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Environmental conditions affect phenolic content and
antioxidant capacity of leaves and fruits in wild
partridgeberry (Vaccinium vitis-idaea)
Zobayer Alam, Hugo R. Morales, and Julissa Roncal

Abstract: Partridgeberry (Vaccinium vitis-idaea L.) is a good source of food and pharmaceutical ingredients, for
which cultivation interest is increasing in North America. Nutrition-oriented breeding programs will benefit from
an understanding of how the environment affects the biochemical traits of interest in wild populations. Total
phenolic content (TPC) and antioxidant capacity (AC) as measured by the ability to capture free radicals were
evaluated simultaneously in leaves and fruits of 56 wild populations across Newfoundland and Labrador, Canada.
We tested variation in TPC and AC as a function of eight environmental factors, which showed different effects in
leaves and fruit. Contrary to our expectations, TPC was not correlated with AC in either leaves or fruit, and mean
TPC and AC were higher in fruit than in leaves. We propose a series of environment-based models for the selection
of wild populations. Models for fruit involved ecoregion, temperature, and coastal proximity, and explained up to
51% of variation. While leaf models included surface water pH and sensitivity to acid rain, explaining up to 31%. We
conclude that wild population selection in the province should target the North Shore Forest ecoregion and warm
temperatures for fruit; and regions with low water alkalinity and pH > 6.6 for leaves.

Key words: antioxidant capacity, ecoregion, phenolic content, surface water, temperature, wild population
selection.

Résumé : L’airelle rouge (Vaccinium vitis-idaea L.) constitue une bonne source d’ingrédients alimentaires et pharma-
ceutiques, faisant en sorte que l’intérêt pour la cultivée est en croissance en Amérique du Nord. Les programmes de
croisements à visées nutritionnelles bénéficieront de la compréhension de la façon dont l’environnement affecte les
traits biochimiques d’intérêt dans les populations sauvages. Le contenu phénolique total (CPT) et la capacité
antioxydante (CA), mesurée par la capacité de capturer des radicaux libres, ont été évalués simultanément dans les
feuilles et les fruits de 56 populations sauvages à travers la province de Terre-Neuve et Labrador, Canada. Les
auteurs ont testé la variation du CPT et de l’CA en fonction de huit facteurs environnementaux, lesquels présen-
taient des effets différents dans les feuilles comparativement aux fruits. Contrairement à leurs attentes, le CPT
n’était pas corrélé à la CA, ni dans les feuilles, ni dans les fruits, et le CPT et la CA moyens étaient plus élevés dans
les fruits que dans les feuilles. Les auteurs proposent une série de modèles basés sur l’environnement en vue de la
sélection de populations sauvages. Les modèles relatifs aux fruits impliquaient l’écorégion, la température et la
proximité de la côte, et expliquaient jusqu’à 51 % de la variation, alors que les modèles relatifs aux feuilles
incluaient le pH de l’eau de surface et la sensibilité aux pluies acides, expliquant jusqu’à 31 % de la variation. Les
auteurs concluent que la sélection de la population sauvage dans la province devrait cibler l’écorégion de la forêt
du littoral nord et les températures chaudes pour les fruits, et les régions où l’alcalinité de l’eau est faible et le
pH >6,6 pour les feuilles. [Traduit par la Rédaction]

Mots-clés : capacité antioxydante, écorégion, contenu phénolique, eau de surface, température, sélection d’une
population sauvage.
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Abbreviations: Acontrol, absorbance of DPPH solution without sample; Asample, absorbance of the sample with DPPH; ACfruits, antioxidant
activity in fruits; ACleaves, antioxidant activity in leaves; AICc, Akaike Information Criterion corrected for small sample size; K, number
of estimable parameters; TPCfruits, total phenolic content in fruits; TPCleaves, total phenolic content in leaves.
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Introduction
The genus Vaccinium (family Ericaceae) has gained re-

markable importance worldwide, owing to the presence
of healthy constituents in its leaves and fruit, making
this genus a good source of pharmaceutical ingredients
(e.g., Yuan et al. 2011; Kraujalyte et al. 2015). The leaves
and edible fruit are rich in anthocyanins and other phe-
nolic compounds, which have been proven to reduce the
risk of cancer development (e.g., Skupien et al. 2006;
Neto 2007), hepatitis C (Takeshita et al. 2009), cardiovas-
cular disorders (e.g., McKay and Blumberg 2007), diabe-
tes (e.g., Martineau et al. 2006; Wang et al. 2010), and
urinary-tract infections (Nowack and Schmitt 2008; Perez-
Lopez et al. 2009). With the increasing worldwide demand
for healthy foods, plant-breeding programs should target
wild clones with higher concentrations of bioactive com-
pounds, especially antioxidants. The success of such
nutrient-oriented breeding programs depends not only
on the knowledge of the genetic basis of trait variation,
but also on an understanding of how the environment
affects traits of interest.

Phenolic compounds (e.g., flavonoids, tannins, lignin)
are chemically diverse carbon-based secondary plant
compounds that play numerous biological roles, such as
insect attractants for pollination, and as part of the plant
defense system (Haborne 1997). The influence of biotic
and abiotic factors on the biosynthesis of phenolic
compounds is well-documented for many plants. Plant
phenolic chemistry can respond to both the physical en-
vironment, such as light and temperature conditions
(Semerdjieva et al. 2003; Hansen et al. 2006; Martinussen
et al. 2009; Nybakken et al. 2012), and to pathogens and
herbivores (Mayer 2004; Nagle et al. 2011; Roy and Mulder
2014). It has been hypothesized that higher temperatures
will promote an increase in secondary plant compounds
as a function of a temperature-regulated increased pho-
tosynthesis (Jonasson et al. 1986). Exposure of plants to
increased UV-B light can increase the synthesis of fla-
vones and flavonols, which are accumulated in the epi-
dermis of leaves and stems, and offer a measure of
protection against harmful UV-B radiation (Lake et al.
2009). High levels of polyphenolic compounds and an-
thocyanins could result from water stress. In water defi-
cit conditions, the drought inducible hormone abscisic
acid (ABA) has been found to induce the accumulation of
anthocyanins by increasing the expression of key genes
involved in anthocyanin biosynthesis (Antolin et al.
2008; Deluc et al. 2009). The presence of insects can also
induce the synthesis of phenolics as a mechanism of
plant defense against herbivory (e.g., Pascual-Alvarado
et al. 2008). Plant secondary compounds are therefore
expected to be higher in leaves than in fruit. This hypoth-
esis was corroborated in Vaccinium, where antioxidant
activity and phenolic levels were 3 to 15 times higher in
the leaves than in the fruit (Ehlenfeldt and Prior 2001;
Yuan et al. 2011).

