
50 Journal of the American Pomological Society

Journal of the American Pomological Society 75(2): 50-62  2021
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A Review
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Abstract
Strawberry fruit quality has many components including appearance, firmness, size, color, uniformity, freedom 
from defects, taste, aroma, texture and nutritional value. Each of these, in turn, consists of additional components 
that contribute to overall quality. People have attempted to improve fruit quality for hundreds of years through 
breeding, cultural practices and postharvest handling. Yet, because of competing priorities within the industry and 
lack of agreement among consumers about what constitutes a quality strawberry, progress has been uneven. This 
review explores the development of quality attributes as the strawberry ripens including appearance, firmness, 
sweetness, acidity, polyphenol content and organic volatiles and how management practices affect each of these. 
By applying best management practices, growers and shippers can enhance quality attributes in their portfolio 
of cultivars.
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  From the ancient gardens of Mapuche 
communities in Chile to the modern labs of 
universities and private companies through-
out the world, people have sought to improve 
the strawberry. Increases in size, firmness, 
shipping ability and seasonality are most 
apparent; less so are advancements in other 
quality attributes such as flavor and aroma 
(Harbut et al., 2016). The quest for a better 
strawberry is hampered by the different pri-
orities of producers, shippers and consumers. 
For example, a strawberry shipped to a dis-
tant market must have acceptable firmness, 
so to achieve this they may be harvested 
before the flavor fully develops. In addition, 
consumer perception of quality can vary de-
pending on age, ethnicity, gender, location 
and education level (Colquhoun et al. 2012). 
Therefore, generalizations about what con-
stitutes an ideal strawberry are difficult to 
make, but appearance, firmness, taste, size, 
color, aroma, and nutritional value are each 
regarded as important for all constituencies. 
A quality strawberry has desirable levels of 
each of these criteria, and is not deficient in 
any. Understanding how to influence these at-

tributes could lead to improvements in straw-
berry fruit quality and perhaps an increase in 
consumption. The growth in consumption of 
strawberries since 2000 underscores the im-
portance of maintaining high fruit quality, 
although per capita consumption appears to 
have plateaued in the last few years (Shah-
bandeh, 2019) and quality remains inconsis-
tent (Azodanlou et al. 2003). 

Strawberry fruit development
  The edible portion of a strawberry is a 
swollen receptacle; the true fruits are the 
achenes on the receptacle’s surface. How-
ever, this edible accessory tissue will be re-
ferred to as the fruit for the purpose of this 
review. Strawberry fruits progress through 
several stages as they ripen: small green, 
large green, white, pink, and red. Fruits are 
considered ripe at the red stage (Huber, 1984; 
Hancock, 1999). On average, fruits reach the 
red stage approximately thirty days after 
anthesis. Growth through cell division of 
the receptacle occurs prior to anthesis, and 
roughly 80% of the fruit growth is due to 
cell enlargement after anthesis (Handley and 
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Hancock, 1998). Cell enlargement, in turn, 
is driven by an increase in the vacuole count 
within the fruit cells (Cruz-Rus et al., 2011). 
Vacuoles can serve as storage compartments 
for wastes, enzymes, or nutrients. In straw-
berry fruit, water and soluble solutes such 
as sugars, ions, and phenolic compounds are 
stored in the vacuoles. Sugars and ions enter 
vacuoles after import from the phloem and 
through the cell walls into the organelles, 
whereas phenolic compounds are suspected 
to be synthesized in situ (Coombe, 1976). 
It is during cell enlargement and transition 
from green stages to white, pink, and red that 
sugars, volatile aromatic compounds, and 
phenolic compounds are produced within the 
fruit, primarily by enzymatic action. At the 
same time, acid concentration decreases. As 
enzymatic action shifts from starch degrada-
tion towards synthesis of sugars, phenolics, 
and volatiles, enzyme content overall de-
clines. Souleyre et al. (2004) observed a five-
fold decrease in overall protein concentration 
as strawberry fruit progressed from green to 
red stages of ripening. However, enzymes re-
sponsible for flavonoid and anthocyanin syn-
thesis rose in abundance at advanced stages 
of ripening, a complex metabolic process 
that appears to be cultivar-dependent (Song 
et al., 2015).
  Appearance. The size, shape, color inten-
sity, glossiness of skin, protrusion of achenes 
and evenness of coloration contribute to the 
appearance of the strawberry. The modern 
strawberry, Fragaria x ananassa Duch., is a 
hybrid of two American strawberry species 
F. virginiana Duch. and F. chiloensis L. Hy-
brid strawberries are mostly self-fertile, but 
are known to produce more fruits of larger 
size when cross-pollinated (Handley and 
Hancock, 1998). During fruit development 
and ripening, the achenes release growth 
hormones, primarily auxins, in concentra-
tions that promote the growth of the recepta-
cle (Darrow, 1966), although swelling of the 
receptacle occurs when auxin release from 
the achenes begins to decrease (Given et al., 
1988). Auxin is suspected to serve an inhibi-

tory function in the ripening of non-climac-
teric fruits; it is the breakdown of auxin that 
allows the ripening process to proceed. Addi-
tional hormones found primarily in achenes 
during ripening include abscisic acid and 
indole-3-acetic acid (Symons et al., 2012). 
The role of ethylene in ripening of strawber-
ry is currently unclear (Symons et al., 2012). 
Perkins-Veazie (1995) reported that ethylene 
application to immature fruit has little effect 
on softening and flavor development, but an-
other study found that exposure to ethylene 
increases RNA and RNase levels within the 
fruit, raising questions about the function of 
these gene expression responses (Hancock, 
1999). 
  Final fruit size is dependent on the number 
and distribution of the achenes on the recep-
tacle as each achene only affects the growth 
of the localized section of the receptacle be-
neath it (Handley and Hancock, 1998). The 
location of the flower on the inflorescence 
will affect the number of achenes. The pri-
mary flower on an inflorescence contains the 
greatest number of pistils and, consequently, 
gives rise to the largest fruit. Pistil counts 
decrease from primary to secondary, tertiary, 
and quaternary flowers (Hancock, 1999). 
Marketable strawberries are usually in the 
range of 7 - 30 g/individual fruit.
  Distribution of achenes can vary depend-
ing on cultivar and this gives rise to differ-
ent strawberry shapes (Darrow, 1966). Some 
shapes are more desirable than others, and 
even within a given cultivar, the shapes can 
vary. This has led to the development of au-
tomated sorting of the nine basic shapes in 
strawberry (Ishikawa et al., 2018) to enhance 
uniformity of product. 
  Firmness. Firmness is a desirable trait for 
commercially-produced strawberries in or-
der for fruits to withstand transportation and 
to provide an acceptable mouth-feel when 
eaten. Fruit that is either too soft or too firm 
is undesirable to consumers. Firmness is 
a combination of skin toughness and flesh 
firmness; a desirable range is a maximum 
puncture force between 2-3 N (Hietaranta 
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and Linna, 1999). Among ripe fruits of a giv-
en strawberry cultivar, larger fruits are usual-
ly less firm due to higher moisture content of 
the cells. Strawberry fruit firmness is highly 
influenced by temperature during measure-
ment, and skin toughness of strawberry has 
been found to halve for every 12 °C increase 
in temperature (Darrow, 1966). 
  More study is still required to identify the 
driving factors behind fruit softening in F. x 
ananassa. Currently, it is known that enzy-
matic disassembly of the cell walls results 
in depolymerization of the glycan matrix as 
well as of cell wall pectins (Moya-León et al., 
2019). The fruit of the cultivated strawber-
ry’s maternal parent, F. chiloensis, is known 
to soften at a faster rate than F. x ananassa 
(Moya-León et al., 2019).  Figueroa et al. 
(2008) have identified polygalacturonases 
as one key enzyme class driving softening 
during ripening, in both F. x ananassa and F. 
chiloensis. This class of enzymes generates 
simple sugars during degradation of pectin 
starches. Further studies have identified that 
cellular regions most subject to structural 
change during ripening are those with high 
densities of HCl-soluble pectin (Figueroa et 
al. 2010; Moya-León et al., 2019).  Depo-
lymerization of starches via hydrolysis re-
sults in an increase of free water molecules 
and neutral sugars derived from pectin side 
chains (Brady, 2013). The gradual disassem-
bly of cell walls is accompanied by swelling 
as well as an increase in porosity (Figueroa 
et al., 2008). This is followed by increased 
fluid and enzyme influx into the fruit cells 
themselves, and the distance between indi-
vidual fruit cells increases (Moya-León et 
al., 2019).
  Thus, as the strawberry fruit ripens, the 
volume of internal liquid and the concen-
trations of soluble solids rise. Cultivar dif-
ferences in firmness are attributed to differ-
ences in cell-to-cell adhesion at ripeness; 
on a cellular level, firmer cultivars are more 
cohesive, while the cells of softer cultivars 
are less connected within the pulp (Darrow, 
1966). There is evidence that softer cultivars 

