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Abstract
Grapevine (Vitis vinifera L.) is an economically important crop that needs to comply with high quality standards for fruit,
juice and wine production. Intense plant protection is required to avoid fungal damage. Grapevine cultivars with loose cluster
architecture enable reducing protective treatments due to their enhanced resilience against fungal infections, such as Botrytis
cinerea-induced gray mold. A recent study identified transcription factor gene VvGRF4 as determinant of pedicel length, an
important component of cluster architecture, in samples of two loose and two compact quasi-isogenic ‘Pinot Noir’ clones.
Here, we extended the analysis to 12 differently clustered ‘Pinot Noir’ clones from five diverse clonal selection programs.
Differential gene expression of these clones was studied in three different locations over three seasons. Two phenotypically
opposite clones were grown at all three locations and served for standardization. Data were correlated with the phenotypic
variation of cluster architecture sub-traits. A set of 14 genes with consistent expression differences between loosely and
compactly clustered clones—independent from season and location—was newly identified. These genes have annotations
related to cellular growth, cell division and auxin metabolism and include two more transcription factor genes, PRE6 and
SEP1-like. The differential expression of VvGRF4 in relation to loose clusters was exclusively found in ‘Pinot Noir’ clones.
Gene expression studies were further broadened to phenotypically contrasting F1 individuals of an interspecific cross and
OIV reference varieties of loose cluster architecture. This investigation confirmed PRE6 and six growth-related genes to
show differential expression related to cluster architecture over genetically divergent backgrounds.
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Grapevine (Vitis vinifera L.) is one of the most important
fruit crops at global scale. The worldwide grape production reached 74 million tons in 2018 (OIV 2019). The world
gross production value for grapes in 2016 was above 67.5
billion USD (FAOSTAT 2016). Regardless of the use as
wine grapes, table grapes or dried fruits (raisins), only highquality fruits are acceptable for marketing. Unfortunately,
V. vinifera grapevine varieties are susceptible to several
pathogens. Viticulture requires intense application of plant
protection products (PPP) to meet the market’s demands.
Fungicides are unavoidable to control the pathogens (Pertot et al. 2017) causing powdery mildew, Erysiphe necator (syn. Uncinula necator, (Schw.) Burr), downy mildew,
Plasmopara viticola (Berk. & Curt) Berl. & de Toni) and
Botrytis cinerea (teleomorph Botryotinia fuckeliana (de
Bary) Whetzel), provoking gray mold. The use of PPP, irrespective of their inorganic (copper and sulfur) or synthetic
origin, contributes to a decrease in biodiversity and raises
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consumers’ concerns (Keulemans et al. 2019). One strategy to reduce their use is the breeding of pathogen-resistant
grapevine varieties, e.g., by introgression of genetically
traceable resistance loci against E. necator and P. viticola
from wild American or Asian Vitis species into V. vinifera
quality cultivars. In the last years, several improved varieties with resistance traits against the mildews became available (Töpfer et al. 2011). However, for B. cinerea, there is
only preliminary knowledge on a putative resistance locus
(Sapkota et al. 2019). Current cultivar development focuses
on the enforcement of physical barriers, e.g., a thick berry
skin, a hydrophobic berry surface and loose cluster architecture, to increase resilience toward B. cinerea (Gabler et al.
2003; Herzog et al. 2015; Shavrukov et al. 2004). Within
a loose grape cluster, improved ventilation accelerates the
drying-off after rainfall or morning dew. Reduced humidity diminishes infections with fungal pathogens (Hed et al.
2009; Molitor et al. 2012). In addition, fungicide sprays can
better spread into a loosely clustered bunch as compared to a
compact one (Hed et al. 2010). The high physical stress arising in between the berries of compact clusters upon ripening
provokes micro-cracks or even bursting of the berry skin
(Becker and Knoche 2012; Smart and Robinson 1991). This
problem is avoided in loosely clustered bunches. Moreover, there are less pronounced temperature gradients within
loosely structured clusters as solar radiation can better reach
the interior berries. This conveys more uniform fruit maturity (Pieri et al. 2016; Vail and Marois 1991). Overall, loose
cluster architecture results in grapes with less B. cinerea
infections and a better harmonized ripening process. It is a
highly desired trait in grapevine breeding. Understanding its
genetic basis would help to develop novel tools for efficient
grapevine breeding and clonal selection.
Worldwide, several thousands of grapevine cultivars
exist and are registered in data repositories, e.g., the ‘Vitis
International Variety Catalogue’ (http://www.vivc.de; Maul
2019). A plethora of genetic diversity subsists and includes
the gene pools of wine grapes and table grapes that show
remarkable differences in berry and cluster architecture (Di
Genova et al. 2014; Migicovsky et al. 2017). The variability
of cluster density is characterized by OIV (Office International de la Vigne et du Vin, International Organisation of
Vine and Wine, Paris, France) descriptors like OIV#204, and
reference varieties for the scores of this descriptor are available (OIV 2015). However, despite the impressive genetic
diversity, only 33 (V. vinifera L. subsp. vinifera) cultivars
account for 50% of the totally used acreage for commercial
production (OIV 2017). Promoted by the long cultivation
time and large acreage covered with the predominant cultivars, somatic mutations causing intra-cultivar genetic variation are detectable and exploitable to select clonal variants
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(De Lorenzis et al. 2017). For example, about 500 different
clones are available for ‘Pinot Noir’ (PN) (Forneck et al.
2009), a variety of high economic importance. Clonal selection programs in this cultivar identified phenotypic variants
for relevant agronomic traits including cluster architecture.
Apart from the mutation, these clones provide the opportunity to perform genomic diversity studies in a ‘pseudo’
near isogenic background (Blaich et al. 2007; Konradi et al.
2007). Phenotypic and genotypic diversity can further be
uncovered in segregating cross populations intended for
genetic mapping and development of trait-linked markers
for breeding purposes. Several such populations for genetic
tagging of cluster architecture traits were reported (Correa
et al. 2014; Marguerit et al. 2009; Richter et al. 2019).
Bunch architecture is controlled by environmental and
genetic factors (Döring et al. 2015; Tello and Ibáñez 2017).
It is a complex trait composed of berry and stalk characteristics (Li et al. 2019; Richter et al. 2019; Rist et al.
2018). Some of these sub-traits are under genetic control as
reported for berry size, berry volume and berry weight (Ban
et al. 2016; Houel et al. 2015; Mejia et al. 2007; Tello et al.
2015), berry number (Dry et al. 2010; Fanizza et al. 2005)
and other rachis sub-traits (Correa et al. 2014; Marguerit
et al. 2009; Tello et al. 2016).
Intravarietal diversity in cluster architecture sub-traits of
grapevine has been reported for only few cases, comprising
clones of cultivars ‘Garnacha Tinta’, ‘Tempranillo’, ‘Aglianico’ and ‘Muscat of Alexandria’ (Grimplet et al. 2019,
2017; De Lorenzis et al. 2017). For ‘Albariño’ clones and for
PN clones, the studies of Alonso-Villaverde et al. (2008) and
Konrad et al. (2003) provided evidence that loosely clustered
clones show reduced susceptibility to B. cinerea. PN is a
member of the very old ‘Pinot’ family (Regner et al. 2000)
and is used in viticulture for centuries. Presently, with an
acreage of 115.000 ha, PN is among the top thirteen international varieties (OIV 2017). The ‘Pinot’ family accumulated
a high number of somatic mutations and gave rise to a wide
range of clones displaying divergent phenotypic features
(different berry color, varying levels of acidity, different
aroma compounds, different vigor and cluster architecture)
(Forneck et al. 2009). Concerning cluster architecture (CA),
the PN clones were classified into three categories, i.e., compactly clustered clones (CCC) with a dense arrangement of
berries, loosely clustered clones (LCC) with berries not
touching each other and loose clones with mixed berry size
(MBC) producing bunches containing small and large berries at the same time (Bleyer 2001; Ruehl et al. 2004).
In PN, the gene VvGRF4 was recently detected as
a major component affecting inflorescence architecture (Rossmann et al. 2019). Two loosely clustered PN
clones from the ‘Mariafeld’ selection line (M171) and
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the Geisenheim clonal selection program (Gm1-86) were
compared to two compactly clustered clones (‘Frank Charisma’ and ‘Frank Classic’). This investigation included
RNA-Seq analysis and revealed a mutation in the microRNA mi396 binding site of VvGRF4, a gene encoding
a growth-promoting transcription factor. The mutation
prevents down-regulation of the VvGRF4 transcript, specifically in the LCC clones. Two mutated alleles were
identified, one specific for M171 and the other one found
in Gm1-86. Both operate in heterozygous state, lead to
an enhancement of cell numbers in pedicels in the loose
clusters and thus contribute to loose cluster architecture
(Rossmann et al. 2019).
In this work, we explored the variation of cluster architecture in an extended set of twelve PN clones from five
different selection lines and linked it to the differential
transcriptional activity of genes selected from the previous RNA-Seq study. Two OIV reference varieties for
loose cluster architecture and 16 selected F1 genotypes
from a controlled cross (‘Calardis Musqué’ (formerly
GF.GA-47-42) × ‘Villard Blanc’) segregating for cluster architecture traits (Richter et al. 2019) were included
to broaden the analysis and validate the results. Besides
VvGRF4, 14 more genes including two genes encoding
additional transcription factors were found to be stably
regulated in the quasi-isogenic ‘Pinot Noir’ plants, independent from their growth in different places and through
several seasons. Out of these, a set of seven genes were

