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Abstract

This study was conducted during the 2014 and 2015 vintages on Vitis vinifera L. cv. Merlot

and Cabernet Gernischt to investigate whether natural variation in berry size could affect

grape aromatic compounds. Grape berries were separated into three size categories based

on their diameter: small, middle and large. The results showed that berry size exerted a sig-

nificant influence on the volatile profiles of both winegrape varieties. Hierarchical clustering

analysis demonstrated that the volatile profiles of middle berries were different from those of

large and small berries. Middle berries had the greatest abundance of aroma compounds,

followed by small and large berries. Especially, C6/C9 compounds, norisoprenoids, terpe-

noids showed markedly different concentrations among differently sized Merlot berries and

C6/C9 compounds, terpenoids among differently sized Cabernet Gernischt berries. Middle

berries of both grape varieties may possess the greatest intensity of fresh-green, fruity and

floral aromas due to the high odour activity values (OAVs) of decanal, hexanal, (E)-2-hexe-

nal, (E)-β-damascenone and β-ionone in middle sizes of Merlot berries and the high OAVs

of (E)-2-hexenal and (E)-β-damascenone in middle sizes of Cabernet Gernischt berries.

This knowledge could be important for winemakers to conduct targeted berry sorting,

thereby improving the aromatic quality of grapes.

Introduction

The production of uniform parcels of fruit is essential for grapevine cultivation. However, con-

siderable asynchrony exists between grape berries within a bunch and between bunches on a

vine due to the influence of light interception, temperature, nutrient availability, and drought

stress, among other factors [1]. Targeted berry sorting has been proposed as a method to mini-

mize berry heterogeneity, thus increasing wine quality [2]. Previous studies on berry sorting

have focused on berry size and colour [3, 4], berry density [1], berries at different heights on

vines [5], and berries from different cluster positions [6], among which berry diameter is an

easily measured and highly variable parameter in vineyards. In fact, recently optical berry
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sorting machines capable of accurately assessing the berry size of winegrapes, have been devel-

oped [3].

Berry size, related to the skin-to-juice and surface-to-volume ratios, is an important quality

trait of winegrapes. Until now there have been no consistent conclusions regarding the rela-

tionship between berry size and berry compositions: Walker et al [7] reported that berry size

did not affect the quality of wine; while Rolle et al [1] and Wong et al [8] showed that the

smaller berries contained a higher concentration of many skin-located compounds, thus hav-

ing higher quality characteristics. Besides, these studies mainly focused on phenolic sub-

stances, the available results of the relationship between berry size and volatile compounds are

scarce.

Grape-originated aroma makes an important contribution to final wine flavor [9]. Volatile

compounds of grapes are sensitive to microclimate, and many studies have found internal vari-

ability among clusters from the same vine and among berries within the same cluster for dif-

ferent physical and chemical parameters [10–12]. Even berries from the tip and shoulder of

the same cluster exhibited different aroma profiles [6]. Recently, Friedel et al [3] found that

wines from differently sized berries of Vitis vinifera L. cv. Riesling had a pronounced difference

in aroma compounds. Moreover, Wong et al [8] found that there were transcriptome changes

involving aroma pathways between Merlot (Vitis vinifera L. cv.) berries of different sizes,

which indicated there might be aromatic differences between differently sized berries. How-

ever, research concerning the comprehensive volatile profiles of differently sized grape berries

is limited.

Cabernet Gernischt and Merlot (Vitis vinifera L. cv.) are the most important red wine culti-

vars in China [13]. In 2012, Zhong et al established that Cabernet Gernischt is in fact Car-

menère, the old Bordeaux variety now so common in Chile [14]. In Ningxia Autonomous

Region, a wine production base in China, Merlot is commonly blended with Cabernet Ger-

nischt to add the spice aromas to Cabernet Gernischt wine. However, there are few works pub-

lished on volatiles of Cabernet Gernischt and Merlot berries. To the best of our knowledge,

only Fan et al reported that the most intense odorants in Cabernet Gernischt and Merlot ber-

ries were β-damascenone, hexanal, (Z)-3-hexen-1-ol, (E,Z)-2,6-nonadienal and β-ionone [13],

which indicated that these two berries have fresh, fruit flavors and potentially leafy, vegetal

notes. Furthermore, the scientific literature on the volatiles of differently-sized Merlot and

Cabernet Gernischt berries is even more limited.

Most of the published research related to berry size was associated with certain pruning

treatments or deficit irrigation strategies [4, 15], and thus, it is difficult to determine whether

compositional differences between berries of different sizes are due to berry size per se or treat-

ment effects. This study was conducted over two seasons on Vitis vinifera L. cv. Merlot and

Cabernet Gernischt, with the aim of investigating the relationship between the natural varia-

tions in berry size and grape chemical composition, especially aroma compounds. This paper

will assist winemakers in conducting targeted berry sorting according to berry size, thus

increasing the aromatic quality of grapes.

Materials and methods

Vineyard description and meteorological data acquisition

Merlot and Cabernet Gernischt winegrape cultivars (Vitis vinifera L. cv.) were harvested in the

2014 and 2015 vintages from Yuquanying (YQY) Farm of Ningxia Autonomous Region,

China (38˚ 28’ N; 106˚ 16’ E). This farm belongs to private vineyard. No specific permissions

were required for the experimental locations. The field studies did not involve endangered or

protected species. This region has a mid-temperate continental monsoon climate with an

The effect of berry size on grape volatile profiles
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annual mean temperature of 9.4˚C, an annual average rainfall of 193.4 mm, 3000 annual sun-

shine hours and 185 frost-free days. Both selected winegrape cultivars were more than 5-year-

old own rooted plants and the vineyards were managed according to the standard agronomic

practices of the region.