of strawberries have higher expression of 
β-galactosidases and α-arabinofuranosidases, 
enzymes which remove arabinose side chains 
from pectins and hemicelluloses (Rosli et 
al., 2009). Moya-León et al. (2019) specu-
late that this structural change increases the 
likelihood of further chemical degradation of 
the remaining polymer chain, in addition to 
reducing the integrity of the oligosaccharide 
matrix composing the fruit flesh.  
  Sweetness. In ripe strawberries, between 
80-90% of the total soluble solids are sug-
ars. The majority is sucrose, glucose, and 
fructose. The remaining soluble carbohy-
drates are mostly sorbitol, xylitol, and xylose 
(Perkins-Veazie, 1995, Souleyre et al., 2004). 
Sweetness tends to be more highly correlated 
with consumer preference than total volatiles 
(Azodanlou et al., 2003).
  At different stages of ripening, sugars and 
starches are imported into the fruit (Batista-
Silva et al., 2018). Approximately 3% of sug-
ar content in ripe strawberries is synthesized 
in situ; these sugars originate from starches 
accumulated soon after anthesis (Souleyre et 
al., 2004). The remaining fraction of sugars 
in strawberry are imported from leaf tissue, 
and their synthetic pathways appear to be 
cultivar-dependent (Akšić et al., 2019). The 
wide genetic diversity of cultivated strawber-
ry has allowed researchers to explore meta-
bolic differences between high- and low-sug-
ar cultivars. Lee et al. (2018) observed that 
high-sugar cultivars (with an average Brix 
of 13.6˚) had a high sucrose proportion in 
their sugar profile, whereas low-sugar culti-
vars (with an average Brix of 2.9˚) had a high 
fructose proportion. Recent developments 
suggest that sucrose may serve as a signaling 
molecule in strawberry ripening, regulating 
action of abscisic acid and auxin (Jia et al., 
2013). Strawberries sprayed with exogenous 
sucrose had increased gene expression of 
ascorbic acid and anthocyanin biosynthesis 
(Luo et al., 2019).  
  The disaccharide sucrose possesses a natu-
ral, clean sweet taste and thus is used as the 
base for relative sweetness. Relative sweet-
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ness is an index which compares sugars and 
other sweet molecules in ratio against the 
relative sweetness of sucrose (100/100). The 
relative sweetness of glucose is 74/100. Glu-
cose is the most abundantly utilized mono-
saccharide in plant metabolism and is import-
ed into strawberry fruits for starch and acid 
synthesis, in addition to its role as a substrate 
for respiration. Fructose is the sweetest of all 
naturally occurring sugars; however, fructose 
is a reducing monosaccharide that possesses 
two measurements of relative sweetness. The 
five-membered ring form, α-D-fructose, has 
a sweetness index of 76, and the six-mem-
bered ring β-D-fructose is 180. The equilib-
rium of α-D-fructose to β-D-fructose tends to 
favor α-D-fructose at room temperature, and 
β-D-fructose at lower temperatures. Com-
pared to sucrose, the sweetness of fructose is 
perceived earlier and diminishes faster on the 
tongue (Brady, 2013). 
  Acidity. The sensory contribution of sug-
ars to consumer preference also depends on 
the acidity of fruit (Ikegaya et al., 2019). 
While the pH of the fruit remains around 
3.5 throughout its development, the titrat-
able acidity (TA) gradually decreases (Han-
cock, 1999). The sugar to acid ratio is most 
commonly expressed as the Brix:TA ratio. 
According to multiple studies on consumer 
preference, strawberries with high sweet-
ness and moderate acidity are most desir-
able (Batista-Silva et al., 2018, Jouquand et 
al., 2008). Overall liking of strawberry taste 
was found to be strongly positively corre-
lated with sweetness intensity, and weakly 
positively correlated with titratable acidity. 
Strawberry fruits with a low Brix:TA ratio 
are more likely to be perceived as unpalat-
ably sour (Schwieterman et al., 2014). A de-
sirable sugar:acid ratio in strawberry is iden-
tified as 16-17, with Brix ranging from 9-11˚ 
and acidity between 0.45 and 0.80 g/100 ml 
(Atago, 2020). Sweetness and acidity of ripe 
fruit are highly cultivar dependent (Hancock, 
1999).
  The most commonly-occurring acids in 
strawberries are citric and malic acid (Kallio 