The literature, however, reports contradicting effects
of several abiotic environmental factors on the synthesis
of phenolic compounds, with no common response
across plant species, tissue types, and kind of secondary
compound analyzed, making generalizations difficult to
establish. For example, low temperatures produced a sig-
nificantly higher content of sugars, acids, and total phe-
nols in bilberries (Vaccinium myrtillus, Martinussen et al.
2009), whereas a higher mean temperature promoted
the accumulation of phenolics in tomato (Dannehl et al.
2014). Olives showed the highest phenolic content in a
location with the highest average rainfall in Turkey
(Arslan and Ozcan 2011), whereas in modern cultivars,
high precipitation was associated with lower contents of
anthocyanins, flavonol glycosides, and hydroxycinnamic
acid conjugates (Yuan et al. 2011). Environmental effects
should therefore be evaluated on a species-specific basis
and by measuring the desired biochemical traits.

Vaccinium vitis-idaea L. (partridgeberry, mountain cran-
berry, airelle de vigne d’Ida, lingonberry) is a woody ev-
ergreen dwarf shrub growing in northern temperate,
boreal, and subarctic ecosystems. Two subspecies are rec-
ognized: the larger lowland race, V. vitis-idaea subsp. vitis-
idaea (L.) Britton with Eurasian distribution, and the
dwarf arctic-montane race, V. vitis-idaea subsp. minus
(Lodd) Hult. distributed in Iceland, Greenland, North
America, Northern Asia, and Scandinavia (Hulten 1949).
In Scandinavian countries, V. vitis-idaea has a long history
as a popular fruit crop. In North America however, breed-
ing is on a developmental stage. Domesticated European
lingonberries are cultivated mainly in Oregon and Wash-
ington in the US, whereas there is no cultivation prac-
ticed in Canada; the province of Newfoundland and
Labrador is the top wild fruit producer, with a harvest
range of only 40 to 500 tons/year (Burt and Penhallegon
2003). Interestingly, V. vitis-idaea has higher antioxidant
activity than most commonly consumed “berries,” in-
cluding cranberries, raspberries, strawberries, and blue-
berries (e.g., Zheng and Wang 2003; Bakowska-Barczak
et al. 2007). In addition, the North American subspecies
minus has higher antioxidant activity and anthocyanin
content than the Eurasian subspecies vitis-idaea (Debnath
and Sion 2009; Vyas et al. 2015). Therefore, North Amer-
ican interest to develop this fruit as a commercial crop
suitable for exportation is increasing.

Few studies have characterized the genetic diversity of
wild V. vitis-idaea populations in North America (Debnath
2007; Debnath and Sion 2009; Balsdon et al. 2011), and
few have evaluated the effects of environmental vari-
ables on the biochemical properties of this species.
Semerdjieva et al. (2003) found that the pool of cell wall
bound phenolics in V. vitis-idaea leaves increase in re-
sponse to UV-B light enhancement as a strategy to avoid
the damaging effects of UV-B. Using a transplant experi-
ment in Alaska, Roy and Mulder (2014) found increased
levels of phenolic compounds in the leaves of V. vitis-idaea
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in colder soils, colder air temperatures, less canopy cover,
and less nutrient availability. These findings contra-
dicted those of Hansen et al. (2006) in Sweden who found
that the concentration of condensed tannins in leaves
increased with temperature, shading, and nutrient addi-
tion. Roy and Mulder (2014) proposed that induction by
insects might better explain the elevated levels of phe-
nolics than the physical environment. In Atlantic Can-
ada, higher levels of anthocyanins, proanthocyanidins,
and total antioxidant activity in leaves were found at
higher elevations and reduced temperatures, whereas tan-
nins and flavonoids increased with precipitation (Vyas et al.
2015). Here we extend the sampling from these earlier stud-
ies, evaluate additional environmental variables (i.e., ecore-
gion, coastal proximity, runoff, and surface water quality),
and compare the effects in leaves versus fruits.

In this study we analyze the effects of environmental
variation on the total phenolic content (TPC) of leaves
and fruits in wild populations of V. vitis-idaea subsp. minus
across Newfoundland and Labrador. Their antioxidant
capacity (AC) was also measured by their ability to cap-
ture free radicals using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay. We explored the following hypotheses on
the chemical variation across populations: (i) TPC and AC
vary according to ecoregion because they have different
climatic, soil, and vegetation conditions; (ii) TPC and AC
are higher in areas of higher temperature and lower pre-
cipitation regimes; (iii) environmental variables affect
biochemical properties in fruit and leaves equally; (iv) TPC
and AC are higher in leaves than in fruit, based on previous
studies in Vaccinium; and (v) TPC and AC are positively cor-
related because antioxidant properties are characteristic of
common phenolics. We finally propose a set of models
based on environmental variables that will aid the selec-
tion of wild populations with attractive biochemical traits.

Materials and methods

Site selection and sample collection
The Canadian province of Newfoundland and Labra-

dor is divided in 19 ecoregions based on vegetation, to-
pography, and soil characteristics, which are determined
by the local climate and geological history (South 1983;
Meades 1990). We conducted a field trip from mid-August
to mid-September of 2014, where, based on the presence
of V. vitis-idaea, we selected a total of 56 sampling sites
from nine ecoregions (Table 1; Fig. 1), with five to nine
sites per ecoregion. We did not select sampling sites
from the Avalon Forest (ecoregion 5, Fig. 1) because of the
difficulty in delimiting the boundaries of this ecoregion
in the field. We collected leaves and fruit in 50 mL cen-
trifuge tubes from several healthy and vigorous adult
plants at each sampling site. To avoid variation among
fruit maturity levels, which has been proven to influence
the amount of antioxidants in berries (Yuan et al. 2011),
we collected fruits at approximately the same develop-
mental stage. The fruit were half red and half green, and
thus not completely ripe. We stored samples in a cooler
in the field until we arrived in the laboratory, where we
kept samples at –20 °C. A voucher specimen was depos-
ited in the NFLD herbarium (JR500).