Geographic coordinates (latitude, longitude) were determined using Google Earth (Google

Inc, USA). Climate values and meteorological data (mean temperature and rainfall) were

obtained from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/

home.do). The average temperature and rainfall in July, August and September of 2014 and

2015 are shown in S1 Fig.

Berry sampling and size segregation

Samples were collected at commercial harvest in 2014 and 2015 by monitoring TSS. Four bio-

logical replicates (10 kg of grapes per replicate) were collected, following the methods

described by Falginella et al [16]. The berries of each replicate were randomly selected by hand

from more than 60 different grapevines on both sides of the canopy. Each replicate was col-

lected from a different plot. All the samples were immediately classified according to their

diameter using sieves on the basis of preliminary observations. Merlot berries were divided

into three size categories, small berries (<12 mm), middle berries (12–14 mm) and large ber-

ries (>14 mm), using 2 sieves with mesh diameters of 12 mm and 14 mm. Cabernet Gernischt

berries were separated into small berry (<14 mm), middle berry (14–15 mm) and large berry

groups (>15 mm) using 2 sieves with mesh diameter of 14 mm and15 mm. All the sorted ber-

ries were frozen in liquid nitrogen and stored at -80˚C for analysis.

Berry physical characteristics and technological ripeness parameters

For each sample set and class, one subsample of 100 sorted berries was weighed, and then the

skin, flesh, and seeds were separated from the 100 frozen berries using a scalpel. Subsequently,

the skin mass, seed mass and seed numbers of the 100 berries were determined.

Another subsample of 100 sorted berries was manually juiced to determine the technologi-

cal ripeness parameters. TSS was measured using a TD-45 digital refractometer (Zhejiang Top

Instrument Co., Ltd., Hangzhou, China). The pH measurement was performed with a PB-10

pH meter (Sartorius, Gottingen, Germany).

Extraction and determination of volatile compounds

Isolation of aroma compounds. For each sample set and class, another subsample of 100

g sorted berries was pitted, ground and blended with 1 g of polyvinylpolypyrrolidone (PVPP).

The flesh was macerated at 4˚C for 240 min and then centrifuged at 8000 rpm at 4˚C for 15

min to obtain clear juice. Five millilitres of clear juice, 1 g of NaCl and 10 μL of 4-methyl-

2-pentanol (1.039 mg/mL water, internal standard) were blended in a 15-mL vial containing a

magnetic stirrer. The vial was tightly capped with a PTFE-silicone septum. Volatile com-

pounds were extracted using headspace solid-phase microextraction (HS-SPME) with a 2 cm

DVB/CAR/ PDMS 50/30 μm SPME fibre (Supelco, Bellefonte, PA., USA) on a CTC Combi-

PAL autosampler (CTC Analytics, Zwingen, Switzerland). The SPME fibre was conditioned at

250˚C for 1 h prior to extraction. After being equilibrated at 40˚C for 30 min under stirring at

500 rpm, the samples were extracted with the pre-conditioned SPME fibre at 40˚C for 30 min

under continued heating and agitation. Subsequently, the fibre was immediately desorbed in

the GC injector for 8 min at 250˚C [17, 18].

GC–MS analysis. The separation and identification of the volatile compounds were per-

formed on an Agilent 6890 GC with an HP-INNOWAX capillary column (60 m×0.25 mm
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×0.25 μm, J&W Scientific, Folsom, CA, USA) coupled to an Agilent 5975 MS. The GC–MS

temperature conditions in this study were based on previous work by Wu et al [19]. Helium,

the carrier gas, flowed at a constant rate of 1 mL/min in splitless mode. The injection tempera-

ture was set to 250˚C. The oven temperature was programmed to hold at 50˚C for 1 min and

then increase to 220˚C at 3˚C /min, where it was held for 5 min. The MS conditions were as

follows: electron ionization (EI) mode at 70 eV; 230˚C ion source temperature; 280˚C MS

transfer line temperature; scan from m/z 20 to 350.

Qualitative and quantitative analysis. The identification of the volatile compounds was

based on retention indices (RIs) of reference standards and mass spectra matching in the stan-

dard NIST 11 MS database. When reference standards were not available, volatile compounds

were tentatively identified by comparing their mass spectra with the NIST 11 MS database and

the RIs reported in previous literature or RIs sourced in the NIST Standard Reference Data-

base (http://webbook.nist.gov/chemistry/) [20]. The quantification of the volatile compounds

followed the internal standard-standard curve method, and 4-methyl-2-pentanol (1.039 mg/

mL water) was used as the internal standard. The simulated juice solution was prepared

according to the average concentration of sugars and acids in the samples. The standard vola-

tile components dissolved in ethanol (HPLC quality) were added in the simulated juice solu-

tion, and the mixture was then diluted successively into fifteen levels with the simulated juice

solution. The aroma standards of each level were extracted and analysed under the same con-

dition as the grape sample to obtain calibration curves, all presenting coefficients above 98%.

In addition, volatile compounds without calibration curves were quantified with standards

that had the same functional groups and/or similar numbers of C atoms. The detailed quantifi-

cation information is listed in S1 Table.

Odour activity values (OAVs)

To evaluate the contribution of volatile compounds to grape berry aroma, OAVs were deter-

mined in this study. OAVs were calculated as the ratio between an individual compound con-

centration and the perception threshold from aqueous solution [21].

Statistical analysis

SPSS 20.0 (IBM, Armonk, NY, USA) was used to analyse the statistical parameters of the vola-

tile compounds. One-way analysis of variance (ANOVA) and Tukey’s HSD test were con-

ducted to detect significant differences in the volatile compounds of differently sized berries.

Hierarchical clustering analysis was performed using MetaboAnalyst 2.0 (http://www.

metaboanalyst.ca/) through the ‘Statistical Analysis’ interface, and data were normalized using

‘Autoscaling’ (mean-centred and divided by the standard deviation of each variable) in the

MetaboAnalyst program. The rest of the plots were prepared using OriginPro 8.5 (OriginLab

Corporation, Northampton, MA, USA).