Table 1  Sampling schedules for
12 ‘Pinot Noir’ clones spread
over three locations during
two seasons for phenotyping

found to be involved in the genetic regulation of cluster
architecture sub-traits in different genetic backgrounds.

Materials and methods
Plant material
The V. vinifera variety ‘Pinot Noir’ (abbreviated PN, VIVC
No. 9279) was investigated in 12 clones showing different
cluster architecture. These comprised compactly clustered
clones (CCCs), loosely clustered clones (LCCs) and clones
bearing berries with mixed size (MBCs), the latter also
resulting in loose clusters. The plants were distributed over
three plantations in three German viticulture areas (Palatinate, Baden and Hesse) with partial overlap (Table 1). The
vineyard in Palatinate is a trial field of Julius Kuehn Institute
for Grapevine Breeding Geilweilerhof (JKI). The vineyards
in Baden and Hesse originated from certified material and
were managed by grapevine nurseries. All vineyards were
submitted to regular visual monitoring for their phytosanitary state.
Trueness to type of the PN plants over all locations was
confirmed with six SSR markers (VMC3a9, VMC5g7,
VMC8g6, VrZAG79, VVMD32 and VVS2) described to
monitor clonal variation in PN (Pelsy et al. 2010) in two
snap samples per clone and location (44 samples in total,

Cluster type

Sample

Abbreviation

Palatinate
BBCH 89

Hesse
BBCH 89

Baden
BBCH 89

CCC
CCC
CCC
Variable
MBC
MBC
LCC
LCC
LCC
LCC
LCC
LCC

Frank Charisma
Frank Classic
Entav 777
Geisenheim 18
Geisenheim 20-13
Freiburg 1801
Geisenheim 1-86
Freiburg 12-L
Freiburg 13-L
Weinsberg M1
Weinsberg M171
Weinsberg M242

FkCH
FkCL
En777
Gm18
Gm20-13
Fr1801
Gm1-86
Fr12L
Fr13L
WeM1
WeM171
WeM242

10a
10a
–
–
10a
–
10a
–
–
–
10a
–

10a
10a
10a
10b
10a
10a
10a
10a
10a
10a
–
10b

10a
–
10a
–
10a
10b
–
10a
10a
–
–
–

For phenotyping of cluster traits, samples of ripe bunches at BBCH89 were taken with 10 replicates from
randomly selected independent vines. The measurements of the PN clones ‘Frank Charisma’ (FkCH) and
‘Gm20-13,’ present at all three locations, enabled to model the environmental impact on cluster architecture sub-traits (Online resource 6 a, b and c)
– not available

a

b

Biological samples taken in 2015 and 2016
Biological samples taken in 2016
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Sampling

clone were chosen randomly. From each vine, a basally
inserted cluster from the central shoot of the fruit cane
was collected in the years 2015 and 2016 in every vineyard. A total of 16 F1 genotypes of the cross population
‘Calardis Musqué’ (GF.Ga-47-42) × ‘Villard Blanc’ with
extreme rachis length and pedicel length as monitored over
four years (Richter et al. 2019) were sampled with 3 to
12 biological replicates over four seasons. Bunches were
cut directly at the connection with the shoot and stored at
5 °C until use.
Sampling for gene expression experiments: In the years
from 2015 to 2017, the sampling time of the different ‘Pinot
Noir’ clones in the three vineyard locations was fitted to
hit the same developmental stage by a nonlinear cumulative
degree-day (CDD)-based model (Molitor et al. 2014). The
target temperature sum was 400° CDD for BBCH57 and
700° CDD for BBCH71. The CDD calculation was based
on air temperatures recorded at 2 m height by the nearest
weather station. Samples for gene expression analyses were
collected from three randomly selected individual plants
from the plantation (of about 100–200 individual plants
per clone) from the lowest cluster insertion point during the
developmental stages BBCH57 (just before flowering) and
BBCH71 (at early fruit set) in the three years 2015, 2016
and 2017. OIV reference cultivars ‘Uva Rara’ (OIV#204
grade 1), ‘Prosecco’ (OIV#204 grade 3) and 16 F1 genotypes of the cross population ‘Calardis Musqué’ × ‘Villard
Blanc’ with extreme rachis length and pedicel length were
sampled with three biological replicates. Complete inflorescences were cut at the connection of peduncle and shoot
and shock-frozen immediately in liquid nitrogen. A detailed
schedule of the sampling and the temperature records is presented in Tables 3, 4 and Online resource 3.

Sampling for phenotypic evaluation: For phenotyping of
PN clones at BBCH89 (ripe for harvest), ten vines per

Evaluation of vegetative growth

Online resource 1). SSR analysis was done as described
(Zyprian et al. 2016).
The PN clones were well established (~ 20-year-old
vines), and all grafted on the same rootstock (Kober 125AA,
VIVC No. 12344). ‘Guyot pruning’ was applied throughout,
and a vertical shoot position trellis system with 1.8–2.2 m2
space per vine was used. Vineyards in Baden and Hesse were
maintained with integrated management. The PN field of
JKI was managed according to organic farming rules (Online
resource 2). All the plantations contained ample material of
PN plants to permit random sampling from the individual
clones. Samples were taken exclusively from plants without any symptom of infection or aberration from the typical clonal type of appearance. The OIV reference varieties
for loose cluster architecture, ‘Uva Rara’ (VIVC No.12830)
and ‘Prosecco’ (Prime name ‘Glera,’ VIVC No. 9741), were
maintained in triplicates as part of the germplasm collection
at JKI. The vines are grafted on rootstock ‘Selektion Oppenheim 4’ (SO4, VIVC 11473) and were planted in 2011. A
set of 16 phenotypically extreme F1 genotypes (concerning
the lengths of pedicels and rachises) from a controlled cross
of ‘Calardis Musqué’ (synonym GF.GA-47-42, VIVC No.
4549) × ‘Villard Blanc’ (VIVC No. 13081) (Zyprian et al.
2016) used in this work (Table 2) were planted in eight
replicates on rootstock SO4 at JKI in 2010. The OIV reference varieties and the F1 individuals underwent ‘Guyot
pruning’ with approximately 10 buds remaining. They were
grown in a vertical shoot position trellis system with 2 m
(row) × 1 m (plant) spacing. An integrated pesticide spray
program according to the best practice policies for viticulture (BMELV 2010) protects this plantation.

Table 2  Sampling schedules for phenotypically extreme F1 individuals of the cross ‘Calardis Musqué’ (formerly GF.GA-47-42) × ‘Villard
Blanc’ grown in the Palatinate vineyard
Cluster type

Sample

Abbreviation

BBCH 89

Long pedicel
Short pedicel
Long rachis
Short rachis

F1# 212, 294, 354, 380a
F1# 194, 558, 594, 598a
F1# 059, 405, 484, 503a
F1# 052, 241, 647, 680a

PEDmax
PEDmin
RLmax
RLmin

3–12b
3–12b
3–12b
3–12b

For phenotyping of cluster traits, samples of ripe bunches at BBCH89
were taken randomly with 3–12 replicates from replicated (n = 8)
vines of individuals with extreme phenotype

a

F1 individuals reported in (Richter et al. 2019) with extreme rachis
or pedicel length

b
Biological samples taken in 2013–2017 as stated in Online resource
4
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The vigor of the PN clones was determined by measuring
the mass of the annual outgrowth, i.e., the weight of the ten
most basally located branches on ten vines per season and
location (Online resource 2, Table 5).

