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Abstract
Apples are an important dietary source of polyphenols as antioxidants that contribute to human health. Based on total phenolic content and total

antioxidant  capacity  data  gathered  from  a  large  apple  biodiversity  collection,  we  applied  untargeted  metabolomics  analyses  to  further

understand the phenolic composition in select accessions with very low and very high phenolic contents, as well as in commercial cultivars. The

liquid chromatography-mass spectrometry (LC-MS) analysis provided both qualitative and quantitative information, with 2,946 features detected

using the positive mode of electrospray ionization.  We found significant variation in total  polyphenols,  and strong correlations between total

phenolic content and total antioxidant capacity. Polyphenolic compounds significantly associated with each group of apples were quantified,

and  new  features  were  putatively  identified.  This  study  provides  new  knowledge  regarding  the  specific  polyphenols  that  contribute  to  the

variation in  total  phenolic  content  and antioxidant  capacity  among apples,  and new insights  into  the  biochemical  regulations  of  polyphenol

biosynthesis and composition.
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 Introduction

Fruits  are  an  important  dietary  source  of  vitamins,  minerals,
antioxidants, and other biological compounds. Consumption of
fresh  fruit  has  been  increasing  as  consumers  become  more
aware of their nutritional value and their role in disease preven-
tion.  Apples  are  one  of  the  most  highly  produced  and
consumed fruits in the world, with a gross production value of
430  billion  USD  in  2021  (www.fao.org/about/who-we-are/
departments/statistics-division/en/).  It  is  recognized  as  a  rich
source of phytochemicals that provide a wide range of nutrient
benefits for human health and wellbeing with reduced risks of
some cancers, cardiovascular disease, asthma, and diabetes[1].

Polyphenolic  compounds  are  major  contributors  to  the
phytochemical  composition  of  apples[2].  Apples  and  their
polyphenols  have been found to have very strong antioxidant
activity,  inhibit  cancer  cell  proliferation,  decrease  lipid  oxida-
tion,  and  lower  cholesterol  with  anti-inflammatory  and  anti-
neurodegenerative properties[1,3]. Recent research has expand-
ed our understanding of polyphenols as bio-active compounds
in  apple  fruits.  There  are  various  assays  for  measuring  total
phenolic  content,  composition,  flavonoids,  and  antioxidants.
Among  them,  the  measurement  of  total  phenolic  content  by
the  Folin  Ciocalteu  method  and  of  antioxidant  capacity
through  ferric  reducing  antioxidant  power  have  been  widely
applied[4].

In  general,  total  phenolic  content  has  been shown to corre-
late with antioxidant activity[5]. Five major polyphenolic groups
including  16  unique  compounds  were  found  in  apples[2,6].  It
was  reported  that  dihydroxycinnamic  acid  esters,  phloretin

glycosides,  and  flavan-3-ols  were  predominant  in  both  flesh
and  peel  tissues,  whereas  quercetin  glycosides  were  present
only in the peels, and cyanidin-3-galactoside was found almost
exclusively  in  red  apple  peels.  Generally,  the  predominant
group  of  polyphenols  was  the  procyanidins,  followed  by
quercetin  glycosides  in  the  peel,  and  hydroxycinnamic  acid
esters  in  the  flesh[2].  More  recent  studies  have  revealed  addi-
tional phenolic compounds uniquely present in apples, such as
groups  of  dihydrochalones,  phloretin,  and  phloridzin-related
compounds[7,8].

Significant  differences  in  phenolic  composition  and  abun-
dance have been detected among apple cultivars. These differ-
ences suggest strong genetic control of apple phenolic compo-
sition[9]. Furthermore, differences in phenolic composition have
been found between older and newer varieties[10], and a recent
study suggests that apple breeding has resulted in a significant
decline in phenolic content over the past 200 years[11].  Quanti-
tative trait  locus (QTL) mapping and genome-wide association
studies  (GWAS)  have  revealed  genetic  loci  of  significant  effect
underlying  the  phenolic  diversity  in  apple  fruit[12−14].  These
genetic  mapping  efforts  align  well  with  recent  progress  that
has  been  made  to  identify  metabolic  control  points  in  apples,
for  example,  in  the  anthocyanin  biosynthesis  pathway[15],  and
the metabolism of procyanidin[16].  In addition, the role of UGT-
glycosyltransferase in flavonoid metabolism in apples was also
characterized[17].  In contrast to the evidence for strong genetic
effects, differences in growing conditions have had marginal to
no  impact  on  apple  phenolic  compounds[18].  Developmental
stages, harvest maturities, postharvest treatments, and storage
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conditions  also  seem  to  have  negligible  effect  on  phenolic
composition in comparison with apple genotype[19].

Different  polyphenols  may  have  varied  biological  activities,
including antioxidant activity. In order to better understand the
complement of phenolic compounds, high-performance liquid
chromatography (HPLC)  has  routinely  been used to  character-
ize total and individual compounds with reference standards[2].
For  better  identification and quantitation,  liquid chromatogra-
phy-mass spectrometry (LC-MS) is  one of the common investi-
gation tools for metabolomics analysis because of its sensitivity,
speed,  and  broad-range  coverage  of  significant  numbers  of
metabolites[20].  LC-MS  has  been  successfully  applied  in
apples[21].