Results and discussion

Distribution of two grape varieties (Vitis vinifera L. cv.) in different size

classes

Berries from both grape varieties (Vitis vinifera L. cv.) were segregated into 3 size categories.

Fig 1 shows that the majority of the berries appeared in the middle diameter group (12(14)–14

(15) mm) in the successive two years, consistent with previous studies which reported that

berry size distribution followed a standard Gaussian curve [1]. The percentages of diameter

distribution of Merlot berries were similar in both years, while Cabernet Gernischt berries

The effect of berry size on grape volatile profiles
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showed higher percentage of large berry distribution and lower percentage of small berry dis-

tribution in 2015 than that in 2014. This might be attributed to in-field grape variability due to

climatic variables (sunlight, temperature, water status, etc.).

Technological ripeness parameters

Table 1 shows the technological ripeness parameters of two grape varieties (Vitis vinifera L.

cv.) at the commercial harvests in 2014 and 2015.The TSS of all berries were above 20 Brix in

both vintages, which suggested that grapes from both vintages achieved acceptable maturity

for any berry diameter evaluated [18]. Within all berry diameter classes, TSS increased with

the decreased berry size in the 2014 vintage, in agreement with the study of Roby et al [4].

However, in the 2015 vintage, the middle berries had the highest TSS compared with small

and large berries. Previous research reported that TSS showed no consistent trend with berry

size [7] or decreased with increasing berry size [4]. In our study, the effect of berry size on TSS

Fig 1. Distribution of two grape varieties (Vitis vinifera L. cv.) (%) in different size classes at the commercial harvests in 2014 and 2015. Size classification of Merlot

berry: small berries (<12 mm); middle berries (12–14 mm); large berries (>14 mm). Size classification of Cabernet Gernischt berry: small berries (<14 mm); middle

berries (14–15 mm); large berries (>15 mm). Tukey’s HSD test, different letters in each grape variety indicate significant differences at P< 0.05.

https://doi.org/10.1371/journal.pone.0201374.g001

Table 1. Technological ripeness parameters of two grape varieties (Vitis vinifera L. cv.) in different size classes at the commercial harvests in 2014 and 2015.

The variety of grapes Diameter class 2014 Vintage 2015 Vintage

Total soluble solids (%) pH Total Soluble solids (%) pH

Merlot Large 20.20 ± 0.38b1 3.67 ± 0.01b 25.10 ± 0.10b 3.75 ± 0.01a

Middle 21.90 ± 0.24a 3.81 ± 0.01a 25.55 ± 0.17a 3.39 ± 0.01b

Small 23.00 ± 0.48a 3.80 ± 0.01a 24.10 ± 0.10c 3.31 ± 0.01c

Cabernet Gernischt Large 20.50 ± 0.29c 3.85 ± 0.01ab 23.00 ± 0.15b 4.73 ± 0.04a

Middle 20.70 ± 0.15b 3.82 ± 0.01b 23.30 ± 0.15a 4.19 ± 0.00c

Small 21.25 ± 0.22a 3.87 ± 0.01a 22.35 ± 0.22c 4.47 ± 0.00b

1 Tukey’s HSD test, different letters indicate significant differences at P < 0.05.

https://doi.org/10.1371/journal.pone.0201374.t001
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was not consistent over the two seasons, indicating that there was a seasonal effect on TSS

[22]. Overall, berries from 2015 exhibited a higher maturity degree than those from 2014 did,

which may be due to the higher average temperature and lower rainfall in 2015(S1 Fig) in that

temperature and rainfall could affect grape ripeness [23].The small berries of both varieties

had the highest maturity degree in 2014 but had the lowest maturity degree in 2015, indicating

the seasonal difference exerted a great influence on small berries. The differences of pH

between differently sized berries were not consistent, in line with previous study [1].

Berry physical characteristics

The small berries had significantly higher skin-to-berry mass ratios, with the exception of the

Cabernet Gernischt in 2015 (Table 2). Therefore, these small berries might contain a higher

concentration of grape skin compounds [24]. The seed-to-berry mass ratio, single seed weight

and seed number per berry increased with increasing berry size. This relationship between

berry size and seed content might result from the growth regulators produced by seeds [25]

and/or from the hormone-related genes which have shown different expression in differently

sized berries [8].

Volatile profiles of two grape varieties (Vitis vinifera L. cv.) in different

sizes

Grape-originated aroma plays an important role in potential wine aroma. In this study, a total

of 76 and 79 volatile compounds were identified in Vitis vinifera L. cv. Merlot and Cabernet

Gernischt, respectively (S2 Table and S3 Table). The volatile profiles of both cultivars were

characterized by the aroma compounds for non-Muscat grape cultivars, with the highest con-

centration being C6/C9 compounds and the second-highest content being alcohols (Fig 2),

which was consistent with previous studies [13, 18, 26]. Overall, the volatile compounds of

both grape varieties in 2015 were found to have higher total concentrations than that in 2014,

which was most likely due to the greater maturity degree of both grape varieties from 2015

than that from 2014 [27]. Though the global volatile contents of both grape varieties from the

2015 vintage were much higher than that from 2014, the effects of berry size on the volatile

profiles were consistent in both vintages, with middle berries having the significantly highest

total volatile concentrations, followed by small berries and large berries in both years. The C6/

C9 compounds, as the predominant components in the both cultivars, showed significant dif-

ferences among differently sized berries, with significantly higher concentrations in the middle

berries of the 2014 and 2015 vintages. In addition, the concentrations of C6/C9 compounds in

Table 2. Physical characteristics of differently sized Vitis vinifera L. cv. Merlot and Cabernet Gernischt berries in 2014 and 2015.