Environmental variables
To evaluate how TPC and AC vary according to the

different environmental conditions where wild plants
grow, we grouped the 56 samples in categories within
the following eight variables: (i) ecoregion, (ii) mean
annual temperature, (iii) mean summer temperature,
(iv) coastal proximity, (v) mean annual precipitation,
(vi) mean annual runoff, (vii) pH, and (viii) alkalinity of
surface water (Supplementary data, Table S11). Using data
from the Water Resources Division of the Government of

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjb-
2016-0041.

Table 1. Total phenolic content (TPC in mg GAE/100 g fresh mass) and antioxidant activity
(AC in mg TE/100 g fresh mass) of fruits and leaves in Vaccinium vitis-idaea populations
grouped by ecoregion.

Ecoregion N

Leaves (mean ± SE) Fruits (mean ± SE)

TPC AC TPC AC

Western Nfld Forest 7 341±21.6a 243±7.71a 625±64.6a 560±67.7a
Central Nfld Forest 9 362±15.4a 298±18.3b 832±60.4ab 529±63.3a
North Shore Forest 6 322±18.8a 297±17.8b 1080±69.8b 574±73.1a
Northern Peninsula Forest 6 321±34.7a 244±14.0a 581±69.8a 528±73.1a
Maritime Barrens 7 363±35.9a 302±10.1b 833±64.6ab 605±67.7a
Eastern Hyper Oceanic Barrens 6 313±37.8a 281±7.79ab 748±69.8ab 674±73.1a
Long Range Barrens 5 307±24.2a 262±8.95ab 509±76.4a 462±80.1a
Strait of Belle Isle Barrens 5 276±33.9a 272±17.1ab 825±85.5ab 655±89.5a
Forteau Barrens 5 288±24.3a 280±8.76ab 729±76.4a 692±81.1a
F statistic (p value) 0.7 (0.69) 2.73 (0.01) 5.9 (<0.01) 1.09 (0.39)

Note: N, sample size; GAE, XXX. Values followed by different letters within the same column are
significantly different (p < 0.05; one-way ANOVA and LSD test).
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Fig. 1. Geographical distribution of sampled populations of Vaccinium vitis-idaea subsp. minus (partridgeberry) in
Newfoundland and Labrador. Map indicates the distribution of samples (dots; red, online only) by ecoregions. Samples (1–56)
are numbered (blue; online only) and the environmental categories associated with each sample appear in the Supplementary
data, Table S1. Inset is a map of Canada showing location of Newfoundland and Labrador. Ecoregion data in map available
from Parks and Natural Areas Division, Department of Environment and Conservation, Government of Newfoundland and
Labrador. [Colour online]
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Newfoundland and Labrador (1992) (http://www.canal.gov.
nl.ca/reports/Water_Resources_Atlas/Water_Resources_
Atlas_of_Newfoundland_1992.pdf), we partitioned the prov-
ince into three mean annual temperature categories:
(i) 1.0–2.9 °C, (ii) 3.0–3.9 °C, and (iii) 4.0–7.9 °C. The mean
summer temperature was also of interest because this is
the time when berries are produced. Samples were di-
vided into three summer temperature categories: (i) 6.0–
11.9 °C, (ii) 12.0–13.9 °C, and (iii) 14.0–19.9 °C. Samples
were also labelled as coastal if they were located within a
2 km distance from the coast, and inland if farther away.

For the mean annual precipitation, we partitioned the
province into three areas: (i) 700–1100 mm, (ii) 1100–
1300 mm, and (iii) 1300–1500 mm. Runoff is defined as the
portion of precipitation that flows into rivers, lakes, and
oceans from surface drainage and through the ground,
and is of interest because as precipitation it is a proxy for
the amount of water available in an area. We divided the
sampling sites into five mean annual runoff categories:
(i) 500–800 mm, (ii) 800–1000 mm, (iii) 1000–1300 mm,
(iv) 1300–1800 mm, and (v) 1800–2200 mm. Among the
several estimates for surface water quality provided by
the provincial government, we selected two: (i) pH, and
(ii) sensitivity to acid rain based on total alkalinity.
We considered four pH categories: (i) <6.1, (ii) 6.2–6.5,
(iii) 6.6–7.0, and (iv) >7.0. The ability of water to resist
changes in pH, in particular acidification, can be mea-
sured by its alkalinity. The sensitivity of water in the
province to acid rain was categorized as extremely sen-
sitive (<60 �equiv/L), highly sensitive (60–100 �equiv/L),
moderate (100–200 �equiv/L), and low (>200 �equiv/L)
(Government of Newfoundland and Labrador 1992).

Chemicals
DPPH (2,2-diphenyl-1-picrylhydrazyl radical), Folin–

Ciocalteu’s phenol reagent, gallic acid, sodium carbonate,
and 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox) were purchased from Sigma–Aldrich (Oakville,
Ontario, Canada). Acetone and ethanol were purchased from
Merck (Kirkland, Quebec, Canada). All chemicals used in the
study were of analytical grade.

Sample extraction for biochemical testing
Frozen leaves and fruits of V. vitis-idaea were ground to

powder using a coffee grinder and liquid nitrogen, re-
spectively. One gram of fine leaf powder or 3 g of fruit
were homogenized with 30–39 mL of 70% aqueous ace-
tone. To homogenize the plant material, we exposed
samples to sonication using an ultrasonic water bath
(Blackstone-NEY Ultrasonic, Jamestown, New York, USA)
at an amplitude of 60 Hz, at 40 °C for 30 min. Centrifu-
gation at 2450g for 5–10 min at 4 °C followed the sonica-
tion. The liquid supernatant was transferred to a new
50 mL centrifuge tube using a Whatman No. 1, 90 mm
filter paper, and diluted the sample to a final volume of
70 w/v. These plant extracts were stored at –20 °C until
further analysis.