A  new  approach  of  data-independent  acquisition  of  MS,  an
untargeted  metabolomics  approach,  has  recently  become
popular  for  biological  research[22].  The  advantages  of  untar-
geted  metabolomics  include  the  unbiased  and  improved
detection of both molecular ions and fragment ions, and speci-
fically  the  detection  of  low  abundance  molecular  ions.  Apply-
ing  an  untargeted  metabolomics  approach,  a  group  of  A-type
procyanidin dimers was detected and quantified in yellow rasp-
berries,  which  would  not  have  been  possible  in  the  data-
dependent  mode[23].  An  untargeted  metabolomics  approach
revealed  that  knockdown-based  modulation  of  a  steroidal
glycoalkaloid biosynthetic enzyme in potato leaf could result in
metabolic  changes  in  response  to  the  Colorado  potato
beetle[24].  In  apples,  LC-MS  based  untargeted  metabolomics
uncovered  metabolomic  changes  in  apple  fruit  during  the
development  of  superficial  scald,  and  in  response  to  scald
inhibitors[25].

Apples contain a large number of phenolic compounds, but
it is necessary to conduct in-depth compound characterization
to  understand  the  relationship  of  chemical  composition  to
overall antioxidant capacity. With access to a large and diverse
population of  apple germplasm,  it  becomes possible  to evalu-
ate  the  range  of  phenolic  compounds  in  apple  fruit.  Untar-
geted  metabolomics  provides  the  opportunity  to  identify  and
quantify  the  diverse  phenolic  compounds  present  in  apples
with  either  very  high  or  very  low  antioxidant  capacities.  This
approach will help to advance our understanding of the contri-
bution of specific individual polyphenols to overall total pheno-
lic profile in apple, and their associations to the health benefits
thereof.

 Materials and methods

 The apple biodiversity collection
Apple fruits  were harvested from the Canadian Apple Biodi-

versity  Collection  (ABC),  which  is  located  at  the  Kentville
Research  and  Development  Centre,  Agriculture  and  Agri-Food
Canada  (AAFC)  in  Nova  Scotia,  Canada.  Detailed  information
about  the  ABC  was  reported  previously[11].  Briefly,  the  ABC
consists total of 1,100 apple accessions. The accessions include
diverse Malus × domestica and Malus sieversii material from the
United States  Department of  Agriculture (USDA) Plant  Genetic
Resources  Unit  apple  germplasm  collection  in  Geneva,  New
York,  USA;  commercial  cultivars  from  the  Nova  Scotia  Fruit
Growers'  Association  Cultivar  Evaluation  Trial;  and  advanced
breeding  material  from  the  AAFC  breeding  programs[11].  In
2016, 476 accessions were harvested and evaluated.

 Fruit materials
During the 2016 fruiting season, apples included in this study

were harvested at full maturity based on a multi-factor evalua-
tion  of  fruit  ripeness,  which  was  determined  by  changes  in
ground  color,  firmness  assessed  by  touch,  sweetness  assessed
by  taste,  browning  of  seeds,  and  starch-iodine  content[11].  For
each accession, 15 fruits were harvested and stored at 3 °C with
relative  humidity  >  95%  for  30  d  before  samples  were  taken
and  frozen  in  liquid  nitrogen,  then  ground  into  powder  and
stored  at  −80  °C.  Each  frozen  sample  represented  a  ground
mixture of 10−15 chopped fruits with flesh and peel.

 Chemicals
The chemicals chlorogenic acid, catechin, epicatechin, cyani-

din  3-glucoside,  quercetin,  quercitrin,  phloridzin  and  rutin,  as
well  as  the  reagents  for  Folin-Ciocalteu  reagent,  were
purchased  from  Sigma/Aldrich  Chemical  Co.  (St.  Louis,  MO,
USA).  Procyanidins  B1,  B2,  C1 were  purchased  from  Indofine
Chemical  Co.  (Hillsborough,  NJ,  USA).  Isoquercetin  was  from
Fluka  Chemie  GmbH  (Buchs,  Switzerland).  All  solvents  were
HPLC grade and purchased from Fisher Scientific (Georgetown,
ON, USA).

 Determination of total phenolic content and
antioxidant capacity

Both the Folin-Ciocalteu assay and a Ferric Reducing Antioxi-
dant Power (FRAP) assay were performed to estimate the total
phenolic  content  (TPC)  and  total  antioxidant  capacity  (TAC),
respectively,  with  methods  as  previously  described[3,26].  Each
apple sample was extracted and quantified in duplicate. TPC of
apple extracts was reported in micromolar of gallic acid equiva-
lents  (GAE)  per  gram fresh weight.  The ferric  reducing antioxi-
dant  powers  (FRAP)  of  apple  extracts  were  reported  in  micro-
molar of Trolox equivalents (TE) per gram fresh weight[27].

TPC and TAC values for the 476 apple accessions were previ-
ously  reported  by  Watts  et  al.[11].  In  this  study,  a  subset  of  30
apples was chosen for further analysis based on those TPC and
TAC  values.  The  first  group  included  the  ten  apples  with  the
highest TPC and TAC values, the second group included the ten
apples with the lowest TPC and TAC values, and the third group
included ten commercial cultivars (Supplemental Data File S1).
The methods described below, and results reported thereafter,
correspond to data collected from these 30 apple accessions.