2014 Vintage 2015 Vintage

The variety

of grape

Diameter

class

Skin /Berry

mass ratio

(%)

Seed /Berry mass

ratio (%)

Single seed

weight (g)

Seed number

per berry

Skin /Berry

mass ratio

(%)

Seed /Berry

mass ratio

(%)

Single seed

weight (g)

Seed number

per berry

Merlot Large 7.02 ± 0.46b1 7.38 ± 0.45a 0.14 ± 0.006a 2.75 ± 0.18a 7.60 ± 0.53c 7.05 ± 0.37a 0.13 ± 0.007a 2.45 ± 0.12a

Middle 7.27 ± 0.51b 6.76 ± 0.49b 0.09 ± 0.005b 1.94 ± 0.15b 9.81 ± 0.62b 6.45 ± 0.30b 0.08 ± 0.006b 1.80 ± 0.11b

Small 9.50 ± 0.79a 5.37 ± 0.35c 0.05 ± 0.003c 1.10 ± 0.06c 11.68 ± 0.60a 5.10 ± 0.24c 0.04 ± 0.002c 1.10 ± 0.08c

Cabernet

Gernischt

Large 8.93 ± 0.56b 3.37 ± 0.17a 0.08 ± 0.005a 1.94 ± 0.13a 8.19 ± 0.65c 3.60 ± 0.24a 0.08 ± 0.006a 1.60 ± 0.14a

Middle 7.17 ± 0.47c 3.19 ± 0.15a 0.05 ± 0.003b 1.08 ± 0.05b 8.73 ± 0.70a 3.39 ± 0.21b 0.06 ± 0.004b 1.20 ± 0.12b

Small 14.07 ± 1.20a 2.88 ± 0.13b 0.04 ± 0.002c 1.06 ± 0.04b 8.57 ± 0.68b 2.85 ± 0.18c 0.04 ± 0.002c 0.95 ± 0.07c

1 Tukey’s HSD test, different letters indicate significant differences at P < 0.05.

https://doi.org/10.1371/journal.pone.0201374.t002
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2015 were higher than in 2014. That may be because the C6 compounds are derived from the

LOX-HPL pathway and less rainfall in 2015 (S1 Fig) might increase the transcript abundance

of LOX and HPL, thereby higher levels of C6 aldehydes could be produced [28]. Alcohols, the

second-most abundant compounds, exhibited no significant concentration differences

between differently-sized Cabernet Gernischt berries in both years and Merlot berries in 2014

vintage, while showed markedly higher concentrations in the middle and small berries of Mer-

lot in the 2015 vintage. Although norisoprenoids and terpenoids had low concentrations in

Merlot and Cabernet Gernischt berries, they make important contributions to the characteris-

tic varietal aroma due to their extremely low odour thresholds [17]. Norisoprenoids had

markedly higher concentrations in middle sizes of Merlot berries compared to that in large

Fig 2. Volatile compounds of differently sized Vitis vinifera L. cv. Merlot and Cabernet Gernischt berries in 2014 and 2015. Me-L: Large berries of Merlot; Me-M:

Middle berries of Merlot; Me-S: Small berries of Merlot. CG-L: Large berries of Cabernet Gernischt; CG-M: Middle berries of Cabernet Gernischt; CG-S: Small berries

of Cabernet Gernischt. Tukey’s HSD test, different letters in each grape variety indicate significant differences at P< 0.05.

https://doi.org/10.1371/journal.pone.0201374.g002
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berries, whereas showed no significant concentration differences between differently-sized

Cabernet Gernischt berries in both years. Terpenoid compounds showed the greatest abun-

dance in middle size of Merlot and Cabernet Gernischt berries in both years. Similar results

were found in the study of Friedel et al [3], who reported that middle Riesling berries (12.5–14

mm) had relatively high norisoprenoid and terpenoid concentrations compared to large ber-

ries (14–16 mm). Norisoprenoids and terpenoids, as grape-derived volatile compounds,

underwent minimal changes during the wine fermentation process [29,30], and thus their con-

centrations in berries likely influence the final aroma profiles of wines.

Hierarchical clustering analysis was applied to evaluate the use of berry size to discriminate

different quality berries in terms of profiles of volatile compounds. Fig 3 shows the hierarchical

clustering analysis dendrogram of the volatile compounds of Vitis vinifera L. cv. Merlot and

Cabernet Gernischt berries sorted by berry size. In this dendrogram, the samples were grouped

in terms of their nearness or similarity. A difference between the volatile profiles of differently

sized berries was well visualized by a clustering heatmap. As shown in Fig 3A, volatile com-

pounds of small and large Merlot berries were grouped into a cluster and differed from the vol-

atiles of middle berries during the 2014 and 2015 seasons, which indicated that the volatile

profile of middle sizes of Merlot berries was different from those of large and small berries.

Volatile compounds of Merlot berries sorted by berry size could be grouped into four main

clusters according to calculated distances. Overall, Cluster 1 represented the compounds that

exhibited the higher concentrations in 2014 than that in 2015; Cluster 2, Cluster 3 and Cluster

4 represented the volatiles having higher levels in the 2015 season than that in the 2014 season;

Cluster 2 represented the compounds that exhibited the significantly high concentrations in

the middle berries; Cluster 3 represented the compounds that had higher concentrations in the

large berries than in the small and middle berries; Cluster 4 represented the compounds that

Fig 3. Hierarchical clustering analysis dendrogram for volatile compounds of Vitis vinifera L. cv. Merlot and Cabernet Gernischt in different size classes in 2014

and 2015. Me-L: Large berries of Merlot; Me-M: Middle berries of Merlot; Me-S: Small berries of Merlot. CG-L: Large berries of Cabernet Gernischt; CG-M: Middle

berries of Cabernet Gernischt; CG-S: Small berries of Cabernet Gernischt. The number in each row in A and B corresponding to each volatile is presented in S2 Table

and S3 Table, respectively.

https://doi.org/10.1371/journal.pone.0201374.g003
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were characterized by having much higher concentrations in the small and middle berries

than in large berries; Cluster 2 and Cluster 4 were the major components contributing the

more aromatic characteristics in the middle berries. They include 2 acids (1, 2), 10 alcohols (3,

4, 5, 11, 14, 15,16, 17,18,20), 13 carbonyl compounds (22,23,25,26,27,28,29,30,31,33,34,35,36),6

benzenes (38,39,41,43,44,45), 9 C6/C9 compounds (47,48,49,50,51,52,53,54,55),2 esters

(62,63), 4 norisoprenoids (64,65,66,67) and 5 terpenoids (68,69,70,71,72).