Phenotypic evaluation of cluster architecture
sub‑traits
Measurements of 12 cluster architecture sub-traits (Table 5)
were used for the phenotypic assessment of the 12 PN
clones. Three indices for cluster compactness were calculated. The calculation of the ratio ‘berry number/rachis
length’ [BN/RL (cm), Hed et al. (2009)] and indices CI-12
[berry weight (g)]/[rachis length (cm)]2 and CI-18 [berry
weight (g) × berry number/[peduncle length (cm) + rachis
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Table 3  Sampling schedules for
12 ‘Pinot Noir’ clones spread
over three locations during three
seasons

Cluster type

CCC
CCC
CCC
Unsteady
MBC
MBC
LCC
LCC
LCC
LCC
LCC
LCC

‘Pinot Noir’ clone

Frank Charisma
Frank Classic
Entav 777
Geisenheim 18
Geisenheim 20-13
Freiburg 1801
Geisenheim 1-86
Freiburg 12-L
Freiburg 13-L
Weinsberg M1
Weinsberg M171
Weinsberg M242

Abbreviation

FkCH
FkCL
En777
Gm18
Gm20-13
Fr1801
Gm1-86
Fr12L
Fr13L
WeM1
WeM171
WeM242

Palatinate

Hesse

Baden

BBCH

BBCH

BBCH

57

71

57

71

57

71

3a
3a
–
–
3a
–
3a
–
–
–
3a
–

3a
3a
–
–
3a
–
3a
–
–
–
3a
–

3a
3a
3a
3b
3a
3b
3a
3b
3b
3b
–
3b

3a
3a
3a
3b
3a
3b
3a
3b
3b
3b
–
3b

3a
–
3a
–
3a
3a
–
3b
3b
–
–
–

3a
–
3a
–
3a
3a
–
3b
3b
–
–
–

For gene expression studies, samples of whole inflorescences at BBCH57 and BBCH71 were taken with
three replicates from randomly selected independent vines. The expression measurements of the PN clone
‘Gm20-13’ were used for normalization of the relative PN gene expression at all three locations
– not available

a

b

Three biological samples taken in 2015, 2016 and 2017
Three biological samples taken in 2016 and 2017

Table 4  Sampling schedules for phenotypically extreme F1 individuals of the cross ‘Calardis musqué’ (formerly GF.GA-47-42) × ‘Villard
Blanc’ and OIV reference varieties for loose cluster architecture
Cluster type

Variety name # F1 individual

Abbreviation Palatinate
BBCH71

OIV 204 reference for
very loose
clustera
OIV 204
reference
for loose
clustera
Long pedicelc
Short pedicelc
Long rachisc
Short rachisc

‘Uva Rara’

OIV LCC

3b

‘Prosecco’

OIV LCC

3b

F1# 212, 294, 354, 380
F1# 194, 558, 594, 598
F1# 059, 405, 484, 503
F1# 052, 241, 647, 680

PEDmax
PEDmin
RLmax
RLmin

3b
3b
3b
3b

For gene expression studies, samples of whole inflorescences at
BBCH57 and BBCH71 were taken randomly with three replicates
from eight cloned phenotypically extreme vines of the segregating
population and three replicates of the OIV reference varieties
a

Reference varieties for loose cluster architecture according to the
OIV descriptor 204 for cluster density (OIV 2015)

b
c

Three biological samples taken in 2015, 2016 and 2017

F1 individuals reported in (Richter et al. 2019) with extreme measurements for rachis length and pedicel length

length (cm)]2 × rachis length (cm) × pedicel length (mm)]
followed the proceedings stated in Tello and Ibáñez (2014).
The 16 F1 individuals of the cross population ‘Calardis Musqué’ × ‘Villard Blanc’ were phenotypically studied for cluster architecture sub-traits during four seasons as described
(Richter et al. 2019) (Online resource 4).

RNA extraction and cDNA synthesis
For RNA extraction and cDNA synthesis, pre-bloom flowers
(BBCH57) and fruit setting berries (BBCH71) were carefully removed from the inflorescence. The complete remaining stalk structure including peduncle, rachis and pedicels
was ground into fine powder. All steps were performed in
liquid nitrogen. Aliquots of sample tissue were mixed with
50 mg polyvinylpyrrolidone P
 olyclar® AT (Serva Electrophoresis GmbH, Heidelberg, Germany). Total RNA extraction used the Spectrum™ Plant Total RNA Kit (Sigma
Aldrich, Darmstadt, Germany), following protocol ‘A’. An
on-column DNaseI digestion with RNase-Free DNase (QIAGEN, Hilden, Germany) was performed according to the
manufacturer’s protocol. RNA integrity and quantity were
analyzed by spectrophotometry (Clario Star 0430, BMG
Labtech, Ortenberg, Germany) and checking 500 ng of
total RNA by non-denaturing agarose gel (1%) electrophoresis. 250 ng of total RNA was used for first-strand cDNA
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CW (g)

MBV
(cm3)

Cluster
weight

Mean
berry
Volume
1.06 (± 0.03)d

PL (cm)

RW (g)

Peduncle
length

Rachis
weight

1.16
(± 0.07)abc
8.25
(± 0.36)abcd

CI_12

Index

b

4.91 (± 0.43)f

1.49 (± 0.07)f

0.66 (± 0.02)a

16.26 (± 0.3)ef

171.7
(± 6.29)c

0.5 (± 0.01)ab

10.77
(± 0.37)bcd

672 (± 25)ab

1.54 (± 0.09)a

1.26 (± 0.11)a

0.4 (± 0.01)bc

WeM171

158.3
(± 9.69)cdef

1.12 (± 0.04)d

222.05
(± 12.57)cde

149.49
(± 8.32)abc

Loose

0.48 (± 0.01)a

6.69 (± 0.31)a

9.62
(± 0.36)de

17.55 (± 0.51)f

195.35
(± 16.25)f

1.17 (± 0.05)d

267.91
(± 20.62)de

174.58
(± 12.78)abc

0.52 (± 0.01)bc

6.78 (± 0.52)ab 8.72
(± 0.53)bcde

Gm18

0.5 (± 0.01)ab

7.3 (± 0.91)abc

14.39 (± 0.25)cd

133.53
(± 11.11)bcde

0.85 (± 0.05)abc

168.84
(± 12.99)abc

159.23
(± 11.71)abc

Unsteady

10.97 (± 0.73)e

7.81
(± 0.73)abcde

1.93 (± 0.27)cd 1.05 (± 0.19)abcd

0.59 (± 0.01)d

9.76 (± 0.67)bcd 11.7 (± 0.91)d

1.72 (± 0.12)d 1.65 (± 0.17)bcd 1.42
(± 0.16)abcd

0.56 (± 0.01)d 0.56 (± 0.01)cd

9.11
9.36
(± 0.45)bcd
(± 0.65)abcd

WeM242
Loose

8.84 (± 0.36)a

807 (± 36)bc

1.13 (± 0.11)a

1.6 (± 0.13)a

3.24 (± 0.22)ef 3.24 (± 0.28)de 1.77 (± 0.16)abc 1.96 (± 0.17)abc 1.31 (± 0.13)a

12.01
(± 0.42)de

807 (± 31)c

2.26
(± 0.17)bcd

2.31
1.58 (± 0.2)ab
(± 0.2)bcde

693 (± 53)abc

1.49 (± 0.19)a

2.08 (± 0.23)a

755 (± 58)abc

1.35 (± 0.19)a

1.45 (± 0.23)a

1.06 (± 0.09)bcde
1.89 (± 0.24)abc 1.33 (± 0.23)ab 3.26 (± 0.57)cdef

0.87
(± 0.08)abcd

9.48 (± 0.49)ab 10.16
12.71 (± 0.7)cdef
(± 0.72)abcde

676 (± 38)abc

1.47 (± 0.14)a

1.46 (± 0.17)a

0.93 (± 0.06)bcd 0.87 (± 0.06)bc

9.8 (± 0.49)abc

677 (± 37)abc

1.37 (± 0.09)a 1.46 (± 0.13)a

1.45 (± 0.11)a 1.53 (± 0.16)a

0.78 (± 0.03)b 1.17
(± 0.05)de

10.94
(± 0.33)bcd

790 (± 26)bc

1.21 (± 0.08)a

1.3 (± 0.1)a

0.38 (± 0.01)abc 0.39 (± 0.01)b 0.42 (± 0.01)c 0.38 (± 0.01)ab 0.38 (± 0.01)abc 0.43 (± 0.02)bc 0.37 (± 0.02)abc