 Metabolomics analysis

 Metabolites extraction and analysis
Apple  tissue  (0.5  g)  was  suspended  twice  with  0.7  mL  80  %

methanol (80 : 20 methanol : water, V/V, with 0.1% formic acid),
then vortexed, sonicated for 20 min and centrifuged at 10,000
×  g  for  10  min  (Thermal  ICE  Microlite,  Fisher  Scientific
Company, Ottawa, Ontario, Canada). The supernatants from the
two  extractions  were  then  combined  and  recovered  to  a  new
clean  tube  and  dried  in  a  vacuum  centrifuge  (Thermo  Fisher).
The  pellet  was  re-suspended  in  1  mL  solution  (10%  methanol
with  0.1%  formic  acid)  and  mixed  and  sonicated  for  15  s  and
vortexed for 10 s followed by another centrifugation at 10,000 x
g  for  10  min.  The  supernatants  were  transferred  to  HPLC  vials
for  injection[25,28] Two  extractions  were  conducted  on  each
accession to serve as technical replicates.

 Data acquisition - mass spectrometry
Chromatography  separation  was  performed  on  a  NanoAc-

quity  UPLC  system  (Waters  Corporation,  Milford  MA,  USA)
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equipped  with  a  BEH  C18 1.7 µm  1.0  ×  100  mm  column[25].
Briefly,  binary  mobile  phases  were  employed  with  mobile
phase A as 99.9% water with 0.1% (v/v) formic acid and mobile
phase B as  99.  9% acetonitrile  with 0.1% (v/v)  formic acid.  The
gradient  was  carried  out  with  initial  mobile  phase  A  at  95%,
decreased  to  50%  for  13.5  min,  decreased  to  45%  for  1  min,
maintained for 3.5 min, and then returned to the initial stage at
95% for another 5.5 min. The total run time was 25 min at flow
rate of 45 µL·min−1. Each sample was injected with 1.0 µL using
a partial loop mode. During the entire study, the temperatures
for  the  column  and  sample  holder  were  maintained  at  35  °C
and 4 °C respectively.

Analysis  of  apple  phenolic  compounds  was  performed  on  a
Synapt  XS  HDMS  mass  spectrometer  (Waters  Corporation,
Milford  MA,  USA)  equipped  with  an  electrospray  ionization
source (ESI) [26].  Mass acquisition was set using MSe (data-inde-
pendent  acquisition)  mode  in  the  continuum  mode  using
Masslynx  (version  4.2,  Waters  Corporation,  Milford  MA,  USA).
The  MSe acquisition  parameters  was  set  as  follows:  75−1,000
amu;  capillary  voltage  was  2.0  eV;  and  a  scan  speed  of  0.4  s
including an inter  scan delay of  0.02 s.  The mass  detector  was
operated in both positive or negative modes at high resolution
of  40,000  FWHM.  The  collision  energy  was  set  at  6  eV  for  the
low energy and ramp was 15−35 eV for high energy. The cone
voltage was 20 V. Argon was used as collision gas. A lock mass
solution  (Leucine  enkephalin,  [M  +  H]  +  m/z:  556.2771)  was
applied  in  30-s  intervals  during  the  sample  acquisition.  The
mass  detector  was  calibrated  with  sodium  formate  over  the
mass  range  of  100−1,500  amu  prior  to  analysis.  A  standard
mixture of 12 reference compounds (listed under Chemicals in
Materials  and  methods)  was  run  as  quality  control  and  to
ensure  the  consistency  of  retention  time,  mass  accuracy,  and
mass fragmentation[25].

 Data processing and metabolites identification
 Data processing and analysis

Untargeted  LC-MS  data  was  processed  using  Progenesis  QI
(Version  3.0,  Nonlinear  Dynamics,  Waters  Corporation,  Milford
MA,  USA).  Raw  files  were  processed  through  alignment  of  the
low  energy  and  high  energy  data,  as  well  as  the  detection  of
mass  peak  (i.e.  chromatographic  peaks).  Results  were  gener-
ated with detected mass, retention time, and integrated inten-
sity  values.  Data  were  normalized  based  on  all  analyzed
features using default parameters in Progenesis QI [26].

 Metabolites identification
The obtained mass features were set to search against public

databases  such  as  Chemspider  and  FoodDB  (http://foodb.ca/
spectra/ms/search) using Progensis QI. For identifications, mass
tolerance  for  mass  and  MS/MS  were  set  as  ±  5.0  ppm,  respec-
tively. MS/MS fragmentation spectra, mass, and isotope pattern
were  manually  inspected.  Only  features  with  a  Progenesis  QI
score > 39 with fragment score and mass error  less  than ± 5.0
ppm  were  accepted  as  putative  identifications[26] .  Reference
standards  mixtures  with  known  compounds  (listed  under
Chemicals  in  Materials  and  methods)  were  injected  to  verify
identified mass features and retention times. The annotation of
identified  features  followed  the  Metabolomics  Standard  Initia-
tive guidelines[29].

 Statistical analysis
Mean  TPC  and  TAC  were  estimated  for  each  group  of  ten

apples through a linear model variance analysis,  followed by a

Kruskal-Wallis  test  with  a  Bonferroni  correction  at α =  0.05.
Means  comparisons  were  performed  using  the  'Kruskal'  func-
tion of the R package 'agricolae'[30].  The effects of apple group
on the normalized intensity of each metabolite were evaluated
through ANOVA using the Progenesis QI software (Version 3.0).
A False Discovery Rate correction (q) was applied at α = 0.05 to
correct  for  multiple  testing  across  metabolites.  Progenesis  QI
results  for  metabolites  with  significant  group  effects  were
exported to excel  spreadsheets and further analyzed.  A princi-
pal  components  analysis  (PCA)  was  performed  using  the  PCA
function of the R package 'FactoMineR' with scaled variables[31].
Pearson correlations between metabolites, TAC and TPC values
were  estimated  using  the  'rcorr'  procedure  of  the  R  package
'Hmisc'[32] with a Bonferroni correction applied at α = 0.05.