et al., 2000; Ikegaya et al., 2019). These non-
volatile organic acids are synthesized from 
glucose via glycolysis, or from byproducts of 
fatty or amino acid metabolism (Zhang et al., 
2011).   Additional acids present in strawber-
ry include phosphoric, succinic, and quinic 
acid. Relative acid concentration is highest in 
immature fruit due to the gradual increase in 
soluble sugars, amino acids, and secondary 
metabolites. Even as the percentage of sugar 
to acid in ripening fruit is inversely correlat-
ed, citric and malic acid contents increase as 
fruits ripen (Batista-Silva et al., 2018; Zhang 
et al., 2011). 
  Several acids in strawberries do more than 
contribute to the acidity of the fruit; they 
serve as antioxidants and are the subjects of 
health studies, often with promising results. 
Strawberries are a well-known source of Vi-
tamin C or ascorbic acid (Perkins-Veazie, 
1995). Ascorbic acid content can vary sig-
nificantly depending on cultivar (Taghavi et 
al., 2019). Ascorbic acid possesses antioxi-
dant and metabolic functions in the human 
diet and is present throughout the strawberry 
plant tissues. The primary mode of ascor-
bic acid synthesis in strawberry fruits is the 
Smirnoff-Wheeler pathway using L-galac-
tose as the initial substrate (Wheeler et al., 
1998). A byproduct of pectin breakdown, D-
galacturonic acid, has also been named as a 
minor source of ascorbic acid in strawberry 
(Gallie, 2013). 
    The metabolic pathways that synthesize 
tart acids generate phenolic compounds as 
well: products of the pentose phosphate 
pathway and glycolysis can be further modi-
fied in the shikimate pathway, which gener-
ates volatile aromatic compounds as well as 
phenolic acids (Zhang et al., 2011). Products 
of the shikimate pathway can then be con-
verted to flavonoids in the phenylpropanoid 
pathway (Lin et al., 2016). Two groups of 
polyphenolic antioxidant acids are gallic 
and ellagic acids. Strawberries contain rela-
tively high levels of these acids; both have 
been studied for their impacts on cancer cells 
(Brady, 2013; Ceci et al., 2018). There are 
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multiple molecular forms of gallic and el-
lagic acids. Both free forms and forms esteri-
fied to glucose have been measured in straw-
berry pulp (Hannum, 2010). Compared to the 
pulp, the achenes of ripe strawberries con-
tain nearly one-thousand times more of the 
β-glucogallin form of gallic acid, while gallic 
and ellagic acid concentrations were half that 
of  β-glucogallin (Schulenburg et al., 2016). 
Gallic acid contains one phenol group, while 
ellagic acid contains several. Hydrolyzable 
tannins in strawberry are synthesized from 
gallic acid, while ellagic acid is released 
from hydrolyzable tannins during hydroly-
sis (Brady, 2013). However, the end stages 
of fruit ripening correlate with a decrease in 
both gallic and ellagic acids (Schulenburg 
et al., 2016). Ellagic acid, in particular, has 
been reported to have health-enhancing prop-
erties (Anttonen et al., 2006, Brady, 2013 and 
Hannum, 2010).
  Polyphenols. There are many polyphe-
nolic compounds synthesized in strawberry 
fruits, including tannins, and flavonoids, a 
group which encompasses pigments. Tannins 
in strawberry are hydrolyzable, a class that 
is less astringent and bitter than the tannins 
found in wine. Tannin concentration decreas-
es sharply during the final stages of ripening. 
Pigments in strawberry are anthocyanins, a 
class of molecules that reflect red, blue, or 
purple color depending on the molecular 
structure and the pH of their surrounding me-
dium (Brady, 2013). Anthocyanin content in-
creases nearly 400-fold during ripening and 
can increase further in post-harvest storage 
(Hannum, 2010). The primary anthocyanin 
found in strawberry is pelargonidin. Pelargo-
nidin is most abundant in ripe fruit and forms 
a complex with the sugars glucose, rutinose, 
or arabinose (Pinto et al., 2007). Three other 
flavonoids that have received attention for 
their medicinal properties include cachethin, 
quercetin, and kaempferol (Brady, 2013). 
The phenolic content of 1 cup, or 150g, of 
strawberry fruit is approximately 300 mg. 
These concentrations are suspected to be 
high enough to offer some protection against 

lung cancer when strawberries are regularly 
consumed (Hannum, 2010).
  Organic volatiles.  As strawberries ripen, 
a diversity of aromatic, volatile metabolites 
are produced that result in the characteristic 
aroma of specific varieties. Furanones ter-
penoids, esters, and lactones form the key 
elements of strawberry aroma. Secondary 
metabolites such as aldehydes, alcohols, car-
boxylic acids, sulfur-containing compounds, 
and volatile benzenoids can also contribute 
to the scent of fresh strawberries (Aharoni et 
al. 2004; Urrutia et al., 2017). The metabolic 
precursors of furanones, lactones and terpe-
noids are carbohydrates. Carboxylic acids 
can be converted to aldehydes and alcohols, 
while esters arise when alcohols react with 
carboxylic acids (Beekwilder et al., 2004). 
Amino acids are considered to be the precur-
sors of benzenoids. The metabolic precursors 
of sulfur-containing compounds are currently 
unknown (Hancock, 1999; Yan et al., 2018). 
  Although the individual molecular compo-
sition of a strawberry’s aroma is highly cul-
tivar-dependent, several molecules of each 
class occur frequently in the volatile analysis 
of F. x ananassa cultivars. Some common 
esters include ethyl butanoate, ethyl hexano-
ate, methyl butanoate and methyl hexanoate. 
The most common lactone is 2,5-dimethyl-
4-hydroxy-3(2H)-furanone (also known as 
strawberry furanone) and the most impactful 
furanone is 4-methoxy-2,5-dimethyl-3(2H)-
furanone (also known as strawberry furanone 
methyl ether). Two prominent terpenoids in 
strawberry are linalool and neridiol (Yan et 
al., 2018). The volatile profile of woodland 
strawberry, Fragaria vesca, contains similar 
esters to cultivated strawberry, but a vastly 
different terpene profile (Urrutia et al., 2017). 
Unlike the floral linalool and nerolidol in cul-
tivated strawberry aroma, the terpene profile 
of woodland strawberries is more diverse and 
muskier. Woodland strawberries synthesize 
olefinic monoterpenes, many of which were 
named after their discovery in tree oleores-
ins (Martin et al., 2002). Examples include 
α-pinene and β- myrcene. 
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Methanethiol is a putrid-smelling sulfur-
containing compound that is a plant metab-
olite; levels of methanethiol in strawberry 
fruit remain constant throughout ripening. 
Other sulfur-containing compounds, many of 
which contribute savory and pungent aromas, 
double in concentration between ripe and 
over-ripe stages of fruit maturation. Several 
volatile compounds can increase sweetness 
perception even if the sugar concentration 
of the fruits remains constant, independent 
of sugar profile constituents: four are es-
ters (amyl butyrate, hexyl butyrate, capryl 
acetate, isopropyl butanoate), one lactone 
(γ-dodecalactone), and one alcohol (ethyl vi-
nyl ketone) (Schwieterman et al., 2014).
  Isobutyl methyl ketone decreases sweet-
ness perception independent of sugar con-
tent. Ethyl octanoate and prenyl acetate also 
can decrease sweetness perception indepen-
dently of glucose and sucrose concentrations, 
but within the context of a complete sugar 
profile, their influence on sweetness percep-
tion is small (Jouquand et al., 2008; Schwiet-
erman et al., 2014). These compounds differ 
from ethanol, acetaldehyde, and ethyl acetate 
that are responsible for off-flavors in straw-
berry during post-harvest storage. These 
three develop under low O2, high CO2, or ex-
tended periods of storage (Hancock, 1999). 
  Aroma is assessed by the volatile profile 
as sensed by the human nose. Given the large 
number of odor receptors in the nose, and the 
existence of odor blindness, it is likely that 
different people prefer different flavor pro-
files (Spence, 2015). This makes identifying 
optimal volatile profiles difficult. 		
  Consumer preference. Web-based cus-
tomer surveys suggest that sweetness and 
complex flavor are the most desirable at-
tributes of strawberry fruit, while perceived 
health benefits have little impact on con-
sumer preference (Colquhoun et al., 2012). 
Sensory evaluations have found that straw-
berry sweetness and texture are slightly more 
significant in predicting consumer preference 
than aroma intensity, while fruits ranked as 
sour are least likely to be preferred (Yan et 

al., 2018). In addition to cultivar, the local 
climate, soil, growing practices and time 
of harvest have been the subject of studies 
exploring strawberry quality (Given, 1985; 
Kader, 1999; Kays, 1999; Prange and DeEll, 
1995). Goals in producing strawberries may 
differ between a grower with a U-pick opera-
tion and one intending to sell their harvest in 
grocery stores, particularly when considering 
trade-offs between shipping quality and eat-
ing quality. 
  Consumers regard the strawberry as a 
highly nutritious fruit. Under most growing 
conditions, strawberries have very high lev-
els of Vitamin C (60 mg/100 g), and modest 
levels of K (153 mg/100 g), P (24 mg/100 g) 
and fiber (2 g/100 g) (USDA FoodData Cen-
tral, 2019).