8.12
(± 0.42)abcd

1.15 (± 0.04)d

214.26
(± 11.71)cde

146.68
(± 7.73)abc

170.65 (± 7)ef 164.86
(± 9.74)def

1.05
(± 0.03)cd

WeM1
Loose

12.83 (± 0.22)b 12.61
15.26 (± 0.36)de 15.74
(± 0.51)abc
(± 0.38)def

112.12 (± 5.42)b 91.1 (± 3.26)a

0.82 (± 0.03)b

1.19 (± 0.04)ef 1.17 (± 0.05)de 0.99 (± 0.05)cde 1.04 (± 0.05)cde 0.63 (± 0.03)a

12.81 (± 0.45)ef 10.57
(± 0.38)bcd

Gm1-86
Loose

c

b

a

Based on CI-18 stated in Tello and Ibáñez (2014) but omitting seed number. Cluster architecture sub-traits indicated in bold are major contributors to cluster density levels (Richter et al. 2019)

According to Tello and Ibáñez (2014)

According to Hed et al. (2009)

Estimated (marginal) means of sub-traits and compactness indices for each clone adjusted for the effects of ‘location’ and ‘season’ as predicted from the generalized linear model ‘subtrait’ ~ loc*year + clone (details in Online resource 6). (±) represents the standard error. Different letters indicate significantly divergent values for sub-traits and compactness indices as identified
with a Tukey HSD test at significance level α = 0.05

Index

CI_18

BN/
14.39 (± 0.51)f 12.73
RL(cm)
(± 0.35)ef

a

c

702 (± 27)abc

WG (g)

seasonal
wood
gain

Index

1.49 (± 0.09)a

second
L2I (cm) 1.28 (± 0.09)a 1.27 (± 0.07)a 1.29 (± 0.09)a
internode
length

716 (± 21)abc 613 (± 23)a

1.53 (± 0.12)a

790 (± 30)bc

139.72
(± 4.53)a

1.58 (± 0.11)bcd 1.14 (± 0.11)abc 1.02 (± 0.08)a

0.56 (± 0.01)d

8.94 (± 0.37)cde 8.21
(± 0.36)abcd

1.13 (± 0.09)ab 1.38
(± 0.11)abcd

0.56 (± 0.01)d

0.4 (± 0.01)bc 0.35 (± 0.01)a 0.39 (± 0.01)bc 0.4 (± 0.01)bc

7.4 (± 0.36)abc 8.76
(± 0.28)cde

1.24
(± 0.1)abcd

0.47 (± 0.01)a

first
L1I (cm) 1.27 (± 0.11)a 1.31 (± 0.09)a 1.26 (± 0.11)a
internode
length

Rachis
RD (cm)
diameter

PED
(cm)

0.47 (± 0.01)a 0.48 (± 0)a

141.01
(± 6.13)ab

Gm20-13
Loose

8.01 (± 0.45)ab 10.34 (± 0.46)cd 10.17 (± 0.45)cd 11.04 (± 0.53)d 9.44
(± 0.39)bcd

Pedicel
length

6.93 (± 0.45)a 9.16
(± 0.35)bcd

SL (cm)

Shoulder
length

134.08
(± 5.5)bcd

RL (cm) 10.91 (± 0.25)a 13.18 (± 0.2)b 12.62 (± 0.25)b 15.77 (± 0.26)ef 15.6 (± 0.25)e

143.24
(± 4.62)cd

Fr1801
Loose

254.19 (± 9.63)e 166.76 (± 7.46)b 129.5 (± 4.29)a 246.51
(± 9.35)de

190.15 (± 7.98)f 173.19
(± 7.09)ef

248.11
(± 9.62)de

165.69
(± 6.05)bc

129.11
(± 5.35)bc

193.43
(± 7.34)cd

164.97
(± 6.17)bc

Fr13L
Loose

1.15 (± 0.03)d

211.87
(± 6.32)bc

161.4
(± 5.93)abc

Fr12L
Loose

0.84 (± 0.03)b 0.87 (± 0.02)b 0.86 (± 0.03)b

181.04
(± 6.94)bc

167.1
(± 4.82)bc

FkCL
Compact

FkCH

Compact

Rachis
length

Total berry TBV
Volume
(cm3)

BN (#)

Berry
number

157.41
(± 5.83)abc

Abbrevia- En777
tion
Compact

Trait

Table 5  Morphometric measurements on cluster architecture for 12 ‘Pinot Noir’ clones at BBCH89 recorded over three locations and two seasons
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synthesis with the high-capacity cDNA Transcription Kit
(Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA, USA).

Primer design for RT‑qPCR
Primer pairs (Online resource 5) for quantitative RT-PCR
(RT-qPCR) were designed as recommended in (Citri et al.
2012) using the CLC main workbench primer design software tool (CLC Main Workbench Version 8.0.1, QIAGEN
www.qiagenbioinformatics.com). PCR amplification efficiencies of the primer pairs for the 91 targets and 2 endogenous control genes were validated as suggested by Schmittgen and Livak (2008). Standard RT-qPCRs were performed
using the Power SYBR-Green PCR Master Mix (Applied
Biosystems). The specificity of the amplification was
affirmed by visual inspection of the amplification products
followed by melting curve analysis and gel electrophoresis
of the PCR products (after 40 thermal cycles, size inspection
on 3% agarose gels).

Expression analysis using high‑throughput
quantitative real‑time PCR
Expression analysis applied the high-throughput BioMark™
HD (Fluidigm Corporation, Munich, Germany) system with
dynamic array chips (96.96 GE IFC; Fluidigm) according to
the manufacturer´s instruction. Fluorescence data recording
and processing were done with the BioMark Real-Time PCR
Analysis Software 3.0.2 (Fluidigm).
The overall quality score of the experiment was 0.945.
Variation between the chips was low (0.92–0.97). Ct values
of several 96.96 IFC chips were combined with their metadata in an expression set using the R-package ‘HT-q-PCR’
(Dvinge and Bertone 2009). All Ct values below 5 and Ct
values of genes showing little variation between the samples
(with an inter-quartile range below 0.6) were discarded.
The relative amount of mRNA was calculated based
on the Ct value (cycle number at threshold). The cycle
threshold was determined with the automatic linear baseline setting. For normalization of the relative gene expression values, the genes VIT_17s0000g10430 encoding
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and VIT_08s0040g00040 encoding ubiquitin-conjugating
enzyme E2 (UBIc) served as references. These genes have
already been successfully applied in other grapevine RTqPCR studies, e.g., (Monteiro et al. 2013; Reid et al. 2006;
Selim et al. 2012; Upadhyay et al. 2015). Their expression
proved to be stable (rank invariant) in rachis tissue over
clones, locations and growing seasons (as revealed with

the function ‘normalizectdata’ of the package ‘HT-qPCR’).
To obtain the ΔCt value, the Ct value of each target gene
was normalized by subtraction of the mean Ct values of the
two endogenous reference genes (GAPDH and UBIc). For
gene expression comparisons between F1 siblings, varieties,
clones, seasons and vineyard locations, the 2−ΔΔCt value was
calculated (Livak and Schmittgen 2001).