Determination of total phenolic content
TPC was determined using the Folin–Ciocalteu method de-

scribed by McDonald et al. (2001), with minor modifica-
tions. Briefly, 50 �L of the diluted plant extract was
mixed with 50 �L of 2N Folin–Ciocalteu reagent for
3 min. Then, 100 �L of 5% Na2CO3 was added to this
mixture and the volume adjusted to 1 mL with distilled
water. The mixture was allowed to stand for 30 min in
the dark, followed by a 1 min of vortexing. The absor-
bance of the mixture was read at 760 nm using a UV–VIS
spectrophotometer (Ultrospec 4300 pro; Jasco Corpora-
tion, Tokyo, Japan). A calibration curve was established
using gallic acid solutions (0–2 mg/mL), thus gallic acid
was the positive control. The results are expressed in
milligrams of gallic acid equivalent per 100 grams of
fresh fruit mass (GAE mg/100 g). Measurements were con-
ducted in triplicate and values averaged.

Determination of antioxidant capacity
The antioxidant capacity of extracts was measured us-

ing the DPPH method following Brandwilliams et al.
(1995) with slight modifications. We prepared a stock
solution of 300 �mol/L DPPH in ethanol, and mixed
750 �L of this freshly prepared solution with 250 �L of
plant extract. We incubated this mixture in the dark for
30 min at room temperature. In the radical form, DPPH
has an absorbance at 517 nm, but this disappears with
the acceptance of an electron from an antioxidant com-
pound. We measured the decrease in absorbance at
517 nm against a blank without extract using a Bruker
E-scan electron paramagnetic resonance spectrometer
(Bruker Biospin). The scavenging capacity is expressed as
percentage of inhibition of DPPH consumption calculated
using the following formula: %inhibition = (Acontrol –
Asample) × 100/Acontrol, where Acontrol is the absorbance of
DPPH solution without extract, and Asample is the absor-
bance of the sample with DPPH. Measurements were per-
formed in triplicate, and the average plotted against a
Trolox standard curve, therefore Trolox was used as posi-
tive control. We express the results in milligrams of Trolox
equivalent per 100 g of fresh fruit mass (TE mg/100 g).

Statistical analyses
Statistical comparisons of TPC and AC among catego-

ries in the eight environmental factors described above,
and between leaves and fruits were performed using a
one-way analysis of variance (ANOVA) or a t test, with
significance at p < 0.05. Post-hoc pairwise comparisons
followed using Fisher’s Least Significant Difference (LSD)
test. Nonparametric Kruskal–Wallis tests were con-
ducted when samples violated the normal distribution
and equality of variances assumptions. In addition, we
tested the effects of variable interactions on TPC and AC
using two-way ANOVAs; however, none of the interac-
tions were significant and therefore we do not present
these results. To further evaluate the individual effects,
we conducted a linear regression between environmen-
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tal and response variables that showed a nonsignificant
ANOVA. We conducted Pearson correlations between
TPC and AC to test the hypothesis that phenolic contents
positively influence the antioxidant capacity of leaves
and fruits. Latitude and longitude were also correlated
with each of the four response variables (TPCleaves,
ACleaves, TPCfruits, and ACfruits). We conducted these anal-
yses in SPSS 23.0 for Mac (SPSS, Chicago, Illinois, USA).

To propose a set of models that could aid the selection
of wild partridgeberry populations in future breeding
programs, we first selected a subset of environmental
variables that were significantly different as revealed by
the ANOVAs, and that could therefore influence TPC and
AC in fruits and leaves. We then created a set of candi-
date linear regression models for each of four biochem-
ical response variables (Supplementary data, Table S2).
Using AIC, we selected the best model among the candi-
date set. Because our sample size was small (n = 56) rela-
tive to K (the total number of estimable parameters in
the model), we calculated AIC adjusted for small sample
sizes as: AICc = –2 log likelihood + 2K + 2K(K+1)/(n – K – 1).
We derived the –2 log likelihoods from linear regressions
of the models and calculated differences in AICc values
as: �AICci = AICci – minimum AICc. The best model had
the lowest AICci value (Burnham and Anderson 2002).

Results

TPC and AC variation according to ecoregion
The TPC in fruit was different among ecoregions

(Table 1). The highest amount of TPC was found in fruit
harvested in the North Shore Forest (mean = 1080 mg
GE/100 g fresh mass (f.m.)). Four ecoregions had signifi-
cantly lower AC than the North Shore Forest. The lowest
value for TPCfruits was found in the Long Range Barrens
(mean = 509 mg GE/100 g f.m.). No significant variation
was observed in the AC of fruits with respect to ecore-
gion. A different pattern was observed for leaves, with no

differences in TPC values among ecoregions, but there
was an effect on AC. The Maritime Barrens had the high-
est value for ACleaves (mean = 302 mg TE/100 g f.m.),
whereas the Western Newfoundland Forest had the low-
est ACleaves (mean = 243 mg TE/100 g f.m.). The raw data
for each sample appear in the Supplementary data, Ta-
ble S3.

TPC and AC variation according to climatic factors and
surface water quality

Temperature had an effect on the TPC and AC of fruit
and on the TPC of leaves (Table 2). Values for TPCfruits and
ACfruits were lowest at a mean annual temperature of
3.0–3.9 °C (TPCfruits mean = 562 mg GEg/100 g f.m.; for
ACfruits, the mean = 444 mg TE/100 g f.m.). Interestingly,
we observed significantly higher values for TPCfruits and
ACfruits at the relatively higher and lower mean annual
temperatures. Mean summer temperature had contrast-
ing effects on TPC by comparison with the AC of fruits.
The highest values for TPCfruits (mean = 864 mg GE/100 g
f.m.) was reported for the warmest summer temperature
category (14.0–19.9 °C), whereas the highest ACfruits

(mean = 727 mg TE/100 g f.m.) was recorded for the lowest
summer temperature (6.0–11.9 °C). The values for TPCleaves

and ACleaves were not significantly different among annual
or summer temperature categories, as analyzed using
ANOVA; however, regression analysis indicated that values
for TPCleaves could be predicted by mean annual tempera-
ture in 8.3% (Table 2). Higher annual temperatures in-
creased TPC values for leaves. Mean annual precipitation
showed no significant effect on either of the four response
biochemical variables (Supplementary data, Table S4),
whereas mean annual runoff had an effect on TPCfruits only.
High values for TPCfruits were found on the low runoff cat-
egories (500–1000 mm, Table 3).