Hierarchical cluster analysis of the volatile compounds of Cabernet Gernischt berries

showed that the middle berry group was clearly discernible from the large and small berry

groups. Cluster analysis of the heatmap grouped the volatile compounds of all sizes of Caber-

net Gernischt berries into three major linkage groups (Fig 3B). In general, Cluster 1 consisted

of volatiles having higher levels in the 2015 season than that in the 2014 season. Cluster 2 con-

sisted of the aroma compounds that had higher concentrations in the middle berries than in

the small and large berries. Cluster 3 had the volatiles that were present at higher levels in 2014

than in 2015. Cluster 2, including 7 alcohols (5,8,11,13,14,17,21), 5 carbonyl compounds

(23,29,30,31,36),4 benzenes (38,39,40,41), 3 C6/C9 compounds(48,49,52),1 norisoprenoids

(66) and 1 terpenoids (73), were the major compounds differentiating the middle size of Cab-

ernet Gernischt berries from the small and large berries. Taken collectively, we conclude that

the volatile profiles of middle berries were different from those of small and large berries and

that middle berries possessed the greatest abundance of aroma compounds. This was inconsis-

tent with the result that the smaller berries contained a higher concentration of skin-located

compounds (aromatic and phenolic compounds) due to a higher skin-to-pulp ratio [1,31].

This may be because small berries with a higher surface-to-volume ratio increased the respira-

tion of berry compounds and the loss of berry volatiles [3]. In fact, until now there have been

no consensus on the relationship between berry size and berry compositions. Some research

indicates that the smaller berries had higher winegrape quality [1,8,32], while others are not

[7,33,15,34]. Mark Matthews reported that the sources of variation in berry size are more

important in determining grape composition than berry size per se [35]. For example, smaller

berries of Cabernet Franc will commonly yield a richer must if berry size is reduced by envi-

ronmental factors such as deficit irrigation [35]. By contrast, berries on well-watered Shiraz

vines that are smaller for developmental reasons (and have fewer seeds) do not necessarily give

rise to a richer must than their larger counterparts [7]. Our study was done in a vineyard with-

out any treatment and concluded middle-sized Merlot and Cabernet Gernischt berries from

natural variation had the greatest abundance of aroma compounds.

OAVs

Not all of the compounds detected in the grape samples had a great impact on the overall

aroma character of these fruits. Volatiles with OAVs above 1 are considered to be potent

aroma contributors to grapes, although a compound with OAV <1 might also contribute to

the grape aroma due to the additive or synergistic effects of similar compounds [36]. We

found 20 odour-active volatiles with OAVs>1 (Table 3), among which 7 odour-active vola-

tiles had OAVs higher than 20: (E)-2-nonenal, decanal, hexanal, (E)-2-hexenal, 2,6-nonadie-

nal,(E,Z)-, (E)-β-damascenone and β-ionone. Among these, decanal (36), hexanal (47), (E)-

2-hexenal (48), (E)-β-damascenone (65) and β-ionone (66) exhibited significantly higher

OAVs in the middle sizes of Merlot berries. Similarly, (E)-2-hexenal (48) and (E)-β-damasce-

none (66) was found by ANOVA to have the markedly higher OAVs in the middle sizes of

Cabernet Gernischt berries. (E)-β-damascenone and β-ionone likely conferred higher fruity

and floral aromas, and decanal, hexanal and (E)-2-hexenal likely conferred higher fruity and

fresh-green aromas to the middle-size berries [20,37]. Therefore, middle berries of both grapes

The effect of berry size on grape volatile profiles
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may possess the greatest intensity of fresh-green, fruity and floral aromas. Nonanal had higher

OAVs (>50) in the Merlot berries of the 2015 vintage likely due to seasonal and varietal differ-

ences; moreover, middle size berries contained the highest OAVs of nonanal. Benzeneacetal-

dehyde was not detected in either variety in 2014 but had the highest OAVs in the middle-size

berries of 2015 vintage, with an OAV>19. Benzeneacetaldehyde has a floral and honey note

[20] and played a more significant role in the floral aroma of grape berries in the middle-size

berries of 2015 vintage than that of 2014 vintage. In summary, middle sizes of Merlot and Cab-

ernet Gernischt berries had the greatest intensity of fresh-green, fruity and floral aromas. This

may be because volatile compound biosynthetic genes showed differential expression among

different sizes of grape berries. However, the related information on how berry sizes affect the

genes and enzymes of various metabolic pathways leading to the diverse volatile compounds is

limited. To the best of our knowledge, only Wong et al [8] reported that there were transcrip-

tome changes involving aroma pathways between Merlot berries of different sizes. Further

studies on the molecular mechanism underlying the regulation of berry size on the volatile

compounds are under way.

Conclusion

It is extremely difficult to obtain uniform berry diameter and composition under field condi-

tions, even when all vineyard management practices are properly executed. Berry classification

based on size could minimize berry heterogeneity. This study aims to understand the relation-

ship between the berry size and the aromatic compounds. A total of 76 and 79 volatile com-

pounds were identified in Vitis vinifera L. cv. Merlot and Cabernet Gernischt, respectively.