 Results

 Characterization of total phenolic content (TPC) and
antioxidant capacity (TAC)

Significant variations in the total phenolic content (TPC) and
total  antioxidant  capacity  (TAC)  were  found  among  the  three
groups of  10 apples:  those with the highest  TPC and TAC (top
group),  those  with  the  lowest  TPC  and  TAC  (bottom  group),
and  the  10  commercial  cultivars  (commercial  group)  (Fig.  1a,
Supplemental  Data  File  S1).  Across  these  groups,  TPC  was
significantly  positively  correlated  with  TAC  (r  =  0.98, p <  0.05)
(Fig.  1b);  this correlation was also found in a previous study of
476  apples[11,33].  The  top  group  had  average  TPC  and  TAC
values  of  16.4  GAE·g−1·FW  and  117.5 µmol·TE·g−1·FW  respec-
tively, while the low group had averages of 0.6 GAE·g−1·FW and
1.2 µmol·TE·g−1·FW,  respectively  (Supplemental  Data  File  S1).
The  10  commercial  genotypes  included  were:  'Empire',  'Elstar',
'SweeTango',  'Ambrosia',  'Honeycrisp',  'Jonagold',  'Gala',  'Red
Delicious',  'McIntosh',  and  'Reinette  Russet',  and  they  were
found  to  have  an  average  TPC  value  of  3.04  GAE·g−1·FW  and
TAC value of  3.39 µmol·TE·g−1·FW (Supplemental  Data File  S1).
These  results  demonstrate  the  substantial  range  that  exists  in
TPC  and  TAC  in  diverse  apples,  and  demonstrates  that  most
popular commercial cultivars have relatively low total phenolic
content  and  antioxidant  capacity.  For  example,  when  the
'Honeycrisp' cultivar was compared with others in terms of TPC
and TAC, it showed 8- and 12-fold lower values compared with
the  top  group,  respectively  (Fig.  1b).  The  top  TPC  and  TAC
group contained a combination of specialty European cultivars
and  wild  accessions  from  Kazakhstan  (Supplemental  Data  File
S1).

 Identification of phenolic compounds in apple
accession groups

Taking  advantage  of  untargeted  LC-MS  analysis,  many
known  and  unknown  features  were  detected,  and  the  corres-
ponding  abundances  based  on  the  normalized  MS  detector
response  were  quantified.  A  total  of  2,946  masses/features
were  detected  under  the  positive  mode  (Supplemental  Data
File  S2).  The  relative  abundances  of  these  features  were  com-
pared  among  accessions  from  the  three  groups  of  10  acces-
sions  (top  TPC,  bottom  TPC,  and  commercial  cultivars),  and  a
total  of  1,849  features  were  found  to  be  significantly  different
between apple groups (q < 0.05) (data not shown). Among the
features with significant differences,  29 were putatively identi-
fied through the use of reference standards and the analysis of
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MS/MS  fragmentation  spectra,  mass  and  isotope  pattern
(Supplemental Data File S1). A principal component analysis of
peak area responses for these 29 putative compounds showed
no clear pattern of clustering or separation based on the apple
groups (Supplemental Data File S1).

 Quantitative differences in phenolic compounds
between accession groups

Twenty-two  putative  phenolic  compounds  were  found  to
have  significantly  higher  peak  area  responses  in  the  apples
from the top TPC group than those from the other groups (q <
0.05) (Fig. 2, Supplemental Data File S1). The average peak area
responses  for  this  group  ranged  from  52  (methylarbutin)  to
41,900  (procyanidin  B2).  The  most  highly  expressed  putative
compounds  were  phloretin  like  (peak  area  response  10,400),
procyanidin  C2 (10,500),  procyanidin  B1 (12,500),  epicatechin
(17,900),  procyanidin  C1 (28,363),  and  procyanidin  B2 (41,900).
Among these, epicatechin and procyanidins B1, C1, and C2 were
all  found  to  be  at  least  ten-fold  or  more  abundant  in  the  top
TPC  group  than  the  bottom  TPC  group  (Fig.  2, Supplemental
Data File S1).

In contrast, there were only four putative compounds found
to have significantly higher peak area responses in the bottom
TPC group than in  the  other  groups  (q  <  0.05)  (Fig.  3, Supple-
mental  Data  File  S1).  These  included  cyanidin-3-galactoside,
chlorogenic  acid,  feruloyl  glucose,  and  quercetin.  The  most
highly  expressed  putative  compounds  from  the  bottom  TPC
group were cyanidin-3-galactoside (peak area response 11,622)
and  chlorogenic  acid  (13,279),  however  neither  were  substan-
tially  more  abundant  in  the  bottom  TPC  group  than  in  the
other  groups.  All  four  compounds  were  detected  in  some
amount in the other two groups; the minimum abundance was
for  feruoyl  glucose  in  the  top  TPC  group  (peak  area  response
85) (Fig. 3, Supplemental Data File S1).

Lastly,  there  were  three  putative  compounds  with  signifi-
cantly  higher  peak  area  responses  in  the  commercial  apple
group than in the other two groups (Fig. 4, Supplemental Data
File S1). These were a feruoyl-quinic acid, a quercetin glucoside,
and  reynoutrin.  Reynoutrin  had  the  largest  abundance  (peak
area  response  3,660),  while  the  other  two  were  below  1,000.
Reynoutrin  was  found  to  be  1.5-fold  more  abundant  in  the
commercial group than in the bottom TPC group, and 1.2-fold
more abundant than in the top TPC group. Once again, all three
compounds were also detected in the other two groups (Fig. 4,
Supplemental Data File S1).