Influence of genetics on fruit quality
Breeding for fruit quality in strawberry is 
challenging. Not only do many traits con-
tribute to quality, but most of these traits are 
likely quantitatively inherited (Zorrilla-Fon-
tanesi et al., 2011). In addition, cultivated 
strawberry plants are octoploid and many al-
leles are involved in fruit development and 
ripening. More than 10% of the genome is 
associated with these processes in Arabidop-
sis (He et al. 2001). Unlike strawberry, this 
plant does not rely on the production of aro-
ma volatiles to encourage fruit consumption 
and dispersal so the percentage of the straw-
berry genome involved in ripening could be 
higher. 
  The octoploid strawberry genome has 
been found to consist of several subgenomes, 
with one dominant genome having signifi-
cantly greater gene content and gene expres-
sion abundance (Edgar et al., 2019). Pathway 
analyses in the same study found the domi-
nant subgenome to largely control metabolic 
pathways involved with strawberry sweet-
ness, color, and aroma.  Gündüz and Ozdemir 
(2014) reported that approximately 70% of 
variation in fruit anthocyanin content was 
attributed to the genome, but 50% of varia-
tion in phenolic content was associated with 
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growing conditions. Hundreds of volatile 
chemicals are released during ripening, so 
identifying those that are important for fla-
vor and which are under genetic control are 
arduous tasks. Combining qualitative trait 
loci identification with candidate gene map-
ping has proven successful in identifying 
clustered traits, including those involved in 
volatile synthesis (Zorrilla-Fontanesi et al., 
2011). However, some of these volatiles are 
attractive to humans and other frugivores so 
are important determinants of flavor, but oth-
ers may have different functions that are yet 
to be discovered such as disease suppression 
(Archbold et al., 1997). 
  The perception of flavor includes not just 
the volatile profile, but also the sugar, acid, 
nutrient and phenolic content of the fruit. The 
relationships among the strawberry genome, 
the environment, cultural practices and com-
ponents of fruit quality are extremely com-
plex, with significant genotype X environ-
ment interactions involving quality attributes 
(Palmieri et al., 2019). An exhaustive review 
of the genetics, breeding and inheritance of 
quality traits is beyond the scope of this paper.

Influence of the environment and manage-
ment practices on fruit quality
  Harvesting fruits when they are fully ripe 
and consuming them immediately provides 
the best eating experience. However, this 
is not possible when strawberries are not 
in season and have to be shipped from dis-
tant production areas. Strawberry cultivars 
themselves also differ markedly in quality 
attributes and fruits of the same cultivar may 
display a high degree of variability from year 
to year. One study showed two-fold increases 
in total fruit sugars in the same plots from 
one year to the next (Souleyre et al., 2004). 
Sensory evaluations of strawberry fruits of-
ten yield ambiguous results which some re-
searchers attribute to the uneven distribution 
of sugars and acids within the strawberry 
fruit itself (Ikegaya et al., 2019). 
  Light. Several causes of year-to-year 
variation have been described for strawber-

ries. Higher light levels are associated with 
greater soluble solids, lower acid levels and 
higher antioxidant content, but the response 
is cultivar dependent (Cervantes et al., 2019). 
The positive relationship between photope-
riod and soluble solids concentration is well 
established (Darrow, 1966; Perkins-Veazie, 
1995). Short photoperiod is associated with a 
decrease in final fruit size most likely associ-
ated with a reduction in net photosynthates 
available to developing fruits. Reduced car-
bohydrate availability from short photoperi-
ods also is correlated with reduced vitamin 
C content, and strawberries grown in low 
light conditions have reduced skin glossi-
ness (Oke et al., 2013; Taghavi et al., 2019). 
Due to the carbohydrate-derived origins of 
terpenoids and furanones, reduced photope-
riod has impacts on these constituents of the 
volatile profile. The impact of pre-harvest 
light exposure on strawberry fruit aroma has 
not been well-studied, but at least one study 
showed that decreasing light interval was as-
sociated with fewer aroma volatiles (Watson 
et al., 2002). Self-shading is known to affect 
firmness at the red stage (Darrow, 1966), per-
haps due to the inadequate import of soluble 
carbohydrates from shaded plants that limits 
the establishment of a firm intercellular ma-
trix in ripe fruits. 
  In addition to the beneficial effects of ad-
equate light exposure on pre-harvest straw-
berry fruit quality, the wavelength of the 
light has impacts. Strawberries grown on red 
plastic mulch have more favorable aromas 
than those grown on black plastic mulch; 
these differences were explained as mulch 
effects on the ratio of red to far red light that 
influences gene expression (Anttonen et al., 
2006). Later studies confirmed that expo-
sure to light through a reddish-orange filter 
positively impacted fruit size, phytonutri-
ent concentrations, sugar, acid, and aroma 
compounds. Conversely, strawberries grown 
under green-filtered light had the lowest val-
ues for these attributes (Kai et al., 2006). 
The results suggest that red and far-red light 
reflected from red mulch is absorbed by 
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phytochromes, affecting gene expression 
(Taghavi et al., 2019) and, ultimately, fruit 
quality. Evidence also suggests that ultravio-
let light may play a role in the development 
of flavonols. Palmieri et al. (2019) showed 
a reduction in several flavonols when UV-B 
radiation was blocked and an increase when 
exposed to blue light. Phenolics increase in 
strawberries when strawberries are grown at 
higher temperatures or when the carbon di-
oxide concentration is elevated (Wang and 
Zheng, 2001).
  Temperature. Most strawberries have 
better flavor and sugar concentration when 
grown in regions with cooler summers or 
at high altitudes due to beneficial effects of 
exposure to longer photoperiods and lower 
night temperatures (Hancock, 1999; Palmieri 
et al., 2019; Wang and Camp, 2000).  Both 
ascorbic acid and sucrose concentration rise 
in fruits grown at cooler temperatures (Josut-
tis et al, 2011; Wang and Camp, 2000). A 
small difference between day and night tem-
perature can induce faster maturation in fruit, 
but lowers sugar concentration in the process 
(Gündüz and Ozdemir, 2014). Temperatures 
near freezing can negatively affect strawber-
ry size and shape (Ariza et al., 2012), even in 
the absence of frost damage.
  Soil. Human impacts on soil can be benefi-
cial or deleterious, depending on the nature 
of the soil, the human activity, and the desired 
outcome from soil management. Reganold et 
al. (2010) compared the quality of organic 
strawberries to conventionally grown straw-
berries from fumigated fields and concluded 
that overall quality was better in organically-
managed fields. Fernández et al. (2006) re-
ported strawberries grown in soilless systems 
had less sugar, more malic acid and a lower 
Brix:TA ratio than field grown strawberries 
in the same location.
  Nutrition. Supplemental fertilization with 
N, particularly in spring, reduces firmness 
of strawberry fruits (Shoemaker and Greve, 
1930; Pritts, 1998) and overall content of 
flavonols and ellagic acid (Anttonen et al., 
2006). Ojeda-Real et al. (2009) found that 