Surface water pH had an effect on the TPC and AC of
leaves and on TPC of fruit (Table 3). The highest values for

Table 2. Total phenolic content (TPC in mg GAE/100 g fresh mass) and antioxidant activity
(AC in mg TE/100 g fresh mass) of fruits and leaves in Vaccinium vitis-idaea populations
grouped by mean summer temperature and mean annual temperature.

Mean temperature (°C) N

Leaves (mean ± SE) Fruits (mean ± SE)

TPC AC TPC AC

Summer
6.0–11.9 10 303±21.3a 279±6.77a 800±68.6ab 727±56.6a
12.0–13.9 23 323±15.5a 273±7.04a 645±42.9a 555±35.4b
14.0–19.9 23 340±14.1a 280±10.3a 854±43.9b 551±36.2b
F statistic 56 1.01 (0.37) 0.21 (0.81) 6.06 (<0.01) 3.93 (0.02)
Regression R2 = 0.037 (0.16) R2 = 0.001 (0.83)
Annual
1.0–2.9 11 295±18.8a 276±8.29a 796±64.0a 703±50.7a
3.0–3.9 12 310±14.9a 260±9.53a 562±58.4b 444±46.3b
4.0–7.9 33 343±13.1a 283±5.21a 817±35.8a 596±28.4a
F statistic (p value) 2.50 (0.09) 1.52 (0.23) 7.17 (<0.01) 7.42 (<0.01)
Regression (p value) 56 R2 = 0.083 (0.03) R2 = 0.016 (0.36)

Note: N, sample size; GAE, gallic acid equivalent. Values followed by different letters within the
same column are significantly different (p < 0.05; one-way ANOVA (F statistic) and LSD test). Regres-
sion analyses conducted for variables with nonsignificant ANOVAs.
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TPCleaves were achieved at pH > 7.0, whereas values for
ACleaves increased with decreasing pH. Values for TPCfruits

and ACfruits were not significantly different among sur-
face water pH categories, as analyzed with ANOVA, but
the regression analysis indicated that TPCfruits could be
predicted by this water variable in 7.4% (Table 3). The TPC
value for fruits was highest at pH < 6.5. As with the
ecoregion variable, surface water sensitivity to acid rain
had an effect on TPCfruits and ACleaves. The values for
TPCfruits were highest in the extremely and highly sensi-
tive categories, whereas ACleaves was highest in the ex-
tremely, highly, and moderately sensitive categories
(Table 3).

TPC and AC variation according to coastal proximity and
correlations with latitude and longitude

Values for TPC did not vary in fruit from coastal and
inland populations, but did vary with respect to AC. In-
land populations had higher values for ACfruits than
coastal populations. Coastal and inland populations did
not show different values for TPC and AC in leaves
(Table 4). Longitude showed a positive correlation with
TPCfruits (R2 = 0.52, p < 0.001), and with ACleaves (R2 = 0.478,
p < 0.001). All other correlations with geographical coor-
dinates were nonsignificant (Supplementary data, Ta-
ble S5).

Total variation in leaves versus fruits and TPC/AC
correlations

Mean TPC in fruits (756 mg GE/100 g f.m.) was higher
than that of leaves (326 mg GE/100 g f.m., t = 13.44,
p < 0.001). The same pattern was found for AC, where the
mean for fruit (582 mg TE/100 g f.m.) was higher than
that for leaves (277 mg TE/100 g f.m., t = 12.26, p < 0.001).
The variation in the two chemical variables was also
higher in fruit (Fig. 2). Values for TPC and AC were not
correlated in fruit (R2 = 0.15, p = 0.26), or in leaves (R2 =
0.08, p = 0.58), and the Pearson correlations (Supplemen-
tary data, Table S5) indicate that none of these four vari-
ables can be used to predict any of the others. We found
only a marginal (p = 0.058) correlation between TPCfruits

and ACleaves, despite the low R2 = 0.26.

Environment-based models for the selection of
populations with high TPC and AC

Three best-fitting models for TPCfruits were selected
and included ecoregion, mean annual temperature, and
mean summer temperature. The maximum variation ex-
plained by these models was 51% (adjusted R2 = 0.51).
Mean annual temperature, mean summer temperature,
and proximity to the coast were the explanatory vari-
ables included in the three selected models for ACfruits

(maximum adjusted R2 = 0.31). For TPCleaves, surface

Table 3. Total phenolic content (TPC in mg GAE/100 g fresh mass) and antioxidant activity (AC in mg
TE/100 g fresh mass) of fruits and leaves in Vaccinium vitis-idaea populations grouped by mean annual
runoff, surface water pH, and surface water sensitivity to acid rain.