A  correlation  analysis  was  performed  for  the  29  putative
compounds  that  had  significant  peak  area  response  differ-
ences between apple group (Fig. 5, Supplemental Data File S1).
Strong  positive  correlations  (r  =  0.80  to  1.00)  were  observed
between  procyanidins  B1,  B2, C1 and  C2,  catechin,  epicatechin,
cinchonain Ia, arecatannin B1,  hydroxynaringenin, and shikimic
acid.  Procyanidin  A2 was  moderately  correlated  (r  =  0.65  to
0.80)  with  several  compounds  in  this  grouping,  and  strongly
correlated  with  catechin  gallate.  Hesperitin  and  4-coumaroyl-
shikimic  acid  were  strongly  correlated  with  each  other,  and
were moderately correlated with methylarbutin,  cinchonain Ia,
hydroxynaringenin,  arecatannin  B1,  and  procyanidin  C2.
Phloretin  and  phloridzin  were  moderately  correlated.  There
were  no  significant  correlations  among  any  of  the  putative
compounds  associated  with  the  bottom  TPC  or  commercial
apple  groups.  In  addition,  none  of  the  individual  compounds
from the bottom TPC or  commercial  groups were found to be
significantly  correlated  with  TPC  or  TAC  (Fig.  5, Supplemental
Data File S1).

 Discussion

Apples  have  gained  significant  attention  as  nutritious  fruit
rich  in  dietary  antioxidants,  which  include  polyphenols  and
other bioactive compounds. Apple polyphenols play an impor-
tant  role  in  physiological  functions  related to  human health[1].
Total  phenolic  compounds  have  been  summarized  as  total
phenolics,  total  hydroxycinnamates,  total  flavonols,  total  pro-
cyanidins,  as  well  as  total  anthocyanins[6].  Understanding  the
polyphenolic  composition  of  apple  biodiversity  collections
provides a pathway toward the genetic improvement of apples
by targeting bioactive compounds[13].

Significant research has been conducted to characterize the
polyphenols as well as antioxidant capacity in apples with vari-
ous  chemical  methods  and  enzymatic  assays[4].  It  has  been
suggested  that  multi-faceted  approaches  such  as  measuring
TPC and TAC, should be applied to effectively evaluate natural
products  as  dietary  sources  of  antioxidants[5].  The  majority  of
the  research  on  phenolic  compounds  in  apples  has  been
conducted  on  selected  cultivars  with  a  limited  numbers  of
samples.  These  types  of  studies  are  useful  to  compare  the
effects  of  certain  growing  conditions  on  one  or  more  apple
cultivars[2,34] but  do  not  necessarily  investigate  the  variability
across  diverse  germplasm.  However,  a  recent  study  investi-
gated  the  relative  abundances  of  several  dihydrochalcones  in
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Fig. 1    Comparison of high total phenolic content (TPC) and high total antioxidant capacity (TAC) in the 10 apples with the highest (Top) vs.
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140  cultivars[7].  It  was  subsequently  recognized  that  phenolic
content  is  highly  heritable  in  apple,  and  that  genetic  diversity
seems  to  be  the  most  significant  factor  determining  the

phenolic  content  across  apples[13].  This  research  led  the  way
toward  exploring  the  variability  in  a  larger  apple  collections,
such as Canada's Apple Biodiversity Collection (ABC).
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We  previously  took  advantage  of  the  ABC  to  assess  476
accessions, determining the total phenolic content (TPC) using
the  Folin-Ciocalteu  assay,  and  measuring  the  total  antioxidant
capacity  (TAC)  by  the  FRAP  assay[11].  Significant  differences  in
TPC  and  TAC  were  reported  across  the  whole  population[11],
which allowed us to identify the 20 accessions with the highest

and lowest TPC and TAC values, as well as 10 commercial culti-
vars with a range of TPC and TAC values. Overall, the commer-
cial cultivars in this study had 80% less TPC than the accessions
with  the  highest  TPC  values.  Among  the  tested  commercial
cultivars,  'Reinette  Russet'  and  'Red  Delicious'  had  the  highest
concentrations  of  total  phenolic  compounds,  while  'Empire'
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Fig. 4    Boxplots of apple phenolic compounds significantly more abundant in the commercial TPC and TAC group as compared with the top
and  bottom  groups.  The  statistics  p  and  q  represent  the  unadjusted  and  multiple  means  corrected  significance  values,  respectively,  for  a
variance analysis comparing the effects of apple group on phenolic compound content.

Correlation coefficient (r)

−0.80 to −0.65
−0.65 to 0.65 (n.s.)
0.65 to 0.80
0.80 to 1.00

−1.00 to −0.80

TPC
TAC

Methylarburtin
Procyanidin B1
Epicatechin-(4β->;8)-...-Catechin 
Catechin
Cinchonain Ia
(+)-Procyanidin B2
3,5-Dimethylquercetin Glucoside
(-)-Shikimic Acid
(+)-Epicatechin
Procyanidin C1
Procyanidin C2
Arecatannin B1
2-Hydroxynaringenin
Procyanidin A2
(-)-Catechin Gallate
Quercetin 3-O-(3'-O-p-coumaroyl)-Glucoside
1,4-Dicaffeoylquinic Acid
beta-L-Fructofuranosy...Glucopyranoside
Phloretin-2'-O-(2''-O-Xylosylglucoside)
Phloridzin
Hesperetin
4-Coumaroylshikimic Acid
4-O-Feruloyl-D-Quinic Acid
Quercetin-3-(6-malonyl)-Glucoside
Reynoutrin
Cyanidin 3-O-beta-D-Galactoside Betaine
Chlorogenic Acid
1-O-Feruloyl-beta-D-Glucose
Quercitrin

TP
C

TA
C

M
et

hy
la

rb
ur

tin
Pr

oc
ya

ni
di

n 
B

1
Ep

ic
at

ec
hi

n-
(4

β-
>;

8)
-..