higher rates of N increased esters, soluble 
carbohydrates and amino acids in fruit, but 
also increased levels of hexanal, an undesir-
able volatile. The best flavor was obtained 
at a moderate level of N (3 mmol nitrate 
in solution). Taghavi et al. (2004) found a 
higher ammonium:nitrate ratio resulted in 
fruit that was less red and lower in acid. Or-
ganic sources of N frequently contribute ad-
ditional nutrients to the soil, such as P and S. 
Amino acid status and metabolism may have 
an impact on volatile synthesis in strawberry, 
but plants receiving excessive N that devel-
op poor color also tend to have poor flavor 
(Perkins-Veazie, 1995), suggesting that an 
overabundance of N may not result in desir-
able increases in amino-acid derived esters 
and benzenoids, relative to the undesirable 
effects observed. 
  Phosphorous is a relatively immobile nu-
trient with low water solubility. Supplemen-
tal fertilization with soluble P, particularly 
phosphoric acid, increased sugar concentra-
tion in strawberry fruits (Cao et al. 2015; 
Darrow, 1966; Zhang et al., 2017) and, along 
with B, may increase fruit size at certain soil 
pH levels (May and Pritts, 1993). Boron de-
ficiency inhibits auxin activity and can result 
in poorly-shaped fruit (Hancock, 1999). Foli-
ar application of K-based fertilizers also can 
increase fruit size and Brix (Valentinuzzi et 
al., 2018). The impacts of K on other qual-
ity traits of strawberry fruit are debated, 
with studies contradicting one another on 
the impact of K on fruit acidity (Etienne et 
al., 2013) and flavor (Perkins-Veazie, 1995). 
Due to the high K content of strawberry fruit, 
the likelihood of K deficiency increases with 
crop load. 
  Calcium plays an essential role in the 
polysaccharide matrix of strawberry flesh, 
providing an ionic bridge between the pectin 
chains (Brady, 2013). Ca is implicated in cell 
wall integrity, cell-to-cell adhesion and cellu-
lar turgor, a possible explanation for the phe-
nomena of delayed ripening and senescence 
processes in strawberries receiving supple-
mental Ca (Taghavi et al., 2019). Calcium is 
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typically applied to strawberries as a foliar 
spray or amended into the soil as lime. Fo-
liar application of Ca 3-4 days before harvest 
increased firmness and preserved brightness 
of color and glossiness of skin (Hancock, 
1999), but effects are not always reproduc-
ible (Taghavi et al., 2019). Ultimately, the 
role of Ca supplementation on enhancing 
strawberry fruit quality appears to depend on 
the cultivar as well as yet undefined growing 
conditions (Hancock, 1999; Taghavi et al., 
2019).
  Biotic factors. The number of fertile 
achenes and strawberry shape can be nega-
tively affected by damage from insect feed-
ing, poor pollination and virus infection. 
High levels of pollinator activity are known 
to improve size and shape in certain culti-
vars (Taghavi et al., 2019; Ariza et al., 2012). 
Ibanez et al. (2019) found that wounding 
strawberry leaves to mimic insect damage 
led to an increase in phenolic content as 
well as soluble sugars in the resulting fruits. 
Organically-grown strawberries produced 
higher fruit concentrations of the flavonol 
kaempferol (Hannum, 2010) and the author 
hypothesized that the increased levels were 
caused by the response to a pathogen attack. 
A review of the many pathogens and arthro-
pods that cause physical damage to straw-
berry fruit is beyond the scope of this paper.
  Storage conditions. Strawberry fruits in-
crease in firmness upon exposure to high CO2 
such as occurs during shipping (Larsen and 
Watkins, 1995; Watkins et al., 1999). While 
strawberries can increase in color intensity 
after harvest and in storage, CO2-treated 
fruits tend to be lighter in color and less in-
tensely red than air-treated fruit (Watkins et 
al., 1999; Shin et al., 2008). Modified atmo-
sphere packaging tends to reduce aroma vol-
atile production, while higher CO2 /lower O2 
levels increase the production of off-flavors 
(Yan et al., 2018). Ascorbic acid concentra-
tion increases in strawberries during ripening 
and can increase further during post-harvest 
storage when the fruits are treated with ozone 
(Cruz-Rus et al., 2011). 

  While much is known about factors that 
influence fruit quality, manipulating these 
factors for consistent quality continues to be 
challenging for the strawberry industry, par-
ticularly since some desirable attributes are 
in opposition. Yet, improvements in overall 
quality will likely be necessary if consumers 
are to be persuaded to eat more strawberries 
relative to other fruits.

Literature cited
Aharoni, A., A. P. Giri, F. W. A. Verstappen, C. M. 

Bertea, R. Sevenier, Z. K. Sun, M. A. Jongsma, W. 
Schwab and H. J. Bouwmeester. 2004. Gain and 
loss of fruit B. flavor compounds produced by wild 
and cultivated strawberry species. Plant Cell 16: 
3110-3131. 

Akšić, M. F., T. Tosti, M. Sredojeciv, J. Milivojević, 
M. Meland and M. Natić. 2019. Comparison of 
sugar profile between leaves and fruits of blueberry 
and strawberry cultivars grown in organic and in-
tegrated production system. Plants 8(205): 1-16. 
doi:10.3390/plants8070205

Anttonen, M. J., K. I. Hoppula, R. Nestby, M. J. Ver-
heul and R. O. Karjalainen. 2006. Influence of fer-
tilization, mulch color, early forcing, fruit order, 
planting date, shading, growing environment and 
genotype on the contents of selected phenolics in 
strawberry (Fragaria x ananassa Duch.) fruits. J. 
Agri. Food Chem. 54:2614-2620. 

Archbold, D.D., T.R. Hamilton-Kemp, M.M. Barth 
and B.E. Langlois. 1997. Identifying natural vola-
tile compounds that control gray mold (Botrytis 
cinerea) during postharvest storage of strawberry, 
blackberry, and grape. J. Agric. Food Chem. 45: 
4032-4037. doi.org/10.1021/jf970332w

Ariza, M.T., C. Soria, J. Medina-Mınguez and E. 
Martınez-Ferri. 2012. Incidence of misshapen fruits 
in strawberry plants grown under tunnels is affected 
by cultivar, planting date, pollination, and low tem-
peratures. HortScience 47:1569-1573.

Atago (2020). Fruit – The Golden Rate for the Brix-
Acid Ratio. https://www.atago.net/en/databook-
acidity_sugar-ratio.php Accessed 7 Feb. 2020.

Azodanlou, R., C. Darbellay, J. L. Luisier, J. C. Vil-
lettaz and R. Amado. 2003. Quality assessment 
of strawberries (Fragaria species). J. Agric. Food. 
Chem. 51:715-721. doi:10.1021/jf0200467

Batista-Silva, W., V. L. Nascimento, D. B. Medeiros, 
A. Nunes-Nesi, D. M. Ribiero, A. Zsögön and W. 
L. Araújo. 2018. Modifications in organic acid pro-
files during fruit development and ripening: correla-



59Strawberry

tion or causation? Frontiers Plant Sci. 9:1689. doi: 
10.3389/fpls.2018.01689

Beekwilder, J., M. Alvarez-Huerta, E. Neef, F. W. A. 
Verstappen, H. J. Bouwmeester and A. Aharoni. 
2004. Functional characterization of enzymes form-
ing volatile esters from strawberry and banana. 
Plant Physiol. 135, 1865–1878. 