N

Leaves (mean ± SE) Fruits (mean ± SE)

TPC AC TPC AC

Mean annual runoff (mm)
500–800 17 314±15.8a 286±10.4a 859±53.4a 563±38.3a
800–1000 11 327±18.6a 289±11.8a 854±69.0a 666±52.7a
1000–1300 8 325±31.2a 251±14.9a 614±72.1b 514±72.9a
1300–1800 12 340±21.1a 277±9.44a 734±61.9ab 551±54.6a
1800–2200 8 333±29.4a 266±9.90a 604±50.9b 630±67.8a
F statistic 56 0.26 (0.90) 1.65 (0.18) 3.68 (0.01) 1.13 (0.35)
Regression R2 = 0.015 (0.37) R2 = 0.042 (0.13) R2 = 0.00 (0.93)

Surface water pH
<6.1 15 331±23.0ab 288±8.28a 802±53.1a 578±50.6a
6.2–6.5 10 336±17.6ab 308±10.9a 855±75.5a 546±64.0a
6.6–7.0 25 301±10.6a 263±6.72b 733±47.9a 578±35.9a
>7.0 6 404±20.5b 253±20.0b 585±55.6a 663±56.7a
F or K-W statistic 9.67 (0.02) 5.26 (<0.01) 2.17 (0.10) 0.53 (0.67)
Regression 56 R2 = 0.074 (0.05) R2 = 0.009 (0.49)

Surface water sensitivity to acid
rain (�equiv/L)

Extremely sensitive (<60) 13 319±24.5a 280±6.88a 775±57.2ab 562±51.7a
Highly sensitive (60–100) 10 333±20.0a 300±12.4a 949±63.2a 612±70.2a
Moderate (100–200) 15 325±15.3a 289±9.38a 690±51.0b 569±44.6a
Low (>200) 18 328±17.4a 251±8.95b 698±56.3b 592±42.3a
F statistic (p value) 0.08 (0.97) 5.27 (<0.01) 3.50 (0.02) 0.183 (0.91)
Regression (p value) 56 R2 = 0.001 (0.81) R2 = 0.001 (0.79)
Note: N = sample size; GAE, gallic acid equivalents. Values followed by different letters within the same column are

significantly different (p < 0.05; one-way ANOVA (F statistic) and LSD test. Regression analyses were conducted for
variables with nonsignificant ANOVAs.
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water pH was the only important variable (adjusted
R2 = 0.15). Lastly, the two selected models for variation in
ACleaves included surface water pH and sensitivity to acid
rain (maximum adjusted R2 = 0.31). The set of final se-
lected models under AICc are on Table 5.

Discussion
The nutritious quality of fruits and leaves is a multi-

criterion concept, resulting from a complex chain of bi-
ological processes under the influence of environmental
conditions. This work assessed the variation of TPC and
AC in leaves and fruits of V. vitis-idaea according to ecore-
gion, temperature, precipitation, runoff, soil water qual-
ity, and coastal proximity; and proposed environment-
based models to aid the selection of wild populations
with desired biochemical characteristics.

TPC and AC variation according to ecoregion
Values for TPCfruits and ACleaves varied significantly ac-

cording to ecoregion, supporting our hypothesis of an
ecoregion effect. Populations in the North Shore Forest
exhibited high values for TPCfruits and ACleaves, therefore
this constitutes a good ecoregion for future germplasm
collection. This region has elevations of less than 130 m
above sea level (a.s.l.), and is the driest region on the
island, with the warmest coastal summers causing mois-
ture deficiencies, a growing season of 150 days, and a
dominant acidic bedrock. The vegetation consists of bal-
sam fir, and black and white spruce forests with fires

occurring regularly, and some coastal barrens (Meades
1990). The Central Newfoundland Forest and Maritime
Barrens also produced high values for ACleaves. By com-
parison, populations on the Northern Peninsula Forest
and the Western Newfoundland Forest produced low
values for TPCfruits and ACleaves, rendering these two
ecoregions less suitable for germplasm collection. Inter-
estingly, these two ecoregions have quite similar soil
types. The Northern Peninsula Forest is characterized by
elevations of less than 200 m a.s.l., short cool summers,
the shortest growing season on the island (110 to 150
days), and bedrock of mainly acidic gneiss in the east,
with limestone in the west and north. Balsam fir is the
predominant tree species, and fires are infrequent
(Meades 1990). The Western Newfoundland Forest is hilly
or mountainous with elevations up to 820 m a.s.l., has
warm summers, a variable growing season, and an acidic
bedrock with extensive calcareous areas and some ser-
pentine. Balsam fir is also the dominant tree, with little
history of fire, and plateau bogs are extensive on the
coastal plain (Meades 1990). The Long Range and Forteau
Barrens had also low values for TPCfruits. Together these
results suggest that the Western Coast of Newfoundland
and Southern Labrador do not hold populations with
desired biochemical traits.

TPC and AC variation according to climatic factors and
surface water quality

Our data did not unanimously support or reject the hy-
pothesis of higher synthesis of secondary compounds with

Table 4. Total phenolic content (TPC in mg GAE/100 g fresh mass) and
antioxidant activity (AC in mg TE/100 g fresh mass) of fruits and leaves in
Vaccinium vitis-idaea populations located in coastal areas versus inland.

Coastal proximity N

Leaves (mean ± SE) Fruits (mean ± SE)

TPC AC TPC AC

Coastal 28 333±12.2a 273±7.43a 794±43.0a 522±32.7a
Inland 28 319±14.4a 280±7.37a 718±43.0a 642±32.7b
T test (p value) 0.74 (0.47) –0.75 (0.46) 1.27 (0.21) –2.59 (0.013)

Note: N, sample size. Values followed by different letters within the same column
are significantly different (p < 0.05).

Fig. 2. Box plots for (A) total phenolic content and (B) antioxidant capacity as measured with the DPPH assay, for leaves and
fruit of Vaccinium vitis-idaea (partridegeberry) across Newfoundland and Labrador. Different letters indicate significant
differences (p < 0.05).
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increasing temperatures as a function of a temperature-
regulated increased photosynthesis (Jonasson et al. 1986).
Mean summer and annual temperature influenced TPC
and AC variation in fruits. The lowest values for TPC and
AC values were obtained at the intermediate mean an-
nual temperature category (3.0–3.9 °C) and increased at
higher and lower temperatures. Since fruits are pro-
duced from August to September, summer temperatures
likely address the temperature influence more effec-
tively. An opposite effect was observed, such that the
highest value for ACfruits was from the coldest summer
temperature category (6.0–11.9 °C), whereas the highest
value for TPCfruits was from the warmest summer tem-
perature category (14.0–19.9 °C). The former agrees with
the results of Vyas et al. (2015), whereas the latter con-
forms to the temperature-regulated increased photosyn-
thesis hypothesis, where an increased carbon fixation
will render an increased synthesis of phenolic com-
pounds. This hypothesis was also supported by the posi-
tive regression of TPCleaves with respect to annual
temperature. No agreement exists on the effect of tem-
perature in Vaccinium, probably due to the wealth of ap-
proaches used in the literature.