.-C
at

ec
hi

n
C

at
ec

hi
n

C
in

ch
on

ai
n 

Ia
(+

)-
Pr

oc
ya

ni
di

n 
B

2
3,

5-
D

im
et

hy
lq

ue
rc

et
in

 G
lu

co
si

de
(-

)-
Sh

ik
im

ic
 A

ci
d

(+
)-

Ep
ic

at
ec

hi
n

Pr
oc

ya
ni

di
n 

C
1

Pr
oc

ya
ni

di
n 

C
2

A
re

ca
ta

nn
in

 B
1

2-
H

yd
ro

xy
na

rin
ge

ni
n

Pr
oc

ya
ni

di
n 

A
2

(-
)-

C
at

ec
hi

n 
G

al
la

te

1,
4-

D
ic

af
fe

oy
lq

ui
ni

c A
ci

d

Ph
lo

rid
zi

n
H

es
pe

re
tin

4-
C

ou
m

ar
oy

ls
hi

ki
m

ic
 A

ci
d

4-
O

-F
er

ul
oy

l-D
-Q

ui
ni

c A
ci

d

R
ey

no
ut

rin

C
hl

or
og

en
ic

 A
ci

d
1-

O
-F

er
ul

oy
l-b

et
a-

D
-G

lu
co

se
Q

ue
rc

itr
in

 
Fig. 5    Pearson correlations between the phenolic compounds significantly associated with top total TPC and TAC apples (red dots), bottom
TPC and TAC apples (yellow dots), or commercial apple cultivars (blue dots). Pearson correlation coefficients significant at α = 0.05 are shown.
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had the lowest.  Our results confirmed the previous report that
'Empire' had lower TPC than 'Red Delicious'[2].

We  assessed  the  distribution  of  maturity  traits  including
harvest  date,  days to harvest,  soluble solids content,  and acid-
ity at harvest for the 30 apples included in this study, and found
that  the  traits  were  generally  evenly  distributed  without  any
major  skewedness  which  would  suggest  an  incorrect  assess-
ment of ripeness (data not shown). We also performed a corre-
lation analysis of the 30 apples, including harvest date and the
phenolic  compounds.  No  significant  correlation  was  found
either on flowering date, days to ripen, harvest date, fruit solu-
ble  solids  content,  and  nor  fruit  acidity  (p >  0.05,  data  not
shown).  Similarly,  TPC  and  TAC  were  not  significantly  corre-
lated with any of these traits.  These results corresponded with
published results  from the larger  Apple  Biodiversity  Collection
in which TPC was not correlated with the phenology or harvest
traits[11].  These  results  also  suggest  that  the  regulation  of
phenolic  biosynthesis  is  cultivar-specific,  and  is  not  controlled
by a universal phenology-based ripening signal in apple.

The significant biodiversity  of  apples provides an invaluable
genetic resource to further characterize the chemical contribu-
tors  to  TPC  and  TAC.  We  applied  untargeted  LC-MS  metabo-
lomic  analysis  to  identify  and  quantify  compounds  in  apples
with very  high and very  low TPC and TAC values,  as  well  as  in
commercial  cultivars.  Significant  differences  in  composition
and  content  were  found  across  the  different  groups.  Among
the three groups, groups of phenolic compounds such as cate-
chin, epicatechin, and their gallate derivatives, procyanidins, as
well  as  a  group  of  dihydrochalcones,  including  phloretin  and
phloridzin,  were  all  significantly  higher  in  the  top  TPC  group.
These results imply that these classes of compounds contribute
positively to an overall high value of TPC and TAC in apples.

Catechin,  epicatechin  as  well  as  procyanidins  were  previ-
ously  found  to  be  the  major  components  of  the  phenolic
profile  in  apples[10].  Catechin  and  epicatechin  are  also  precur-
sors  of  procyanidins,  through  leucoanthocyanidin  reductase
(LAR1)  for  catechin  and  anthocyanidin  reductase  (ANR)  for
epicatechin[35].  Genetic  studies  have  identified  a  major  QTL
around LAR1 on chromosome 16 that  likely  controls  the accu-
mulation  of  flavanols  and  procyanidins  in  commercial
apples[13,36],  as  well  as  in  cider  apples[14].  Therefore,  from  total
antioxidant  and  phenolic  perspectives,  high  abundances  of
catechin,  epicatechin  and  related  procyanidins  contribute  to
high antioxidant activity.

It is worth noting that russetted accessions, such as 'Reinette
Russet',  were outliers with respect to their high concentrations
of  phloridzin  and  phloretin,  which  coincides  with  previous
reports[8,13].  We  also  found  high  abundances  of  dihydrochal-
cones in the top TPC group from the present study. Recently, a
3-hydroxylase  that  convert  the  phloretin  to  3-hydroxylphlo-
retin has been identified in some Malus species[37]. These result
indicate  that  incorporating  selections  with  high  abundance  of
phloretin-related  compounds  in  an  apple  breeding  program
may  result  in  an  improvement  in  TPC  as  an  element  of  nutri-
tional quality.