There were significant differences in volatile profiles among different sizes of Vitis vinifera L.

cv. Merlot and Cabernet Gernischt berries in 2014 and 2015 seasons. Especially the volatile

profiles of middle berries were dramatically different from those of large and small berries.

Middle berries possessed the greatest abundance of aroma compounds, followed by small ber-

ries, with large berries having the lowest abundance. Sorting by berry size leaded to Merlot ber-

ries with a pronounced difference in C6/C9 compounds, norisoprenoids, terpenoids and

Cabernet Gernischt berries with a pronounced difference in C6/C9 compounds and terpe-

noids. The OAV results showed that middle berries of both grape varieties may possess the

greatest intensity of fresh-green, fruity and floral aromas, which ascribe to the high OAVs of

decanal, hexanal, (E)-2-hexenal, (E)-β-damascenone and β-ionone in the middle sizes of Mer-

lot berries and the high OAVs of (E)-2-hexenal and (E)-β-damascenone in the middle sizes of

Cabernet Gernischt berries. Our findings will assist winemakers in conducting targeted berry

sorting according to berry size to improve the aromatic quality of grapes.

Supporting information

S1 Fig. Average temperature and rainfall in July, August and September of 2014 and 2015

vintages.

(DOCX)

S1 Table. Quantitative ion, quantitative standards and calibration curves for quantifica-

tion of volatile compounds.

(DOCX)

S2 Table. Concentrations (μg/L, mean ± SD) of volatile compounds in Vitis vinifera L. cv.

Merlot berries in different size classes.

(DOCX)

The effect of berry size on grape volatile profiles

PLOS ONE | https://doi.org/10.1371/journal.pone.0201374 September 19, 2018 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201374.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201374.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201374.s003
https://doi.org/10.1371/journal.pone.0201374


S3 Table. Concentrations (μg/L, mean ± SD) of volatile compounds in Vitis vinifera L. cv.

Cabernet Gernischt berries in different size classes.

(DOCX)

Acknowledgments

We are grateful to the Center for Viticulture and Enology, China Agriculture University for

access to the HS–SPME with GC–MS equipment.

Author Contributions

Data curation: Sha Xie, Yonghong Tang, Changzheng Song, Bingbing Duan.

Formal analysis: Sha Xie.

Investigation: Sha Xie.

Methodology: Sha Xie.

Project administration: Sha Xie, Zhenwen Zhang.

Resources: Peng Wang.

Supervision: Zhenwen Zhang, Jiangfei Meng.

Writing – original draft: Sha Xie.

References
1. Rolle L, Torchio F, Giacosa S, Rio Segade S. Berry density and size as factors related to the physico-

chemical characteristics of Muscat Hamburg table grapes (Vitis vinifera L.). Food chemistry. 2015;

173:105–113. https://doi.org/10.1016/j.foodchem.2014.10.033 PMID: 25466001

2. Keller M. Managing grapevines to optimise fruit development in a challenging environment: a climate

change primer for viticulturists. Australian Journal of Grape and Wine Research. 2010; 16:56–69.

3. Friedel M, Sorrentino V, Blank M, Schuttler A. Influence of berry diameter and colour on some determi-

nants of wine composition of Vitis vinifera L. cv. Riesling. Australian Journal of Grape and Wine

Research. 2016; 22(2):215–225.

4. Roby G, Harbertson JF, Adams DA, Matthews MA. Berry size and vine water deficits as factors in wine-

grape composition: Anthocyanins and tannins. Australian Journal of Grape and Wine Research.2004;

10(2):100–107.

5. Xie S, Hu F, Song CZ, Xi ZM, Zhang ZW. Aromatic profiles of young wines from berries at different

heights on grapevines. Food Sci Tech-Brazil. 2016; 36(2):248–258.

6. Noguerol-Pato R, Gonzalez-Barreiro C, Cancho-Grande B, Santiago JL, Martinez MC, Simal-Gandara

J. Aroma potential of Brancellao grapes from different cluster positions. Food chemistry. 2012; 132

(1):112–124. https://doi.org/10.1016/j.foodchem.2011.10.042 PMID: 26434270

7. Walker RR, Blackmore DH, Clingeleffer PR, Kerridge GH, Ruhl EH, Nicholas PR. Shiraz berry size in

relation to seed number and implications for juice and wine composition. Australian Journal of Grape

and Wine Research. 2005; 11(1):2–8.

8. Wong DC, Lopez Gutierrez R, Dimopoulos N, Gambetta GA, Castellarin SD. Combined physiological,

transcriptome, and cis-regulatory element analyses indicate that key aspects of ripening, metabolism,

and transcriptional program in grapes (Vitis vinifera L.) are differentially modulated accordingly to fruit

size. BMC genomics. 2016; 17:416. https://doi.org/10.1186/s12864-016-2660-z PMID: 27245662

9. Salinas M, Zalacain A, Pardo F, Alonso GL. Stir bar sorptive extraction applied to volatile constituents

evolution during Vitis vinifera ripening. Journal of agricultural and food chemistry. 2004; 52(15): 4821–

4827. https://doi.org/10.1021/jf040040c PMID: 15264921

10. Tarter ME, Keuter SE. Effect of rachis position on size and maturity of Cabernet Sauvignon berries.

American Journal of Enology and Viticulture. 2005; 56(1):86–89.

11. Tarter ME, Keuter SE. Shoot-based sampling of Vitis vinifera clusters. American Journal of Enology

and Viticulture. 2008; 59(1):55–60.