Brady, J. W. 2013. Introductory food chemistry. Com-
stock Publishing Associates, London.

Cao, F., C. Guan, H. Dai, X. Li and Z. Zhang. 2015. 
Soluble solids content is positively correlated with 
phosphorous content in ripening strawberry fruits. 
Scientia Hort. 195:183-187. doi: 10.1016/j.scien-
ta.2015.09.018

Ceci, C., P. M. Lacal, L. Tenori, M. G. De Martino, 
R. Miano and G. Graziani. 2018. Experimental evi-
dence of the antitumor, antimetastatic, and antian-
giogenic activity of ellagic acid. Nutrients 10:1756. 

Cervantes, L., M.T. Ariza, J. A. Gómez-Mora, L. 
Miranda, J. J. Medina, C. Soria and E. Martínez-
Ferri. 2019. Light exposure affects fruit quality in 
different strawberry cultivars under field condi-
tions. Scientia Hort. 252:291-297. doi:10.1016/j.
scienta.2019.03.058

Colquhoun, T.A., L. A. Levin, H. A. Moskowitz, V. M. 
Whitaker, D. G. Clark and K. M. Folta. 2012. Fram-
ing the perfect strawberry: an exercise in consumer-
assisted selection of fruit crops. J. Berry Res. 2:45-
61. doi:10.3233/JBR-2011-027

Coombe, B. G. 1976. The development of fleshy fruits. 
Ann. Rev. Plant Physiol 27, 507-528.

doi:10.1146/annurev.pp.27.060176.001231
Cruz-Rus, E., I. Amaya, J. F. Sanchez-Sevilla, M. A. 

Botella and V. Valpuesta. 2011. Regulation of L-
ascorbic acid content in strawberry fruits. J. Exp. 
Bot. 62: 4191-4201.

Darrow, G. M. 1966. The strawberry; history, breed-
ing, and physiology. Holt, Rinehart, and Winston, 
New York.

Edgar, P. P., T. J. Poorten, Knapp, S. J., R. VanBuren, 
M. A. Hardigan, M. Colle, M. R. McKain, R. D. 
Smith, S. J. Teresi, A. D. L. Nelson, C. M. Wai, E. 
I. Alger, K. A. Bird, A. E. Yocca, N. Pumplin, S. 
Ou, G. Ben-Zvi, A. Brodt, K. Baruch, T. Swale, L. 
Shiue, C. B. Acharya, G. S. Cole, J. P. Mower, K. L. 
Childs, N. Jiang, E. Lyons, M. Freeling, J. R. Puzey 
and S. J. Knapp. 2019. Origin and evolution of the 
octoploid strawberry genome. Nature Genetics 51: 
541-547. doi: 10.1038/s41588-019-0356-4

Etienne, A., M. Génard, P. Lobit, D. Mbeguié-A-Mbé-
guié and C. Bugaud. 2013. What controls fleshy 
fruit acidity? A review of malate and citrate accu-
mulation in fruit cells. J. Exp. Bot. 64:1451. 

Fernández, M.A., D. Hernanz, G. Toscano, M.C. 
Hernández, A. Peralbo1, F. Flores and J. López-Me-

dina. 2006. Strawberry quality in soilless systems. 
Acta Hort. 708:409-412.

Figueroa, C. R., P. Pimentel, C. Gaete-Eastman, M. 
Moya, R. Herrera, P. D. S. Caligari and M. A. 
Moya-León. 2008. Softening rate of the Chilean 
strawberry (Fragaria chiloensis) fruit reflects the 
expression of polygalacturonase and pectate lyase 
genes. Postharvest Biol. Technol. 49: 210–220. doi: 
10.1016/j.postharvbio.2008.01.018

Figueroa, C. R., H. G. Rosli, P. M. Civello, G. A. 
Martinex, R. Herrera and M. A. Moya-Leon. 2010. 
Changes in cell wall polysaccharides and cell wall 
degrading enzymes during ripening of Fragaria 
chiloensis and Fragaria x ananassa fruits. Scientia 
Hort. 124 (4):454–462. doi: 10.1016/j.posthar-
vbio.2008.01.018

Given, N. K. 1985. Effect of crop management and 
environment on berry fruit quality-- a review. New 
Zeal. J. Exp. Agri. 13:163-168. 

Given, N. K., M. A. Venis and D. Gierson. 1988. Hor-
monal regulation of ripening in strawberry, a non-
climacteric fruit. Planta 174: 402-406. 

Gündüz, K. and E. Ozdemir. 2014. The effects of geno-
type and growing conditions on antioxidant capac-
ity, phenolic compounds, organic acid and individu-
al sugars of strawberry. Food Chem. 155: 298-303. 
doi: 10.1016/j.foodchem.2014.01.064

Hancock, J. F. 1999. Strawberries. CABI: New York, 
NY.

Handley, D. and J. Hancock. 1998. Chapter 1: The his-
tory and biology of the cultivated strawberry. In: 
Pritts, M., D. Handley and C. Walker. Strawberry 
production guide for the Northeast, Midwest and 
Eastern Canada. Northeast Regional Agricultural 
Engineering Service, Ithaca, New York.

Hannum, S. M. 2010. Potential impact of strawberries 
on human health: a review of the science. Criti-
cal Rev. Food Sci. Nutr. 44:1-17. doi:https://doi.
org/10.1080/10408690490263756

Harbut, R., M.P. Pritts and L. Cheng. 2016. Changes in 
morphological, biochemical and physiological traits 
in strawberry in the northeastern United States dur-
ing one hundred years of breeding. J. Amer. Pomol. 
Soc. 70:194-206.

He, Y., W. Tang, J. D. Swain, A. L. Green, T. P. Jac and 
S. Gan. 2001. Networking senescence-regulating 
pathways by using Arabidopsis enhancer trap lines. 
Plant Physiol. 126:707-716.

Hietaranta, T. and M. M. Linna. 1999. Penetromic 
measurement of strawberry fruit firmness: device 
testing. Technol Prod. Rep. 9:103 - 105. 

Huber, D.J. 1984. Strawberry fruit softening: the poten-
tial roles of polyuronides and hemicelluloses. J. Food 
Sci. 49:1310-1315. doi:10.1111/j.1365-2621.1984.
tb14976.x



60 Journal of the American Pomological Society

Ibanez, F., W.Y. Bang, L. Lombardini and L. Cisneros-
Zevallos. 2019. Solving the controversy of healthier 
organic fruit: leaf wounding triggers distant gene 
expression response of polyphenol biosynthesis in 
strawberry fruit (Fragaria x ananassa). Sci. Reports 
9: 12939. doi: 10.1038/s41598-019-55033-w

Ikegaya, A., T. Toyoizumi, S. Ohba, T. Nakajima, T. 
Kawata, S. Ito and E. Arai. 2019. Effects of dis-
tribution of sugars and organic acids on the taste 
of strawberries. Food Sci. Nutr. 7:2419-2426. 
doi:10.1002/fsn3.1109

Ishikawa, T., A. Hayashi, S. Nagamatsu, Y. Kyutoku, 
I. Dan, T. Wada, K. Oku, Y. Saeki, T. Uto, T. Tan-
abata, S. Isobe and  N. Kochi. 2018. Classification 
of strawberry fruit shape by machine learning. Intl. 
Arch. Photogrammetry Remote Sensing Spatial 
Info Svcs. 42:463-470. doi:10.5194/isprs-archives-
XLII-2-463-2018. 