Statistics
All statistics employed R-software version 3.5.3 (R Core
Team 2013). All statistic tests were set to a significance
threshold of p = 0.05.
Cluster architecture: The environmental impact on each
cluster architecture sub-trait was assessed using generalized
linear models (GLM) with clone, location, season and the
two-way interaction between location and season as explanatory variables. For count data, a GLM with Poisson distribution or (when overdispersed) negative binomial distribution was fitted. For strictly positive continuous responses, a
Gamma-GLM with log link or a linear model was applied.
Model residuals were visually assessed, and dispersion
was checked when applicable. Effects were tested using
type three analysis of variance and the function ‘Anova’
of the package ‘car’ (Fox and Weisberg 2011) and visualized using the function ‘alleffects’ of the package ‘effects’
(Online resource 6). Estimated marginal means, post hoc
tests and pairwise comparisons with compact letter display
were calculated for the effect of ‘clone’ on the response
while accounting for the effects of ‘season’ and ‘location’
using the functions ‘emmeans’ and ‘CLD’ of the package
‘emmeans’ (Lenth 2019). The significance level was set to
0.05 (Table 5).
Differential gene expression, denoted as fold change (FC),
was calculated using the package ‘limma’ (Matthew et al.
2015). A design matrix containing the experimental data
for all investigated PN clones, varieties and F1 siblings, at
up to three trial locations and three seasons, was generated
with the function ‘model.matrix’. The correlation between
technical replicates was estimated with the function ‘duplicatecorrelation.’ Differential gene expression was analyzed
by fitting gene-wise linear models using the design matrix,
the estimated correlation and the function ‘lmFit.’ To interpret different gene expression values, the empirical Bayes
method was used to modify the standard errors toward a
common value using the ‘eBayes’ function.
Contrast: The l og(2) FC (− ΔΔCt) for each gene was calculated by the expression difference to the selected standard
PN clone Gm20-13 using the function ‘contrasts.fit’. The
relative expression (2−ΔCt) of each Gm20-13 gene at any
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individual location and season of was subtracted from the
(2−ΔCt) of the test genes in all the other investigated PN
clones for standardization. Following the same principle,
a contrast was calculated by subtracting the (2−ΔCt) of the
genes active in compactly clustered PN clones from those
in the loosely clustered varieties ‘Uva Rara’ and ‘Prosecco.’
The contrast for the F1 siblings was calculated by subtracting the (2−ΔCt) of the test genes in F1 siblings with short
pedicels and rachis lengths from the (2−ΔCt) of the test genes
in F1 individuals with extreme long rachises and pedicels,
respectively. The identification of ‘regulated genes’ applied
the limma package that determined differential gene expression with a threshold level of p ≤ 0.05.
The results of relative gene expression were displayed
in heatmaps as log 2 FC (− ΔΔC t ) using the package
‘pheatmap’ (Kolde 2015). Row-scaled data (gene-wise)
and Euclidian distance were used for hierarchical clustering. Expression data of tested genes (log2 FC), displayed
in box–whisker plots, were obtained in the same way as
stated above, but with the contrast matrix containing additionally the biological replication (Fig. 7b, c).
Variance partition: To estimate the variation in this
multilevel gene expression experiment, the package ‘variancePartition’ was used with the log 2 of ΔC t. A linear
mixed model with the random effects season, location,
batch, biological replicate, cluster type, clone and gene
pool identified the typical drivers of variance. These factors can be classified as environmental (‘season’ and ‘location’), technical (two repeated ‘batches’), biological (three
independent ‘replicates’), phenotypic (‘cluster type’) and
genetic (‘clone’ and ‘gene pool,’ i.e., selection background
of ENTAV, Frank, Fr (Freiburg), Gm (Geisenheim) and
We (Weinsberg) clones) (Hoffman and Schadt 2016).
Correlation between relative test gene expression,
expressed as log(2) FC (− ΔCt), and cluster architecture
sub-trait records of PN clones for 2015 and 2016 were
calculated with Spearman rank correlation test using the
function ‘rcorr’ from the package ‘Hmisc’ (Harrell Jr
2015).

Gene annotation
The gene identifiers of the Gramene database version
IGGP_12x.54 (http://ensembl.gramene.org/Vitis_vinifera/
Info/Index) were used to retrieve the nucleotide sequences
of the candidate genes. These sequences were submitted to
Blast searches (Altschul et al. 1990) in the NCBI GenBank
(https://www.ncbi.nlm.nih.gov/Blast.cgi). The best match
(Blastx) of the translated sequences of candidate genes with
homologous genes from non Vitis species is used as functional annotation.
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Analysis of co‑expression
An analysis of co-expression was performed with the gene
expression compendium ‘Vespucci’ (Moretto et al. 2016a).
The expression profiles of 14 candidate genes and VvGRF4
were determined in 21 selected samples containing inflorescence, rachis and tendril tissue of the V. vinifera cultivars
‘Corvina’ and ‘Tempranillo,’ reported by Fasoli et al. (2012)
and Diaz-Riquelme et al. (2014). The following ‘Vespucci’
Sample IDs have been used for co-expression analysis: ID
2210, 2211, 2225, 227, 229, 334, 335, 336, 347, 346, 348,
228, 230, 231, 232, 233, 234, 235, 307, 308 and 309. The
‘Vespucci’ inference was based on the publicly available
transcriptomics data and integrated by the COLOMBOS
v3.0 database (Moretto et al. 2016b).

Results
Trueness to type of the investigated PN clones
Microsatellite-derived markers known for their ability to
reveal polymorphisms in PN clones (Pelsy et al. 2010)
were applied to check the integrity of the plant material
over the three plantations in Palatinate, Hesse and Baden.
The data (Online resource 1) confirmed the trueness
of type of the plants over all locations. The PN clones
ENTAV777 and Geisenheim 1-86 showed the same genetic
variation at the different locations, in agreement with the
data reported by Pelsy et al. (2010).

Cluster architecture characteristics and vitality
of PN clones
The typical differences in cluster architecture (CA) exhibited by PN clones at stage BBCH89 (berries ripe for harvest) are depicted in Fig. 1. The morphological characteristics of ripe bunches were evaluated in 12 PN clones
spread over the three geographic locations in 2015 and
2016 at BBCH89 (Table 1, Online resource 2).
The ratio ‘berry number/rachis length’ (Hed et al. 2009)
and indices CI-12 and CI-18 (Tello and Ibáñez 2014) were
used to categorize the PN clones according to their cluster
density. In this way, the general visual classification in loose
and compact clones (Ruehl et al. 2004) was confirmed, and
the clones were characterized as three CCC, two MBC and
six LCC (Tables 1, 5). The clone Gm18 remained unclassified due to high variability in the measurement results
recorded for the sub-traits represented in the indices.
In total, 12 sub-traits of cluster architecture (CA) were
evaluated. Between the clones, 10 out of the 12 subtraits differed significantly (The lengths of the first rachis
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Fig. 1  Clones of V. vinifera cv. ‘Pinot Noir’ with different cluster
architecture. Phenological stage BBCH89 (berries ripe for harvest)
was used for cluster architecture assessment. a The PN clone ‘Frank
Charisma’ as an example for compactly clustered clones with noncircular-shaped berries due to high pressure between the berries. b
The PN clone ‘Geisenheim 1-86’ as an example for loosely clustered

clones with visibly extended pedicel length. c The PN clone ‘Freiburg
1801’ as an example for clones partially bearing smaller berries leading to reduced compactness (mixed berried clones). Red arrows highlight the emphasized cluster architecture feature. The size standard
depicts 1 cm. Developmental stages according to Lorenz et al. (1995)
(color figure online)

Fig. 2  Effects of sampling locations and growing seasons on cluster architecture sub-traits for the ‘Pinot Noir’ clones Gm20-13 and
FkCH. These two clones could be sampled across all seasons and
locations (n = 120). Estimated marginal means and 95% confidence
intervals were obtained from generalized linear models. The CA sub-

traits rachis length (RL), shoulder length (SL) and mean berry volume (MBV) were clearly influenced by ‘season.’ In contrast, pedicel length (PED) was affected neither by ‘season’ nor by ‘location’
(Online resource 6)

internode (I1L) and second rachis internode (I2L) did not
vary). Table 5 summarizes the morphometric data of the
bunches. The loosely clustered clones from Freiburg (Fr12L,
Fr13L) and from Weinsberg (WeM1, WeM171, WeM242)
shared long rachis lengths and larger berry volume. The
clones Fr12L, Fr13L and WeM242 showed extended pedicel lengths, as did the loosely clustered clone Gm1-86 from
Geisenheim. However, the latter clone (Gm1-86) formed

shorter rachises. Compact PN clones in general produced
small berries with short pedicels at reduced rachis lengths.
This analysis also revealed mixed berried clones that differed
concerning berry volume and berry number in comparison
with their co-members from the same clonal selection lines.
They also exhibited a loose CA.
The effects of the environmental factors ‘season’ and
‘location’ on CA were evaluated using the clones Gm20-13
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Fig. 3  For differential gene
expression studies, BBCH57
(a) (just before flowering with
still closed flower caps (b)] and
BBCH71 (c) (berry set) samples
were used. For each time point,
three biological replicates were
collected from different vines.
The sampled vines were chosen
randomly within a plantation of
several hundred individuals of
each clonal variant. Only vines
without any indication of pathogen infection or physiological
disorder were sampled