Water quantity can affect the production of antioxi-
dants in plants. Our results did not show any significant
variation with respect to mean annual precipitation. We
thus rejected the hypothesis of lower TPC and AC in
regions of higher precipitation. Our results were similar
to those of Vyas et al. (2015), with no correlation between
phenolic content and rainfall. However, TPC in fruits was
significantly higher at the lowest mean annual runoff
categories (<1000 mm). To our knowledge this is the first

study to evaluate and find a correlation between runoff
and phenolic variation. Although low precipitation and
runoff do not necessarily indicate water limitation,
water stress has been shown to affect the synthesis of
secondary compounds. For example, the increase and
accumulation of polyphenols in response to drought has
been demonstrated in various crops, including peach
and grape (Rahmati et al. 2015). The direction and
strength of specific phenolic compound responses to wa-
ter stress may also depend on the intraspecific genetic
composition. For example, two different Vitis vinifera cul-
tivars yielded different responses to water deficit under
controlled greenhouse conditions. In one cultivar, water
limitation reduced total anthocyanins and flavonols, and
increased hydroxycinnamic acids, whereas in the other
cultivar, water deficit resulted in increased flavonols and
reduced catechins (Niculcea et al. 2015).

In this study we evaluated the effects of surface water
quality using pH and sensitivity to acid rain. Surface wa-
ter pH had an effect on leaves and fruit. Leaves with
higher AC were found at pH < 6.5, whereas the highest
TPC content was found at pH > 7.0. In contrast, fruit with
the highest TPC were found at pH < 6.5. To our knowl-
edge, no other study has tested the effect of water pH on
the synthesis of secondary compounds, and the direction
of the effect needs further study. Only soil pH has re-
ceived some attention. In Morus alba, an increase in soil
salt concentration and pH increased antioxidant enzyme
activities, namely superoxide dismutase, catalase, perox-
idase, and glutathione reductase (Ahmad et al. 2014). Wa-
ter alkalinity provided a basis to look at sensitivity to
acid rain. Anthropogenic pollutants such as acid rain can

Table 5. Linear regression models selected using the Akaike Information Criterion (AICc) that best
explain TPC and AC variability in fruits and leaves of Vaccinium vitis-idaea.

Model K† Log‡ AICc§ �AICc� wi
¶ Adj R2#

TPCfruit

Ecoregion + annual temp 13 –346 728 0.269 0.335 0.45
Ecoregion * annual temp 14 –345 729 0.928 0.241 0.47
Ecoregion + annual temp+summer temp 15 –343 728 0 0.384 0.51
ACfruit

Annual temp + proximity to coast 6 –345 703 0 0.697 0.31
Annual temp * proximity to coast 8 –343 706 3.17 0.143 0.31
Annual temp + summer temp + proximity to coast 8 –344 707 3.51 0.120 0.31
TPCleaf

Surface water pH 6 –311 636 0 0.760 0.15
ACleaf

Surface water pH + sensitivity to acid rain 9 –272 565 0 0.833 0.28
Surface water pH * sensitivity to acid rain 12 –269 569 3.25 0.164 0.31

Note: The formulae are presented in the style of linear modeling in R.
*Denotes models where the simple effects are tested before the interactions. Full set of models tested for each

response variable is given in the Supplementary data, Table S2.
†Number of estimable parameters in the model including the intercept.
‡Logarithm of the likelihood of each model given the data.
§Akaike Information Criterion corrected for small sample size.
�Relative AICc for each model compared with the best-supported model.
¶Akaike weight indicating the degree of support for each model relative to the entire model set (values range from

0 to 1).
#Adjusted R2 representing the proportion of the variability in the data explained by the model.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Alam et al. 9

Published by NRC Research Press

rich2/cjb-cjb/cjb-cjb/cjb99915/cjb0395d15z xppws S�3 6/28/16 19:35 4/Color Fig: F1 Art: cjb-2016-0041 Input-1st disk, 2nd ??

jdormon
Text Box

jdormon
Text Box
.

jdormon
Stamp

jdormon
Text Box

jdormon
Stamp

jdormon
Stamp

jdormon
Text Box



damage plants through leaf necrosis and changes to leaf
anatomy, and even cause the decline of certain species
(e.g., Francisco Sant’Anna-Santos et al. 2006). In our
study, leaves with the lowest values for AC were found
in the low sensitivity water category (highest alkalin-
ity, >200 �equiv/L), and similarly, fruit with the lowest
TPC were found in waters with moderate to low sensitiv-
ity (high alkalinity, >100 �equiv/L). In support of our
findings, earlier studies have reported that very high
alkalinity impairs the detoxifying response (i.e., antioxi-
dant activity) of plants to reactive oxygen species (Cartmill
et al. 2008). In the Brazilian coastal ecosystem species
Sophora tomentosa, an experiment with acid mist deposi-
tion enhanced the activities of antioxidant enzymes such
as catalases and superoxide dismutase as a mechanism to
partially neutralize oxidative stress (Kuki et al. 2008).
Similar responses were observed in other tropical tree
species in response to simulated acid rain where phe-
nolic compounds were accumulated in necrotic areas,
probably by rupture of the vacuolar membrane (Francisco
Sant’Anna-Santos et al. 2006).

TPC and AC variation related to coastal proximity and
correlations with latitude and longitude

Salinity is caused by an excessive amount of ions and is
one of the most important stress factors that can limit
the growth and development of plants. In this study, we
tested the effect of coastal proximity as a proxy for salin-
ity, whereby coastal populations were assumed to have
higher salinity levels than those inland. It has been dem-
onstrated that salinity can induce oxidative stress in
plant tissues through the formation of reactive oxygen
species (ROS), which may cause cellular damage through
the oxidation of lipids, proteins, and nucleic acids (Apel
and Hirt 2004). To overcome these negative effects,
plants synthesize low-molecular weight antioxidants
(e.g., gluthathione, ascorbate, and carotenoids) and ROS-
scavenging enzymes (Mudgal et al. 2010). Our results
showing higher AC in fruits growing on inland popula-
tions contradict our expectations of higher AC in coastal
populations. One possible explanation is that the 2 km
threshold defining populations subject to salt might be
inappropriate, and an empirical evaluation of salinity in
wild populations awaits investigation.