The effect of berry size on grape volatile profiles

PLOS ONE | https://doi.org/10.1371/journal.pone.0201374 September 19, 2018 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201374.s004
https://doi.org/10.1016/j.foodchem.2014.10.033
http://www.ncbi.nlm.nih.gov/pubmed/25466001
https://doi.org/10.1016/j.foodchem.2011.10.042
http://www.ncbi.nlm.nih.gov/pubmed/26434270
https://doi.org/10.1186/s12864-016-2660-z
http://www.ncbi.nlm.nih.gov/pubmed/27245662
https://doi.org/10.1021/jf040040c
http://www.ncbi.nlm.nih.gov/pubmed/15264921
https://doi.org/10.1371/journal.pone.0201374


12. Torchio F, Giacosa S, Vilanova M, Rio Segade S, Gerbi V, Giordano M, et al. Use of response surface

methodology for the assessment of changes in the volatile composition of Moscato bianco (Vitis vinifera

L.) grape berries during ripening. Food chemistry.2016; 212: 576–584. https://doi.org/10.1016/j.

foodchem.2016.05.191 PMID: 27374570

13. Fan W, Xu Y, Jiang W, Li J. Identification and Quantification of Impact Aroma Compounds in 4 Nonfloral

Vids vinifera Varieties Grapes. Journal of food science. 2010; 75(1): S81–S88. https://doi.org/10.1111/

j.1750-3841.2009.01436.x PMID: 20492207

14. Zhong XM, Yao YX, Du YP, Zhai H. ’Cabernet Gernischt’ is most likely to be ’Carmenère’. Vitis. 2012;

51 (3):125–127.

15. Holt HE, Francis IL, Field J, Herderich MJ, Iland PG. Relationships between berry size, berry phenolic

composition and wine quality scores for Cabernet Sauvignon (Vitis vinifera L.) from different pruning

treatments and different vintages. Australian Journal of Grape and Wine Research. 2008; 14: 191–202.

16. Falginella L, Di Gaspero G, Castellarin SD. Expression of flavonoid genes in the red grape berry of ’Ali-

cante Bouschet’ varies with the histological distribution of anthocyanins and their chemical composition.

Planta. 2012; 236(4):1037–1051. https://doi.org/10.1007/s00425-012-1658-2 PMID: 22552639

17. Lan YB, Qian X, Yang ZJ, Xiang XF, Yang WX, Liu T, et al. Striking changes in volatile profiles at sub-

zero temperatures during over-ripening of ’Beibinghong’ grapes in Northeastern China. Food chemistry.

2016; 212:172–182. https://doi.org/10.1016/j.foodchem.2016.05.143 PMID: 27374521

18. Xu XQ, Liu B, Zhu BQ, Lan YB, Gao Y, Wang D, et al. Differences in volatile profiles of Cabernet Sauvi-

gnon grapes grown in two distinct regions of China and their responses to weather conditions. Plant

Physiol Bioch. 2015; 89:123–133.

19. Wu Y, Pan Q, Qu W, Duan C. Comparison of volatile profiles of nine litchi (Litchi chinensis Sonn.) culti-

vars from Southern China. Journal of agricultural and food chemistry. 2009; 57(20): 9676–9681.

https://doi.org/10.1021/jf902144c PMID: 19803519

20. Cai J, Zhu BQ, Wang YH, Lu L, Lan YB, Reeves MJ, et al. Influence of pre-fermentation cold maceration

treatment on aroma compounds of Cabernet Sauvignon wines fermented in different industrial scale fer-

menters. Food chemistry. 2014; 154: 217–229. https://doi.org/10.1016/j.foodchem.2014.01.003 PMID:

24518336

21. Noguerol-Pato R, Gonzalez-Alvarez M, Gonzalez-Barreiro C, Cancho-Grande B, Simal-Gandara J.

Evolution of the aromatic profile in Garnacha Tintorera grapes during raisining and comparison with that

of the naturally sweet wine obtained. Food chemistry. 2013; 139:1052–1061. https://doi.org/10.1016/j.

foodchem.2012.12.048 PMID: 23561209

22. Zarrouk O, Brunetti C, Egipto R, Pinheiro C, Genebra T, Gori A, et al. Grape Ripening Is Regulated by

Deficit Irrigation/Elevated Temperatures According to Cluster Position in the Canopy. Frontiers in plant

science. 2016; 7: 1640. https://doi.org/10.3389/fpls.2016.01640 PMID: 27895648

23. Rajha HN, Darra NE, Kantar SE, Hobaika Z, Louka N, Maroun RG. A Comparative Study of the Pheno-

lic and Technological Maturities of Red Grapes Grown in Lebanon. Antioxidants. 2017; 6:1–11.

24. Doligez A, Bertrand Y, Farnos M, Grolier M, Romieu C, Esnault F, et al. New stable QTLs for berry

weight do not colocalize with QTLs for seed traits in cultivated grapevine (Vitis vinifera L.). BMC plant

biology. 2013; 13 (1): 217.

25. Munoz-Espinoza C, Di Genova A, Correa J, Silva R, Maass A, Gonzalez-Aguero M, et al. Transcrip-

tome profiling of grapevine seedless segregants during berry development reveals candidate genes

associated with berry weight. BMC plant biology. 2016; 16:104. https://doi.org/10.1186/s12870-016-

0789-1 PMID: 27118480

26. Kalua CM, Boss PK. Evolution of volatile compounds during the development of cabernet sauvignon

grapes (Vitis vinifera L.). Journal of agricultural and food chemistry. 2009; 57(9): 3818–3830. https://

doi.org/10.1021/jf803471n PMID: 19309150

27. Lasanta C, Caro I, Gomez J, Perez L. The influence of ripeness grade on the composition of musts and

wines from Vitis vinifera cv. Tempranillo grown in a warm climate. Food Research International. 2014;

64: 432–438. https://doi.org/10.1016/j.foodres.2014.07.039 PMID: 30011672

28. Deluc LG, Quilici DR, Decendit A, Grimplet J, Wheatley MD, Schlauch KA, et al. Water deficit alters dif-

ferentially metabolic pathways affecting important flavor and quality traits in grape berries of Cabernet