and FkCH since these clones were common to all three
locations (Hesse, Baden and Palatinate). The evaluation of
generalized linear models revealed that ‘season’ affected
berry number (BN), mean berry volume (MBV), total
berry volume (TBV), rachis length (RL), shoulder length
(SL) and rachis weight (RW). The factor ‘location’ influenced cluster weight (CW), mean berry volume (MBV),
total berry volume (TBV), rachis length (RL), shoulder
length (SL) and rachis weight (RW). The values for peduncle lengths (PL) and pedicel lengths (PED) in Gm20-13
and FkCH were stable and did not differ between locations
and seasons (Fig. 2, Online resource 6a and 6b).
In addition to CA sub-traits, the annual wood gain was
recorded as indicator of plant vigor (Table 5). The values of
clones Gm20-13 and FkCH attained during the seasons 2015
and 2016 differed significantly between the three locations
(Online resource 2). The highest wood gain per vine was
achieved in Baden (average 1136 g, integrated management),
followed by Hesse (average 758 g, integrated management)
and Palatinate (average 456 g, vineyard under organic management). Wood gain (WG) was not significantly affected
by season (Online resource 6). The morphometric measurements served to study differential gene expression in association with cluster architecture features.

Identification of genes regulated in association
with cluster architecture sub‑traits
In total, 80 candidate genes were selected based on a previous RNA-Seq study reported by analysis of each two loosely
and compactly clustered PN clones (Rossmann et al. 2019).
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These genes had shown a significant fold change of at least
1.5 between loose and compact clones. In addition, 11
candidate genes were selected for analysis based on their
implication in inflorescence development as reported in the
literature. A list of all genes is presented in Online resource
5. The gene VvGRF4 was included to check its implication
in cluster compactness in an extended set of ‘quasi isogenic’
PN clones from various selection backgrounds and over multiple environments.
Accelerated inflorescence growth of loosely as compared to compactly clustered PN clones just before flowering (BBCH57) and at early fruit set (BBCH71) has been
reported (Richter et al. 2017). Hence, these time points were
chosen for the expression analysis in the 11 PN clones of
LCC, MBC and CCC phenotype (Fig. 3). The clone Gm2013 had a special distinct phenotype (small berries, short
rachises) and served as reference to standardize the gene
expression data.
Quantitative real-time PCR was performed on developed
inflorescences (BBCH57) and on young clusters at fruit set
(BBCH71). Data were normalized to the internal controls
(GAPDH and UBIc), standardized with Gm20-13 values
and reported as logarithm of the fold change (− ΔΔCt).
In total, 40 genes at BBCH57 and 81 genes at BBCH71
appeared differentially expressed between the PN clones of
LCC, MBC or CCC phenotype (Online resource 7). Out of
these, 15 genes were differentially expressed over all conditions, independently from environmental factors ‘season’
and ‘location’ (as inferred with moderated T-statistics using
empirical Bayesian modeling, Smyth 2004). Three genes
were consistently differentially active at the early stage
of BBCH57 (Fig. 4). They included the gene encoding
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Fig. 4  Heatmap of the averaged (three biological and two technical
replicates) relative gene expression values as log(2) FC (− ΔΔCt) of
selected genes at BBCH57. The gene expression relative to the mean
of GAPDH and UBIc was analyzed just before flowering (BBCH57)
and standardized relative to the PN clone Gm20-13. The rows show
the relative expression of the genes. The columns represent the ‘Pinot

Noir’ samples. The clones are indicated at the bottom with their
abbreviated name, their location (B = Baden, H = Hesse, P = Palatinate) and the year of sampling (15 = 2015, 16 = 2016, 17 = 2017).
Hierarchical clustering (based on Euclidian distances) revealed similarities in gene regulation in the PN clones depending on their cluster
architecture (CA) type. LCCs are separated from CCCs and MBCs

transcription factor VvGRF4, as expected from the former
study (Rossmann et al. 2019), assessed here in a larger clone
set. In addition, the two genes VIT_04s0008g01100 (encoding a cytochrome P450 CYP711A1-like gene, named MAX1
in Arabidopsis) and VIT_18s0001g03160 (annotated as a
WAT1-related protein) were differentially expressed at this
early stage under all conditions.
VvGRF4 was differentially expressed both at BBCH57
and at BBCH71. In agreement with former results, its activity was high in LCC clones and down-regulated in CCC
(Figs. 4, 5). The expression of VvGRF4 in MBCs resembled
the pattern seen in CCCs.
After fruit set and begin of fruit development (BBCH71),
11 more genes were found to be differentially expressed
between loose and compact PN clones independently from
all seasons and locations.
Hierarchical clustering based on their expression values
grouped them into five clusters of similar expression patterns
(Table 6, Fig. 5). Clustering of PN clones showed a clear
separation of LCCs from CCCs and MBCs (Fig. 5).
In expression cluster I, the transport- and phytohormonerelated genes VIT_04s0008g01100 (CYP711A1-like),
VIT_08s0007g01370 (DIR1-like), VIT_18s0001g03160
(WAT1-like) and VIT_18s0001g0489 (SULTRA3-like)
were down-regulated in the majority of LCCs, while they
showed only little expression changes in most MBCs and
CCCs. The gene VvGRF4 formed a separate cluster II
and followed a homogenous differential expression pattern specific to loose and compact/mixed berried clones,

respectively. It was more active in LCC clones. Cluster
III combined the genes VIT_17s0000g05000 (SEP1-like),
VIT_18s0001g03540 (AUX1-like) and VIT_18s0001g11160
(MIZU-KUSSEL1-like). The products of these genes relate
to transcription regulation (transcription factor SEPALLATA1-like), auxin transport and auxin homeostasis. They
were up-regulated in most LCCs to a much larger extent than
in CCCs. Cluster IV contains gene VIT_01s0026g02030. It
probably encodes a non-DNA binding basic helix-loophelix (bHLH) transcription factor PRE6. For this transcription factor gene, the LCCs showed higher expression
than the CCCs. The MBCs showed a heterogeneous range
of differential expression extending from − 4.35 to 0.39.
In cluster V, expression patterns showed the highest heterogeneity. The genes VIT_01s0010g02430 (MAD2-like),
VIT_01s0127g00870 (PG1-like), VIT_17s0000g03750
(LYM1) and VIT_17s0053g00990 (EXPA1-like) encode
proteins related to cell wall synthesis or cellular growth.
The products of the genes VIT_02s0025g04720 (LDOX)
and VIT_18s0001g05060 (PGM) are associated with proanthocyanidin synthesis resp. glycolysis/gluconeogenesis.
Few CCC samples showed divergent (up-regulated) gene
expression affected by ‘season’ and ‘location’ (e.g., Hesse
2015). Interestingly, the LCC samples from Palatinate (under
organic farming) showed repression for four genes in cluster
V in contrast to the clones from the other locations managed
by integrated viticulture practices (Fig. 5). The expression
changes are summarized in Table 6.
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Fig. 5  Heatmap of the averaged (three biological and two technical
replicates) relative gene expression values as log(2) FC (− ΔΔCt) of
selected genes at BBCH71. The gene expression relative to the mean
of GAPDH and UBIc was analyzed just after flowering (BBCH71)
and standardized relative to the PN clone Gm20-13. The rows show
the relative expression of the genes. The columns represent the ‘Pinot
Noir’ samples. The clones are indicated at the bottom with their

abbreviated name, their location (B = Baden, H = Hesse, P = Palatinate) and the year of sampling (15 = 2015, 16 = 2016, 17 = 2017).
Hierarchical clustering (based on Euclidian distances) revealed similarities in gene regulation in the PN clones depending on their cluster
architecture (CA) type. LCCs are separated from CCCs and MBCs.
The genes expression data form five clusters of similar patterns (as
indicated by numbers at the left-hand side)

Variance of gene expression in PN explained
by experimental factors

expression variation of almost all 15 investigated genes.
The sole exception was VIT_18s0001g03540 (AUX1-like,
with only 14% of variance explained by ‘cluster type’
but over 20% by the factor ‘location’). The variance of
VvGRF4 gene expression was explained to more than 80%
by ‘cluster type,’ and the environment caused little variation (‘location’ 0%, ‘season’ 2.6%). The factor ‘season’
was an important determinant of gene expression variation explaining more than 20% of variance for the genes
VIT_08s0007g01370 (DIR1-like), VIT_17s0000g05000
(SEP1-like), VIT_17s0053g00990 (EXPA1-like) and
VIT_18s0001g03540 (AUX1-like) (Fig. 6, Online resource
8).
The gene VIT_18s0001g04890 (SULTR2-like) was
affected by factor ‘batch’ (technical replicates), and the genes
VIT_01s0010g02430 (MAD2), VIT_01s0026g02030 (PRE6),
VIT_01s0127g00870 (PG1-like) and VIT_18s0001g11160
(Mizu-Kussel1-like) varied to some extent also over the biological replicates (Online resource 8).