Jaakola and Hohtola (2010) reviewed the changes in
flavonoid contents with respect to increasing latitude,
and usually found a positive relationship. In a study that
evaluated the inhibition of advanced glycation endprod-
ucts by leaf extracts from six tropical Vaccinium species, a
positive significant relationship was found between the
degree of inhibition and latitude, which was attributed
to the underlying climatic gradient affecting plant phys-
iology (Ferrier et al. 2012). Since the latitudinal gradient
analyzed in our study was not large (46.7–51.6°N), we did
not find any correlations between biochemical variables
and latitude. However, ACleaves and TPCfruits correlated
with longitude, which might reflect the different ecore-

gion, climatic, and water quality characteristics along
the longitudinal gradient studied (52.8–59.4°W).

Environmental variables affect TPC and AC differently in
fruits versus leaves

The direction and magnitude of the response variables
varied between leaves and fruits, with no single environ-
mental factor exerting the same biochemical response in
both organ types. Mean summer temperature, runoff,
and coastal proximity influenced fruits but not leaves.
Ecoregion and sensitivity to acid rain influenced TPCfruits

and ACleaves. Opposing responses to surface water pH
were observed in TPCleaves versus TPCfruits. These results
suggest that no single environmental factor prevails as
the main determinant of secondary compound biosyn-
thesis in both organs, but instead complex interactions
among climate, soil, water, pathogens, and herbivores
are more likely to determine the suite of secondary com-
pounds and their abundance. Contrasting responses of
plant secondary compounds in fruit versus leaves to the
effects of abiotic conditions have been demonstrated in
some studies, confirming the organ-specific response
found in our study. For example, in Capsicum annum, fo-
liar carotenoids increased ca. 2-fold with increasing
light, while their content in fruit decreased 2- to 3-fold
with increasing light (Keyhaninejad et al. 2012). In Vitis
vinifera, different compounds were significantly higher
in the presence of UV radiation: p-caffeoyl-tartaric acid in
the leaves; myricetin-3-O-glucoside in the berry skins
(Del-Castillo-Alonso et al. 2015).

Total variation in leaves versus fruits and TPC/AC
correlations

Contrary to our expectations, mean values for TPC and
AC were higher in fruit than in leaves. The diversity of
protocols for quantification of TPC and AC makes it chal-
lenging to directly compare our values with those re-
ported in the literature. However, for leaves we found
lower TPC than was reported in Vyas et al. (2015), who
reported ca. 800 mg GE/100 g; whereas in fruits we re-
ported higher TPC than was reported in Yuan et al. (2011)
and in Isaak et al. (2015), who reported 487 and 580 mg
GE/100 g, respectively. Differences in fruit size and stage
of maturity between our samples and those from previ-
ous studies could account for the higher values for TPC
and AC in fruit than in leaves, e.g., higher concentrations
of phenolic acids and flavonols were found at immature
fruit stages, and higher accumulation of antioxidants
were found in the skin than in the entire fruit were
found in blueberry (Ribera et al. 2010). If we had sampled
smaller fruit with more surface area (skin), then this
could explain our higher values for TPC and AC in the
fruit.

Contrary to our expectation, AC did not reflect changes in
TPC, as revealed by the lack of correlations in both leaves
and fruits. Our understanding on the contribution of
phenolic compounds to the antioxidant activity of differ-
ent species is still limited. Plant phenolic compounds do
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not all have the same AC in vitro. For example, the AC of
different flavonoids depends on the number and posi-
tion of hydroxyl substitutions on their backbone struc-
ture (Cao et al. 1997), and glycosylation may result in
lower AC (Fukumoto and Mazza 2000). Therefore, varia-
tions in the specific phenolic compound profile synthe-
sized from population to population can have an impact
on the overall AC. In addition, the lack of correlation
between TPC and AC could be explained by the low vari-
ation among samples masking any effect.

Environment-based models for the selection of
populations with high TPC and AC

We propose a series of models that best explain the
variation on TPC and AC. Models for fruits explained up
to 51% of the variation, whereas those of leaves explained
up to 31%. The models for fruits involved mostly climatic
variables, whereas those for leaves included water qual-
ity properties, confirming our results that environmen-
tal variables affect leaves and fruits differently. In an
experimental study with Catharanthus roseus, leaves were
more affected by high levels of alkalinity in irrigation
water than other plant parts (Cartmill et al. 2008). This
increased sensitivity of leaves to water alkalinity corrob-
orates our leaf model selection, in which water quality
variables were selected over the climatic ones. For fruit,
the set of climatic variables chosen to explain biochem-
ical variation may be modestly spatially correlated as
judged by visual inspection of the maps (Government of
Newfoundland and Labrador 1992). The most favorable
ecoregions for TPC and AC are roughly located in the
warmest areas (annual and summer). The lack of exact
climatological data for all collecting sites prevented us
from conducting a formal spatial autocorrelation analy-
sis.

We acknowledge the limitation of evaluating TPC and
AC in a single year, and therefore our conclusions should
be corroborated in longer-term studies. Future research
should also include the quantification of specific fla-
vonoids, anthocyanins, and related biochemicals to sup-
port the hypothesized effects. We highlight however, the
importance of the knowledge of the antioxidant proper-
ties of wild crop relatives as expressed in their original
growth sites, before controlled field or greenhouse ex-
periments normally conducted outside the location of
plant origin are carried out. This baseline information is
not always available, constituting a knowledge gap in
many experimental studies. Genotype is also known to
affect the synthesis of phenolic compounds, thus an
ongoing genomic study sequencing random DNA frag-
ments (genotyping-by-sequencing) for these same popu-
lations may provide insight on genotype–phenotype
associations in V. vitis-idaea (partridgeberry).
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