Sauvignon and Chardonnay. BMC genomics. 2009; 10: 212. https://doi.org/10.1186/1471-2164-10-

212 PMID: 19426499

29. Feng H, Skinkis PA, Qian MC. Pinot noir wine volatile and anthocyanin composition under different lev-

els of vine fruit zone leaf removal. Food chemistry. 2017; 214: 736–744. https://doi.org/10.1016/j.

foodchem.2016.07.110 PMID: 27507532

30. Zhang HH, Fan PG, Liu CX, Wu BH, Li SH, Liang ZC. Sunlight exclusion from Muscat grape alters vola-

tile profiles during berry development. Food chemistry. 2014; 164: 242–250. https://doi.org/10.1016/j.

foodchem.2014.05.012 PMID: 24996330

The effect of berry size on grape volatile profiles

PLOS ONE | https://doi.org/10.1371/journal.pone.0201374 September 19, 2018 13 / 14

https://doi.org/10.1016/j.foodchem.2016.05.191
https://doi.org/10.1016/j.foodchem.2016.05.191
http://www.ncbi.nlm.nih.gov/pubmed/27374570
https://doi.org/10.1111/j.1750-3841.2009.01436.x
https://doi.org/10.1111/j.1750-3841.2009.01436.x
http://www.ncbi.nlm.nih.gov/pubmed/20492207
https://doi.org/10.1007/s00425-012-1658-2
http://www.ncbi.nlm.nih.gov/pubmed/22552639
https://doi.org/10.1016/j.foodchem.2016.05.143
http://www.ncbi.nlm.nih.gov/pubmed/27374521
https://doi.org/10.1021/jf902144c
http://www.ncbi.nlm.nih.gov/pubmed/19803519
https://doi.org/10.1016/j.foodchem.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24518336
https://doi.org/10.1016/j.foodchem.2012.12.048
https://doi.org/10.1016/j.foodchem.2012.12.048
http://www.ncbi.nlm.nih.gov/pubmed/23561209
https://doi.org/10.3389/fpls.2016.01640
http://www.ncbi.nlm.nih.gov/pubmed/27895648
https://doi.org/10.1186/s12870-016-0789-1
https://doi.org/10.1186/s12870-016-0789-1
http://www.ncbi.nlm.nih.gov/pubmed/27118480
https://doi.org/10.1021/jf803471n
https://doi.org/10.1021/jf803471n
http://www.ncbi.nlm.nih.gov/pubmed/19309150
https://doi.org/10.1016/j.foodres.2014.07.039
http://www.ncbi.nlm.nih.gov/pubmed/30011672
https://doi.org/10.1186/1471-2164-10-212
https://doi.org/10.1186/1471-2164-10-212
http://www.ncbi.nlm.nih.gov/pubmed/19426499
https://doi.org/10.1016/j.foodchem.2016.07.110
https://doi.org/10.1016/j.foodchem.2016.07.110
http://www.ncbi.nlm.nih.gov/pubmed/27507532
https://doi.org/10.1016/j.foodchem.2014.05.012
https://doi.org/10.1016/j.foodchem.2014.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24996330
https://doi.org/10.1371/journal.pone.0201374


31. Gonzalez BC, Rial OR, Cancho GB, Simal GJ. Wine aroma compounds in grapes: a critical review. Crit

Rev Food Sci Nutr. 2015; 55:202–218. https://doi.org/10.1080/10408398.2011.650336 PMID:

24915400

32. Singleton VL. Effects on Red Wine Quality of Removing Juice before Fermentation to Simulate Varia-

tion in Berry Size. American Journal of Enology and Viticulture.1972; 23:106–113.

33. Calderon OA, Matthews MA, Drayton WM, Shackel KA. Uniformity of Ripeness and Size in Cabernet

Sauvignon Berries from Vineyards with Contrasting Crop Price. American Journal of Enology and Viti-

culture. 2013; 65:81–88.

34. Dokoozlian NK, Kliewer WM. Influence of light on grape berry growth and composition varies during fruit

development. Journal of the American Society for Horticultural Science. 1996; 121: 869–874.

35. Matthews MA, Kriedemann PE. Water deficit, yield, and berry size as factors for composition and sen-

sory attributes of red wine. In: David O, Kerry D, Steve P, Christopher D, Melissa F, Russell J, et al, edi-

tors. Proceedings of the Australian society of viticulture and oenology ’Finishing the Job’ -optimal

ripening of Cabernet Sauvignon and Shiraz; 2006 July 21st; Mildura Arts Centre, Mildura, Victoria.

Australian Society of Oenology and Viticulture.

36. Nan LJ, Liu LY, Zhao XH, Qiu S, Wang H, Li H. Effect of alternative new pruning system and harvesting

times on aroma compounds of young wines from Ecolly (Vitis vinifera) in a new grape growing region of

the Weibei Plateau in China. Scientia Horticulturae.2013; 162: 181–187.

37. Wang D, Cai J, Zhu BQ, Wu GF, Duan CQ, Chen G, et al. Study of free and glycosidically bound volatile

compounds in air-dried raisins from three seedless grape varieties using HS-SPME with GC-MS. Food

chemistry. 2015; 177: 346–353. https://doi.org/10.1016/j.foodchem.2015.01.018 PMID: 25660896

38. Pino JA, Mesa J. Contribution of volatile compounds to mango (Mangifera indica L.) aroma. Flavour

and Fragrance Journal. 2006; 21: 207–213.

The effect of berry size on grape volatile profiles

PLOS ONE | https://doi.org/10.1371/journal.pone.0201374 September 19, 2018 14 / 14

https://doi.org/10.1080/10408398.2011.650336
http://www.ncbi.nlm.nih.gov/pubmed/24915400
https://doi.org/10.1016/j.foodchem.2015.01.018
http://www.ncbi.nlm.nih.gov/pubmed/25660896
https://doi.org/10.1371/journal.pone.0201374