In order to determine to which extent the modulations of
gene expression were affected by the experimental factors, a
variance partition analysis was carried out. For all the identified genes, the factor ‘cluster type’ explained a substantial
percentage of the variance in gene expression. The factors
‘location’ and ‘season’ also showed clear effects (Fig. 6,
Online resource 8).
At the early time point, (BBCH57) the main cause of
variance for VvGRF4 was ‘cluster type’ (58% explained
variance). For VIT_18s0001g03160 (a vacuolar auxin
transporter, WAT1-like), it was ‘season’ (26%). The variance of VIT_04s0008g01100 (CYP711A1-like) was mainly
explained by the factor ‘location’ (22%) at this early developmental stage.
At the later developmental stage, BBCH71, the factor ‘cluster type’ was the major determinant of gene
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Table 6  Average gene expression fold change log(2) FC (− ΔΔCt) at early fruit development stage (BBCH71) in loosely clustered clones (LCCs),
mixed berried clones (MBCs) and compactly clustered clones (CCCs) as compared to the standard ‘Pinot Noir’ clone Gm20-*13

(a) Hierarchical clusters (Euclidian distances) of the relative gene expression (Figs. 4, 5) (b) Clone group specific mean and median values of
relative expression. The color code corresponds to the colors used in the heatmap in Figs. 4 and 5 and indicates changes based on the mean
expression value. (c) Identifier from the Gramene data base (http://ensembl.gramene.org/Vitis_vinifera/) and functional annotation of the genes
at NCBI Genbank (https://www.ncbi.nlm.nih.gov/nuccore) (d) Gene identifier from NCBI (e) Best match (Blastp) of the translated amplified
sequences of candidate genes with homologous genes from non Vitis species (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (f) Quality estimator value
for similarity between sequences (g) Accession number of homologous genes in the NCBI database

Correlation of gene expression with sub‑traits
of cluster architecture and wood gain
At the early stage of BBCH57, the relative expression of VvGRF4 (log(2) FC) was strongly correlated with

the sub-traits mean berry volume (MBV; r = 0.87/0.90)
and pedicel length (PED; r = 0.92/0.89) in both years. In
contrast, the activity of genes VIT_04s0008g01100 and
VIT_18s0001g03160 correlated inversely with MBV and
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Fig. 6  Variance partition analysis using experimental factors to assess
the percentage of the explained variance of gene expression. The violin plots (a, c) indicate the explained variances in overall gene expression values log(2) (ΔCt) on the y-axis, while the x-axis depicts the
factors of variance: cluster type (loose, mixed berried, compact), bio-

replicates, (biological replicates, n = 3), season, batch (technical replicates, n = 2), location, gene pool (selection background), clone (11
‘Pinot Noir’ clones) and the residuals. The bar plots (b, d) depict the
amount of variance explained by each factor on the individual gene’s
expression

PED (Table 7). At this time, there was no significant correlation to shoulder length (SL).
During 2015 and 2016, at developmental stage
BBCH71, all selected genes changed expression correlated with at least one of the sub-traits mean berry volume (MBV), pedicel length (PED) or shoulder length (SL)
(Table 7). Three main trends appeared in both seasons.
I) 11 genes with significant correlation with MBV also
correlated with PED in the same sense (positive or negative correlation). Genes with correlation with SL often cocorrelated with plant vigor (measured as wood gain, WG).
II) The correlations with MBV/PED in general appeared
inverse to the correlations observed to SL/WG (Table 7,
Online resource 9). III). None of the 15 genes showed any
significant correlation with the sub-traits berry number
(BN), cluster weight (CW) or rachis length (RL) (Online
resource 9).

Interestingly, at BBCH71 the correlation of the genes
expression with MBV was generally stronger than to PED.
All genes showed regulation correlated with the sub-trait
shoulder length (SL) in at least one season.
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Correlation in between the modulated genes
In general, the correlation among the differentially
expressed genes was strong, with the sole exception of
VIT_18s0001g03540 (Online resource 9).
Consistent with the gene expression clusters (Fig. 5), the
genes that were positively correlated with MBV and PED
also correlated positively with the genes of the expression
clusters II to V, but negatively with the genes of cluster I.
On the contrary, the genes that correlated negatively with
MBV and PED also correlated negatively with all genes in
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Table 7  Coefficient of
correlation (r) between the
relative expression changes of
selected genes and key subtraits of cluster architecture and
wood gain (for abbreviations
see Table 5)
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Table 7  (continued)

The gene expression relative to GAPDH and UBIc (log(2)FC) was measured just before flowering
(BBCH57) and just after flowering (BBCH71). The results for cluster architecture sub-traits of ‘Pinot Noir’
clones were recorded at ripe grape clusters stage BBCH89. Wood gain was recorded after leaves had fallen
(BBCH97)
Spearman correlation (r) is significant with *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
Positive correlation is highlighted in light red, negative correlation in light blue

Table 8  Coefficient of correlation for relative gene expression (log(2)FC) between the three putative transcription factors and differentially regulated genes

Spearman correlation (r) is significant with *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
Positive correlation is highlighted in magenta, negative correlation in light blue
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Fig. 7  Differential expression of CA-related genes identified in PN in
genetically distant backgrounds. Values from PN clones are included
for comparison. a Heatmap of the averaged relative gene expression
values as log(2) FC (− ΔΔCt) at BBCH71 (just after flowering). The
gene expression relative to the mean of GAPDH and UBIc was analyzed in three biological replicates. For gene activity in F1 individuals, a contrast to the mean of four individuals with short pedicels and
short rachis was used, respectively. For standardization of loosely
clustered individuals of OIV reference varieties, a contrast to the two
compactly clustered PN clones, Frank Classic and Frank Charisma,
was calculated. b, c Fold change (− ΔCt) of VIT_08s0007g01370 (b)
and VvGRF4 (c) relative to the internal control genes during two sea-

sons at BBCH71 as measured in phenotypic and genotypic diverse
individuals grouped according to their cluster architecture type. Cluster architecture types consist of the following individuals: PEDmin
and PEDmax, four F1 hybrids each were grouped according to pedicel length. RLmin and RLmax, four F1 hybrids each were grouped
according to rachis length. PN LCC, loosely clustered ‘Pinot Noir’
clones Gm1-86 and WeM171. PN CCC, compactly clustered ‘Pinot
Noir’ clones Frank Classic and Frank Charisma. OIV 204, ‘Uva
Rara’ and ‘Prosecco,’ two OIV reference varieties of cluster density
OIV descriptor#204 for loose cluster architecture. Indicated p values
were generated with Wilcoxson’s test between group means of cluster
architecture types

expression clusters II to V, but positively with the genes in
cluster I (Online resource 9).
The three genes VIT_01s0026g02030 (PRE6), VvGRF4 and
VIT_17s0000g05000 (SEP1-like) encode putative transcription factors. At BBCH57, the expression of VvGRF4 correlated
negatively with the genes differentially expressed at this developmental stage. This negative correlation continued to the later
stage. At BBCH71, the expression of the ten other regulated
genes was always correlated with the transcriptional activity
of the three transcription factor genes in the same sense (with
the sole exception of the gene VIT_18s0001g04890 that correlated with VIT_17s0000g05000 only during the season of
2015) (Table 8). The three transcription factor genes correlated
positively with each other.