Jia, H., Y. Wang, M. Sun, B. Li, Y. Han, Y. Zhao, X. 
Li, N. Ding, C. Li, W. Ji and W. Jia. 2013. Sucrose 
functions as a signal involved in the regulation of 
strawberry fruit development and ripening. New 
Phytologist. 178: 453-456. doi: 10.111/nph.12176

Josuttis, M., G. Dietrich, C. Patz and E. Krueger. 
2011. Effects of air and soil temperatures on the 
chemical composition of fruit and agronomic per-
formance on strawberry (Fragaria x ananassa 
duch.). J. Hort. Sci. Biotechnol. 86: 415-421. doi: 
10.1080/14620316.2011.11512783.

Jouquand, C., C. Chandler, A. Plotto and K. Goodner. 
2008. A sensory and chemical analysis of fresh 
strawberries over harvest dates and seasons reveals 
factors that affect eating quality. J. Amer. Soc. Hort. 
Sci. 133:859-867.

Kader, AA. 1999. Fruit maturity, ripening, and quality 
relationships. Proct. Int. Symp. On effect of pre-and 
post harvest factors on storage of fruit. Acta Hort. 
485: 203-208.

Kai, X., G. Yan-ping, Z. Shang-long, D. Wen-sheng 
and F. Quing-gong. 2006. Effect of light quality on 
the fruit quality of ‘Toyonoka’ strawberry (Fragaria 
x ananassa Duch.). Acta Hort Sinica. 3: 585-590. 

Kallio, H., M. Hakala, A. M. Pelkkikangas and A. 
Lapveteläinen. 2000. Sugars and acids of straw-
berry varieties. Eur. Food Res. Technol. 212:81-85. 
doi:10.1007/s002170000244

Kays, S. J. 1999. Preharvest factors affecting appear-
ance. Postharv. Biol. Technol. 15:233-247. 

Larsen, M. and C.B. Watkins. 1995. Firmness and 
aroma composition of strawberries following short-
term high carbon dioxide treatments. HortScience 
30:303-305.

Lee, J., H. B. Kim, Y. H. Noh, S. R. Min, H. S. Lee, 
J. Jung, K. H. Park, D. S. Kim, M. H. Nam, T. I. 
Kim, S. J. Kim and R. H. Kim. 2018. Sugar con-

tent and expression of sugar metabolism-related 
gene in strawberry fruits from various cultivars. 
J. Plant. Biotechnol. 45(2):90-101. doi: 10.5010/
JPB.2018.45.2.090

Luo, Y., Y. Lin, F. Mo, C. Ge, L. Jiang, Y. Zhang, Q. 
Chen, B Sun, Y. Wang, X. Wang and H. Tang. 2019. 
Sucrose promotes strawberry fruit ripening and 
affects ripening-related processes. Int. J. Genom. 
2019:9203057 doi:10.1155/2019/9203057

Martin, D., D. Tholl, J. Gershenzon and J. Bohlmann. 
2002. Methyl jasmonate induces traumatic resin 
ducts, terpenoid resin biosynthesis, and terpenoid 
accumulation in developing xylem of Norway 
spruce stems. Plant Physiol. 129(3):1003-1018. doi: 
10.1104/pp.011001

May, G. M. and M. P. Pritts. 1993.  Phosphorus, zinc 
and boron influence yield components in ‘Earli-
glow’ strawberry.  J. Amer. Soc. Hort. Sci.  118:43-
49.

Moya-León, M. A.,  E. Mattus-Araya and R. Herrera. 
2019. Molecular events occurring during softening 
of strawberry fruit. Front. Plant Sci. 10: 615-625. 
doi:10.3389/fpls.2019.00615

Ojeda-Real, L.A., P. Lobit, R. Cardenas-Navarro, 
O. Grageda-Cabrera, R. Farias-Rodriguez,  E. 
Valencia-Cantero and L. Macias-Rodriguez. 2009. 
Effect of nitrogen fertilization on quality markers 
of strawberry (Fragaria x ananassa Duch. cv. Aro-
mas). J. Sci. Food. Agric. 9::935-939. doi:10.1002/
jsfa.3531

Oke, M. O., N. Sobratee and T. S. Workneh. 2013. In-
tegrated pre-and postharvest management processes 
affecting fruit and vegetable quality. Stewart Post-
harv. Rev. 3:1-8. doi:  10.2212/spr.2013.3.6   

Palmieri, L., D. Maseuro, P. Martinatti, G. Baratto, S. 
Martens and U. Vrhovsek. 2017. Genotype-by-envi-
ronment effect on bioactive compounds in strawber-
ry (Fragaria x ananassa Duch.). J. Sci. Food Agric. 
97:418-4189. doi:10.1002/jsfa.8290

Perkins-Veazie, P. 1995. Growth and ripening of straw-
berry fruit. Wiley and Sons, Hoboken, New Jersey.

Pinto, M. D. S., F. M. Lajolo and M. I. Genovese. 
2007. Bioactive compounds and antioxidant ca-
pacity of strawberry jams. Plant Foods Hum. Nutr. 
62:127-131. doi: 10.1007.s11130-007-0052/x

 Prange, P. K. and J. R. DeEll. 1995. Preharvest factors 
affecting postharvest quality of berry crops. Hort-
science 32:824:830. 

 Pritts, M. 1998. Chapter 7: Soil and nutrient manage-
ment. In: Pritts, M., D. Handley and C. Walker. 
Strawberry production guide for the Northeast, 
Midwest and Eastern Canada. Northeast Regional 
Agricultural Engineering Service, Ithaca, New 
York.

 Reganold, J. P., P. K. Andrews, J. R. Reeve, L. Car-



61Strawberry

penter-Boggs, C. W. Schadt, J. R. Alldredge, C. F. 
Ross, N. M. Davies and J. Zhou. 2010. Fruit and 
soil quality of organic and conventional strawberry 
agroecosystems. Plos One 5: e12346 doi:10.1371/
journal.pone.0012346

 Rosli, H. G., P. M. Civello and G. A. Martinez. 2009. 
Alpha-1-Arabinofuranosidase from strawberry 
fruit: cloning of three cDNA’S, characterization of 
their expression and analysis of enzymatic activity 
in cultivars with contrasting firmness. Plant Physiol. 
Biochem. 47: 272 – 281.

 Schulenburg,  K., A. Feller, T. Hoffmann, J. H. 
Schecker, S. Martens and W. Schwab. 2016. Forma-
tion of β-glucogallin, the precursor of ellagic acid 
in strawberry and raspberry. J. Exp. Bot. 67:2299-
2308. doi:10.1093/jxb/erw036

Schwieterman, M. L., T. A. Colquhoun, E. A. Jawor-
ski, L. M. Bartoshuk, J. L. Gilbert, J. D. M. Tieman, 
A. Z. Odabasi, H. R. Moskowitz, K. M. Folta, H. J. 
Klee, C. A. Sims, V. M. Whitaker and D. G. Clark. 
2014. Strawberry flavor: diverse chemical composi-
tions, a seasonal influence, and effects on sensory 
perception. Plos One 9:e88446. doi:10.1371/jour-
nal.pone.0088446

Shahbandeh, M. 2019. U.S. per capita consumption 
of fresh strawberries 2000-2018. Statistica. https://
www.statista.com/statistics/823192/us-per-capita-
consumption-of-fresh-strawberries/ Accessed 7 
Feb. 2020.