Interestingly,  despite  having  been  identified  through  their
low  TPC  content  and  low  TAC,  the  bottom  apple  group  did
contain  significantly  higher  amounts  of  a  few  compounds  in
comparison  with  the  top  and  commercial  groups.  These
included  chlorogenic  acid  and  quercitrin.  Chlorogenic  acid  is
one of  the most  prevalent phenolic  compounds in apples and
belongs  to  the  hydroxycinnamic  acids  class  of  phenolic

compounds[9]. It has been identified in apples in both flesh and
peel  tissues,  however,  it  showed  lower  antioxidant  capacity
than cyanidin-3-galactoside and procyanidin B1 and B2

[38].
The  biosynthesis  of  chlorogenic  acid  is  controlled  by  shiki-

mate  O-hydroxycinnamoyl  transferase  and  quinate  O-hydrox-
ycinnamoyl  transferase  (HCT/HQT)  (EC:2.3.1.133,  KEGG  path-
ways), which play a critical role in phenylpropanoid biosynthe-
sis[39]. At the genetic level, the HCT/HQT enzyme pair was iden-
tified  as  a  good  candidate  target  for  controlling  the  chloro-
genic  acid  in  cider  apples[14].  Our  previous  research  indicated
the  possible  connection  between  HCT/HQT  and  chlorogenic
acid at a locus of interest on chromosome 17[13].  New research
recently  reported  that  chlorogenic  acid  in  apples  is  primarily
synthesized  via  the  caffeoyl-CoA  and  quinic  acid  route,  with  a
positive  correlation  to  phenylalanine  ammonia-lyase  3  (PAL3)
and  HQT[40].  The  same  group  also  reported  that  cultivated
apples have higher chlorogenic acid than wild apples.

Another  interesting  finding  in  our  study  was  that  apples  in
the commercial group showed significantly lower TPC and TAC
than  the  top  TPC  group,  but  contained  relatively  higher
amounts  of  quercetin  glycosides.  Quercetin  and  its  derivative
compounds  are  in  the  flavonol  class  of  phenolic  compounds;
they  are  formed  from  dihydrokaempferol  and  dihydro-
quercetin  through  flavonol  synthase  (FLS)  to  kaempferol  and
quercetin,  respectively  (KEGG  pathways).  Quercetin  can  be
converted to quercetin glycosides such as reynoutrin via UDP-
glucose flavonoid-3-O-glucosyl transferase (UFGT) (KEGG path-
ways).  A  significantly  higher  amount  of  quercetin  derivatives
were found in skin tissue of 'Hetlian' and 'Devonshire Quarren-
den'  compared  to  'Royal  Gala';  the  two  heritage  apples  also
showed  a  corresponding  increase  in  expression  of  UFGT  and
flavonol synthase genes[16]. Scab-resistant cultivars had a signif-
icantly  higher  concentration  of  quercitrin  compared  to  scab
susceptible  cultivars,  and  a  significant  GWAS  hit  for  quercitrin
occurred 94 kb upstream of a UDP-glycosyltransferase gene on
chromosome  1[13].  The  high  abundances  of  quercetin  deriva-
tives  that  we  found  in  newer  cultivars  such  as  'Gala',  'Honey-
crisp,'  and  'SweeTango'  may  in  part  be  the  consequence  of
commercial  breeding  efforts  over  the  years  aimed  at  disease
resistance.

This study found that while select phenolic compounds were
overexpressed  in  apples  with  low  TPC  and  in  commercial
apples,  apples  with  high  TPC  values  had  overall  high  levels  of
polyphenols across phenolic compound classes (Fig. 6). It there-
fore  appears  that  the  biosynthesis  of  phenolic  compounds
could be influenced at  a  number of  critical  points  in the path-
way. For example, apples with high TPC values were abundant
in dihydrochalcones as well  as in complex flavonoids,  whereas
apples  with  low  TPC  values  were  limited  to  accumulating
chlorogenic  acid  or  quercetin  derivatives.  The  action  of  select
enzymes acting at  downstream stages  in  the  dihydrochalcone
and  flavonoid  biosynthesis  pathways  could  have  significant
influence of total phenolic content and total antioxidant capac-
ity in apple.

The  biosynthesis  of  polyphenols  in  the  flavonoid  class
depends  on  the  action  of  a  flavonoid  3'-hydroxylase  (F3'H)
acting on precursors derived from 4-coumaroyl CoA or caffeoyl
CoA (Fig. 6; KEGG pathways). It was reported that apples lack a
functional flavonoid 3'5' hydroxylase, and therefore are unable
to hydroxylate positions 3 and 5 of the b-ring to form delphini-
din-based  compounds[41].  Another  group  subsequently
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detected the expression of  an F3'H which was associated with
flavonol,  procyanidin,  and  anthocyanin  biosynthesis  in  apple.
This  enzyme  is  proposed  to  control  the  synthesis  of  dihydro-
quercetin and quercetin from eriodictoyl or dihydrokaempferol,
and kaempferol, respectively. It therefore likely plays an impor-
tant  role  in  the  biosynthesis  and  metabolism  of  catechins,
epicatechins,  and  procyanidins,  together  with  leucoantho-
cyanidin  reductase  (LAR),  anthocyanidin  reductase  (ANR),
anthocyanidin synthase (ANS)[42].

