 4 and UDP-glucose 6-dehydrogenase
5 with a molecular weight of 56 kDa and 55 kDa, respectively, in red clover pollen. Glucose-
1-phosphate uridylyltransferase catalyzes the formation of uridine diphosphate-glucose
(UDP-glucose) from glucose-1-phosphate and uridine-5'-triphosphate (UTP) [56].
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The sucrose—phosphate synthase enzyme catalyzes the transfer of a uridine diphos-
phate glucose (UDP-glucose) to D-fructose 6-phosphate to form UDP and D-sucrose-6-
phosphate, and in the following step, hydrolyzes D-sucrose-6-phosphate to sucrose [57,58].
Sucrose phosphate synthase is an essential enzyme in sucrose synthesis, suggesting that the
expression of UTP-glucose-1-phosphate uridylyltransferase in plant nectar affects the forma-
tion of UDP-glucose, which is an essential component in carbohydrate metabolism. Uridine
diphosphate glucose (UDP-glucose) is a nucleotide sugar involved in the synthesis of
cellulose, hemicellulose, and pectins for the production of plant cell walls [59]. Nucleotide
sugars such as UDP-glucose, GDP-fucose, UDP-xylose, and UDP-N-acetyl galactosamine
are transported from one UDP-sugar to another for the exchange of various nucleotides [60].
The transport of UDP-sugars in cells takes place through specific membrane-bound protein
transporters. The synthesized compounds are used for the production of glycoproteins and
glycolipids [61]. Nitrogen fixation chloroplastic NifU-like protein 3, known for its func-
tions in protecting plants against abiotic and biotic stresses [62], was identified in spring
honey collected by bees mainly from orchards or manually collected directly from orchard
blooms [37], showing its higher expression in manually collected pollen of apple tree (Malus
sylvestris) and plum (Prunus) compared to other orchard tree pollen. The concentration
range of the bee-collected pollen of the Prunus and willow (Salix spp.) mixture was close
to that of monofloral Prunus pollen. Purified NifU is a red protein that contains iron in
the form of a redox-active [2Fe-2S]>** cluster. The primary structure consists of the three
conserved cysteine residues that are involved in the assembly of a transient FeS cluster [63].
It was stated that transient [2Fe-2S]*** cluster units are formed on NifU and subsequently
released to provide the inorganic iron and sulfur required for the maturation of the nitroge-
nase component proteins [64]. NifU-type proteins forming iron—sulfur clusters can also be
found in organisms that do not fix nitrogen [65]. Although we did not observe NifU-like
protein in the honey samples studied, other enzymes with iron-sulfur clusters, in particular
iron-sulfur protein aconitate hydratase containing [4Fe-4S] cluster, was determined.

Aconitate hydratase, later named aconitase, belongs to the aconitase/isopropylmalate
(IPM) isomerase family, comprised of three classes of hydrolyase enzymes: aconitases,
homoaconitases, and IPM isomerases. These enzymes have the same Fe-S cluster-binding
site in their structure [66]. According to research data, tricarboxylic acid cycle (TCA), also
known as the Kreb’s /Citric Acid cycle, is activated in bacteroids during nitrogen fixation.
The components of TCA are the main carbon source for bacteroids [67]. The aconitase
(AcnA), as well as other seven proteins from TCA, were identified by the proteomics
analysis in nitrogen fixation bacteroid Rhizobium Etli. These data were obtained during the
experiment when the root nodules of the bean plant (Phaseolus vulgaris) were infected by
R. etli (Phaseolus vulgaris) [68].

Aphids, such as the genera Cinara and Physokermes, which have spread in forests in
coniferous trees, including spruce and fir, feed on the sap of the phloem of these plants
and produce honeydew honey with a varying composition of sugar, amino acids, and
several inorganic ions, among which potassium ions (K+) and phosphate (PO43~) are
the most abundant anion in honeydew honey [69]. The pea aphid, Acyrthosiphon pisum
(Harris), infests and can cause huge damage to leguminous plants, such as faba bean (Vicia
faba L.), lupin (Lupinus albus L.), alfalfa (Medicago sativa L.), lentil (Lens culinaris Medik.),
chickpea (Cicer arietinum L.), grass pea (Lathyrus sativus L.), pea (Pisum sativum L.), and
clover (Trifolium subterraneum) [70,71]. Acyrthosiphon pisum was reported to prefer faba bean
and clover [72] and can transmit phytoviruses and cause more than 20 species of plant virus
diseases [73,74]. Though red clover aphids (Aphis coronilla Ferrari (Hemiptera: Aphididae))
are widely distributed in Europe in pulses [75], mostly on red clover and lucern, we did
not identify any of their proteins in the studied honey, suggesting that these pests are not
widespread in the Lithuanian legume fields.