Shoemaker, J.S. and E. W. Greve. 1930. Relation of ni-
trogen fertilizer to the firmness and composition of 
strawberries. Ohio Agr. Expt. Sta., Wooster, Ohio.

Shin, Y., J.A. Ryu, R.H. Liu, J.F. Nock, K. Polar-Ca-
brera and C.B. Watkins. 2008. Fruit quality, anti-
oxidant contents and activity, and antiproliferative 
activity of strawberry fruit stored in elevated CO2 
atmospheres. J. Food Sci. 73:339-344.

Song, J., L. Du, W. Kalt, L. Campbell Palmer, S. Fill-
more, Y. Zhang, Z. Q. Zhang and X. H. Li. 2015. 
Quantitative changes in proteins responsible for fla-
vonoid and anthocyanin biosynthesis in strawberry 
fruit at different ripening stages: a targeted quanti-
tative proteomic investigation employing multiple 
reaction monitoring. J. Prot. 122:1-10. doi: https://
doi.org/10.1016/j.jprot.2015.03.017

Souleyre, E. J. F., P. P. M., Iannetta, H. A. Ross, R. 
D. Hancock, L. V. T.  Shepherd, R. Viola, M. A. 
Taylor and H. V. Davies. 2004. Starch metabo-
lism in developing strawberry (Fragria x ananassa) 
fruits. Physiol. Planta. 121:369-376. doi:j.1399-
3054.2004.00338.x

Spence, C. 2015. Leading the consumer by the nose: 
on the commercialization of olfactory design for 
the food and beverage sector. Flavour 4:1-15. 
doi:10.1186/s13411-015-0041-1

Symons, G. M., Y. J. Chua, J. J. Ross, L. J. Quitten-
den, N. W. Davies and J. B. Reid. 2012. Hormonal 
changes during non-climacteric ripening in straw-
berry. J. Exp. Bot. 63:4741-4750. doi:10.1093/jxb/
ers147

Taghavi, T., M. Babalar, A. Ebadi, H. Ebra-
himzadeh and A. Mohammad. 2004. Effects 
of nitrate to ammonium ratio on yield and ni-
trogen metabolism of strawberry (Fragaria x anan-
assa cv. Selva). Inter. J. Agr. Biol. 6:994-997. doi
:j.1560–8530/2004/06–6–994–997

Taghavi, T. M., R. Siddiqui and L. K. Rutto. 2019. The 
effect of preharvest factors on fruit and nutritional 
quality in strawberry. In: IntechOpen. Strawberry: 
Pre- and post-harvest management techniques for 
higher fruit quality. Ed. T. Asao. IntechOpen: On-
line. doi:10.5772/intechopen.73748\

Urrutia, M., J. L. Rambla, K. G. Alexiou, A. Granell 
and A. Montfort. 2017. Genetic analysis of the wild 
strawberry (Fragaria vesca) volatile composition. 
Plant. Physiol. Biochem. 121: 99-117. doi: https://
doi.org/10.1016/j.plaphy.2017.10.015 	

USDA, FoodData Central. 2019. https://fdc.nal.usda.
gov/fdc-app.html#/food-details/747448/nutrients. 
Accessed 7 Feb. 2020.

Valentinuzzi, F., M. Maver, S. Fontanari, D. Mott, 
G. Savini, R. Tiziani, Y. Pii, T. Mimmo and S. 
Cesco. 2018. Foliar application of potassium-
based fertilizer improves strawberry fruit quality. 
Acta Hort. 1217: 379-384. doi:10.17660/ActaHor-
tic.2018.1217.48.

Wang, S. Y. and M. J. Camp. 2000. Temperatures after 
bloom affect plant growth and fruit quality of straw-
berry. Scientia Hort. 85(3):183-199. doi: 10.1016/
S0304-4238(99)00143-0.

Wang, S.Y. and W. Zheng. 2001. Effect of plant growth 
temperature on antioxidant capacity in strawberry. J 
Agric. Food Chem. 49:4977–4982.

Watkins, C.B., J.E. Manzano-Mendez, J.F. Nock, J. 
Zhang and K. Maloney. 1999. Cultivar variation in 
response of strawberry fruit to high carbon dioxide 
treatments. J. Sci. Food Agric. 79: 886-890.

Watson, R., C. J. Wright, T. McBurney, A. J. Taylor 
and R. S. T. Linforth. 2002. Influence of harvest 
date and light integral on the development of straw-
berry flavour compounds. J. Expt. Botany 53:2121-
2129. doi:10.1093/jxb/erf088

Wheeler, G. L., M. A. Jones and N. Smirnoff. 1998. 
The biosynthetic pathway of vitamin C in higher 
plants. Nature 393: 365-369. doi:10.1038/30728

Yan, J. W., Z. J. Ban, H. Y. Lu, E. Poverenov, Z. S. 
Luo and L. Li. 2018. The aroma volatile repertoire 
in strawberry fruit: a review. J. Sci. Food Agri. 
98:4395-4402. doi:10.1002/jsfa.9039

Zhang, J., X. Wang, O. Yu, J. Tang, X. Gu, X. Wa and 



62 Journal of the American Pomological Society

C. Fang. 2011. Metabolic profiling of strawberry 
(Fragaria x ananassa Duch.) during fruit develop-
ment and maturation. J. Exp. Biol. 62:1103-1118. 
doi:10.1093/jxb/erq343

Zhang, Z., F. Cao, H. Li, X. Li and D. Hongyan. 2017. 
Correlation between phosphorus content and fruit 
quality in strawberries. Acta Hort. 1156: 661-666. 
doi:10.17660/ActaHortic.2017.1156.96  

Zorrilla-Fontanesi, Y., A. Cabeza, P.  Dominguez, J.J 
Medina, V. Valpuesta, B. Denoyes-Rothan, J.F. San-
chez-Sevilla and I. Amaya. 2011. Quantitative trait 
loci and underlying candidate genes controlling ag-
ronomical and fruit quality traits in octoploid straw-
berry (Fragaria x ananassa). Theor. Appl. Genetics. 
doi:10.1007/s00122-011-1624-6

 

About the Cover:
Original watercolor stencil of a “Moorpark’ apricot by Rochester Lithographing & Print-
ing Co.  from The Nurseryman’s Specimen Book of the American Horticulture and Flori-
culture: Fruits, Flowers, Ornamental Trees, Shrubs, Roses &C.  Rochester, N.Y. : D.M. 
Dewey, after 1888.  Image courtesy of Rare Books, Special Collections, and Preservation, 
River Campus Libraries, University of Rochester which holds nearly 100 nurserymen’s 
color plate books.  

Dellon Marcus Dewey began providing nurserymen with books of “portraits colored 
from nature” in 1857.   Inspired by nursery salesmen’s practice of carrying cut-out il-
lustrations to help sell their stock, Dewey hired artists to create images of   nurseries’ 
best-selling plant varieties: his1859 price list indicated 275 different plates for sale. By 
1872 that number had increased to 1,322 and by 1881, it had nearly doubled to 2,400 dif-
ferent fruits, flowers, shrubs and trees, created by his 30 artist-employees. In addition to 
selling individual plates, Dewey also produced plate books, ready-made or with custom-
ized contents. In 1888, D. M. Dewey consolidated his “Fruit Plate and Nursery Supplies 
business” with the Rochester Lithographing and Printing Company, whose imprint is on 
this stencil.