Downstream of F3'H and upstream of LAR, ANS, and ANR, the
genetic  control  for  flavonol  synthase  (FLS)  and  flavanone-4-
reductase  (F4R)  may  represent  a  branch  point  and  regulating
steps  in  the  flavonoid  synthesis  pathways  of  high  versus  low
TPC and TAC apple varieties (Fig. 6). Our data suggest that F4R
activity may be required for apples to accumulate high levels of
catechins,  epicatechins,  and  procyanidins,  which  are  associ-
ated with high antioxidant capacity.  Our data also support the

potential  importance  of  dihydrochalcone  2-O-glucosyltrans-
ferase  (D2'GT)  in  driving  the  accumulation  of  phloretin  glyco-
sides,  which  were  similarly  abundant  in  apples  with  high  TPC
and  TAC  (Fig.  6).  Although  suggestive  of  potential  biological
regulation, these findings are putative associations and require
additional research to support the hypothesis.

The use of HPLC and LC-MS to measure phenolic compounds
and  their  relation  to  antioxidant  capacity  has  widely  been
reported[2,43].  In  the  present  study,  we  applied  LC-MS  based
untargeted  metabolomics  to  identify  and  quantify  the
compounds contributing to antioxidant capacity in apple.  This
untargeted  metabolomics  approach  (so  called  data-indepen-
dent  acquisitions,  DIA)  showed  advantages  for  unbiased  data
collection  and  acquisition,  since  features  with  low  abundance
could  be  detected  and  quantified.  Both  primary  metabolites
(e.g.  sugars,  fatty  acids,  and  amino  acids)  and  secondary
metabolites  (flavonols  and  phenolic  acids)  can  be  identified
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UFGT UDP-glucose 3-glucosyltransferase

4-coumaroyl CoA

Chlorogenic acid
HQT / HCT

LAR

ANR

Cinnamoyl CoA
4CL TC4M

Commercial 
Apples

Reduced 
TPC & TAC

Low
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Hesperetin
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unknown 
enzyme (s)

unknown 
enzyme (s)

unknown 
enzyme (s)

HQT / HCT

4-coumaroyl 

 
Fig.  6    Diagram  of  the  main  phenolic  compounds  and  classes  detected  in  apples  with  high  total  phenolic  content  (TPC)  and  high  total
antioxidant  capacity  (TAC)  vs  apples  with low TPC and TAC.  Biosynthetic  pathways are briefly  depicted where known according to previous
reports, including putative enzymes. The main phenolic compounds found primarily in commercial apple cultivars and in russetted apples are
also  listed.  Starred (★)  enzymes may represent  key  branch points  between high vs  low TPC and TAC apples.  The diagram is  modified from
Verdu et al. (diagram structure) [14],  Liao et al. (LAR) [35],  Henry-Kirk et al. (LAR and ANR) [16],  Liao et al. [40] and Hoffmann et al. [39] (HCT / HQT),
KEGG pathways[47].
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and  quantified  using  this  method[44].  Its  application  has  been
reported  in Brassicaceae[28],  tomatoes[45],  and  wine  grapes[46].
However, the challenge that remains is that not all features can
be  successfully  identified  due  to  limitations  in  available
databases  for  species-specific  phenolic  compounds.  We found
this challenge to be substantial, considering that we were only
able  to  confidently  identify  29  out  of  the  1849  metabolomic
features  (1.5%)  that  were  significantly  different  between  the
apple groups we studied. Despite these limitations, our results
provide a further understanding of  the polyphenolic  composi-
tion  and  diversity  in  apples,  and  highlight  the  associations  of
select  compounds  with  overall  TPC  and  TAC.  Specific
compounds  such  as  phloridzin  and  other  phloretin  glycosides
could  serve  as  targets  for  breeding  apples  with  improved
health value, either through crosses with some of the high TPC
accessions  evaluated  here,  or  through  gene  editing  tools
targeting the putative enzymes controlling their biosynthesis in
commercial cultivars. To gain more fundamental knowledge on
genetic control of apple phenolic compounds, a larger study of
the  association  between  phenolic  compounds  and  genome-
wide variation is underway and will  be published separately in
the near future.

 Conclusions

Apples  are  a  widely  consumed  fruit  and  a  rich  source  of
polyphenolic  compounds,  which  play  an  important  role  in
physiological  functions  related  to  human  health  and  well-
being. In this study, employing an untargeted LC-MS approach
to phenotype a diverse apple germplasm collection, we identi-
fied many putative  phytochemicals  in  apple  fruits  and probed
the  relationships  between  29  individual  phenolic  compounds,
total  phenolic  content,  and  antioxidant  capacity.  We  found
significant  variation  between  genotypes,  with  more  than  ten-
fold differences in compound abundances between the apples
with  the  highest  total  phenolic  contents  and  those  with  the
lowest.  Our  work  also  shows  that  while  popular  commercial
cultivars  have  relatively  lower  phenolic  contents,  they  still
contain high concentrations of some well-studied health-asso-
ciated  compounds.  Together  these  results  suggest  complex
dynamics  in  apple  polyphenol  biosynthesis  and  antioxidant
activity  that  merit  further  study.  Overall,  this  research  reveals
the  role  and  contribution  of  specific  polyphenols  and
compound  classes  toward  the  total  phenolic  content  and
antioxidant capacity of apple. The results provide new insights
into  the  possible  genetic  control  and  regulation  of  polyphe-
nols  in  apple,  and offer  potential  targets  for  breeding or  gene
editing.
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