The evolution of symbionts along with their hosts existed million years ago as a long-
term mutualism. Symbionts are divided into obligate or primary and other facultative
or secondary, as well-named, S-symbionts [76]. The primary endosymbiont of pea aphid,
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Buchnera aphidicola, synthesizes essential amino acids for its aphid host. About 9% of the
Buchnera genome produces essential amino acids for the aphid [77]. Some new members
of the Lactobacillus genus currently belong to the genus Apilactobacillus, which includes
different species. Apilactobacillus kunkeei (basonym Lactobacillus kunkeei) and Apilactobacillus
apinorum (basonym Lactobacillus apinorum) are incorporated into the genus Apilactobacil-
Ius. These LABs are associated with honeybees (Apis mellifera) and flowers. Lactic acid
bacteria (LAB) are common inhabitants of the honeybee intestinal tract and are found in
fresh honey [78,79]. The authors report that the bee gastric microbiota is dominated by
lactobacilli and bifidobacteria. These bacteria are also found in flowers, nectar, fruits, and
fermented foods. We identified Lactiplantibacillus plantarum, Lactiplantibacillus acidophilus,
Lactiplantibacillus amylovorus, and Lactiplantibacillus delbrueckii subsp. bulgaricus. Most of
these proteins were single or absent in the honey samples tested. The strains L. delbrueckii
were mainly isolated from dairy products, including cheeses, yogurts, and fermented milk.
The data reveal nine species of L. delbrueckii, which are probiotics. The probiotic strains of
these bacteria have genes involved in various metabolic processes that affect the organolep-
tic properties of dairy [80]. In the honey we studied, these bacteria were identified in four
samples out of five examined, and their number was very low (1-2); 2—4 proteins were
found from Lactiplantibacillus plantarum and 2-3 proteins from Lactiplantibacillus acidophilus.
Fructophilic LABs have been found in the digestive tracts of pollinators such as bees, bum-
blebees, and insects that consume significant amounts of fructose [81]. The prevalence of
Apilactobacillus kunkeei, Lactiplantibacillus plantarum, and Fructobacillus fructosus was found
in beebread, while low interspecies biodiversity of LAB Apilactobacillus kunkeei was found
in the midgut of Apis mellifera ligustica honeybee [82]. A. kunkeei belongs to fructophilic
(FLAB), a lactic acid bacteria of a subgroup of LAB, and grows on fructose, unlike other
LAB, that grow on glucose [83]; thus, it often is found in environments associated with
bees as high-fructose-consuming insects, on flowers, fruits, and also in fermented food that
is produced from fruits [84,85]. The fructophilic strain of L. plantarum was isolated from
honeydew honey collected in Poland [81] and since Poland and Lithuania are neighboring
countries with the same climatic conditions, it suggests that the honeydew composition
may be similar in terms of fructophilic lactic acid bacteria.

5. Conclusions

1. Studies of the botanical composition of honey pollen and the identification of honey
extracted plant proteins of pollen have provided new data on the composition of
proteins. Red clover pollen was found only in monofloral red clover honey, while
red-clover-related proteins were found in all honey samples. It can be assumed that
bees can reach red clover nectar not only from their own nectarines, but also from the
bottom of the flowers.

2. Individual honey samples contained repetitive proteins common to all samples stud-
ied. Our data show that more repetitive red clover proteins were identified in each
honey sample compared to some proteins that were not repeated in honey samples.
The common number of proteins found in all honey samples was 39.6% of the total
number of proteins found in each honey sample.

3. Data from the annotation results show that the most predominant molecular functions
of red clover proteins in honey samples were related to ion binding to ATP, while oth-
ers are metal ion binding; zinc ion binding; copper ion binding; pyridoxal phosphate
binding; and thiamine pyrophosphate binding.

4. Analysis of the gene ontology of cellular components revealed single cell elements,
various membranes, and macromolecular compounds. Some protein complexes that
have been identified in the cell composition are histone acetyltransferase complex,
proton-transporting V-type ATPase, V1 domain, and clathrin complex.

5. Proteins associated with aphids, such as pea aphid, as well as endosymbiont proteins,
were identified in honey, among which the largest number of proteins was from
Acyrthosiphon pisum.
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6. In the honey samples tested, the lactic acid bacteria Lactobacillus kunkeei was found
in higher concentrations than Apilactobacillus apinorum. Lactiplantibacillus plantarum
and Lactiplantibacillus acidophilus were found in small amounts and Lactiplantibacillus
acidophilus, Lactiplantibacillus delbrueckii subsp. Bulgaricus was solitary or unidentified
in some samples.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/1ife14070862 /s1, Table S1: Dataset of all GO terms repre-
sented the biological process of red clover (Trifolium pratense) proteins annotated for different honey
samples; Table S2: The number of proteins involved in biological processes of red clover proteins
(Trifolium pratense) annotated for different honey samples; Table S3: The protein molecular functions
annotation of red clover proteins (Trifolium pratense) of different honey samples; Table S4: Cellular
components of red clover proteins (Trifolium pratense) identified by MS and annotated for different
honey samples.
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