for loose cluster architecture ‘Uva Rara’ and ‘Prosecco’ were
analyzed. In addition, 16 interspecific F1 hybrids from a
cross population of ‘Calardis Musqué’ (formerly GF.GA47-42) × ‘Villard Blanc’ (Zyprian et al. 2016) were chosen for this broadened analysis. These samples comprised
four genotypes each showing maximal or minimal pedicel
lengths and each four individuals of maximal or minimal
rachis lengths as characterized in Richter et al. (2019) and
detailed (including T Test) in Online resource 4. They were
included in the high-throughput RT-qPCR chips at stage
BBCH71. Out of the 15 genes with differential expression
between loose and compact quasi-isogenic PN clones, seven
genes maintained their differential expression in individuals
of contrasting cluster architecture sub-traits in this diverse
genetic background (Fig. 7a, Online resources 10 and 11).
The gene encoding VvGRF4 lost its association with
CA within these genetically different grapevine samples
(Fig. 7a, c). Its differential expression was restricted to the
PN clones. It was neither regulated in the OIV reference
varieties ‘Uva Rara’ and ‘Prosecco’ nor the F1 hybrids of
the cross population. Although the investigated F1 siblings
exhibited extreme pedicel lengths difference, and pedicel

Expression of cluster architecture‑associated genes
in alternative genetic backgrounds
The differential gene expression of the 15 genes identified in
the PN clones was tested for maintenance of their association with the sub-traits of CA in completely different genetic
backgrounds. To this purpose, the OIV reference varieties
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length is a discriminant between loose and compact PN
clones, no significant correlation of VvGRF4 gene expression modulation in relation to pedicel lengths was identified (Fig. 7c).
Particularly, the three genes VIT_01s0026g02030 (PRE6),
VIT_01s0127g00870 (PG1-like) and VIT_17s0053g00990
(EXPA1-like) genes were significantly up-regulated
(FC ~ 1.6–2.1) in the OIV reference varieties for loose cluster
architecture ‘Uva Rara’ and ‘Prosecco’ (related to compact
PN clones, Fig. 7a).
The gene VIT_08s0007g01370 (DIR1-like), which
showed down-regulation in loose PN clones, was also
expressed at considerably reduced level in the loose OIV
reference varieties (Fig. 7a, b).
Regarding the F1 siblings with long rachises, the three
genes VIT_01s0026g02030 (PRE6), VIT_01s0127g00870
(PG1-like, jp650-like) and VIT_17s0053g00990 (EXPA1like) showed reduced expression as compared to siblings
with short rachis length. In contrast, F1 siblings with long
pedicels showed higher expressions of these genes in comparison with their siblings with short pedicels (Fig. 7a,
Online resource 10).
The expression of VIT_18s0001g03160 (WAT1-like)
appeared 3.6–4-fold down-regulated in F1 hybrids with
long pedicels and large rachis length. The F1 genotypes
#484 and #503 appeared particularly diminished for expression of VIT_18s0001g03160 and likewise for the gene
VIT_17s0053g00990.
The genes VIT_04s0008g01100 (CYP711A1-like) and
VIT_18s0001g11160 (MIZU-KUSSEL1-like) showed a contrasting regulation pattern regarding the four experimental
sets (Fig. 7a). The loosely clustered OIV#204 reference varieties and F1 hybrids with long rachis were more actively
expressing these genes, while F1 hybrids with long pedicels
were found reduced in the activity of these two genes.

Co‑expression network analysis
To learn more about the regulatory networks involved in
cluster morphogenesis, the gene expression data obtained
in this study were checked for co-expression within other
publicly available grapevine transcriptomic datasets. The
co-expression network, calculated with the grapevine gene
expression compendium ‘Vespucci’ (Moretto et al. 2016a),
revealed that 11 of the 15 genes are part of a co-expression network when examined within the expression data
of ‘Corvina’ (Fasoli et al. 2012) and ‘Tempranillo’ (DiazRiquelme et al. 2014) samples. The genes within the network had manually annotated functions comprising auxin
signaling, auxin transport, cell cycle and flower development. The genes VIT_04s0008g01100 (CYP711A1-like),
VIT_08s0007g01370 (DIR1-like), VIT17s0000g05000
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(SEP1-like) and VIT_18s0001g05060 (PGM) do not belong
to any co-expression network (Diaz-Riquelme et al. 2014,
Fasoli et al. 2012) represented in the available data sets.

Discussion
This study analyzed 92 genes involved in the determination of loose cluster architecture in different PN clones. The
implication of VvGRF4, recently identified as an important
regulator of cluster architecture in four PN clones (Rossmann et al. 2019), was confirmed here in a wider genetic
range of PN. Seven of these genes could be validated for
their association with cluster architecture in completely different genetic background, in OIV reference varieties for
loose cluster architecture and in phenotypically extreme F1
siblings from a controlled cross. These included the gene
annotated as encoding transcription factor PRE6. The regulation of VvGRF4, in contrast, was limited to the PN clones
of selection lines with different pedicel length. Such restriction of intravarietal variance was also reported in Fernandez
et al. (2010, 2014). The authors detected a mutation causing alterations of inflorescence morphology in the promoter
of VvTFL1A in somatic variants of the cultivar ‘Carignan.’
However, the authors could not find that specific mutation in a population of 140 varieties with diverse cluster
architecture.
The phenotype of an organism is determined by a combination of its genotype (G), the environment (E) and their
interaction (G × E) (Grishkevich and Yanai 2013). Considering this fact, it is desirable to dispose high numbers of
clonal individuals spread over several locations for investigation. However, for perennial crops like grapevine, this
requirement is difficult to fulfill. Establishment of controlled
vineyards raised from certified plant material with ample
material to allow random sampling is time-consuming and
expensive. The PN clones in this study needed to be grown
in homogeneous plots and grafted on the same rootstock
cultivar to avoid transcriptomic shifts in the scion and influences on yield and vigor by the rootstock (Chitarra et al.
2017). The experimentation here was therefore restricted to
clonal material available at the collaborating nurseries and
the cultivar repository at the JKI. The three plantations were
under different viticulture systems with organic viticulture at
Geilweilerhof and integrated management at the nurseries.
This fact should delimit the identification of genetic components affecting the phenotype of cluster architecture to those
that operate autonomously from environmental conditions.
Organic or integrated vineyard management may influence CA development. Döring et al. (2015) used ‘Riesling’
vines (on rootstocks ‘Börner’ and ‘SO4’) to compare growth
and yield parameters in relation to viticulture systems of
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integrated and organic production. The authors reported
significant lower cluster and berry weight under organic
management. The latter parameter (berry weight) could be
regarded as equivalent to mean berry volume (MBV) analyzed in this study. Interestingly, in the study here, the vineyard in Baden (integrated) had lower MBV as compared
to the organically maintained field in Palatinate. It might
be possible that there is a difference in grapevine cultivars
regarding their requirements for nutrients and a cultivar-specific shift to promote generative development under nutrient
shortage. This may be indicated by the lower wood gain
observed in the organically managed vineyard.
In total, 12 different PN clones of various cluster architecture types were characterized for cluster sub-traits. Ripe
bunches were measured for two seasons in three different
environments. Enlarging the range of CA types investigated previously (conducted on two loose and two compact
PN clones), the additional cluster type of ‘mixed berriedclones’ was included newly in this investigation. These MBC
clones result in rather loose bunches at ripeness, due to the
presence of interspersed small berries within the clusters.
Among the cluster architecture characteristics studied over
all clones, the sub-traits MBV (mean berry volume), RL
(rachis length) and PED (pedicel lengths) emerged as the
most relevant determinants of overall cluster architecture.
This finding is in agreement with the results from the former genetic study on QTLs related to cluster architecture
mapped on a segregating population independent from the
PN gene pool (Richter et al. 2019). Particularly, the subtrait PED (pedicel length) was clearly discriminant between
compact and loosely clustered PN clones (Table 5). Formation of the pedicel is largely influenced by cell number,
and the long pedicels possess a higher number of cells in
comparison with short pedicels of compact bunches in PN
(Rossmann et al. 2019). This phenomenon is linked to the
differential gene regulation of VvGRF4 due to its mutation
in the microRNA binding site. In this case, there appears to
be an obvious direct influence of the genetic constitution,
specific for ‘Pinots.’ Quite in contrast, the phenotypically
extreme F1 siblings concerning pedicel length were differentially regulated in the activity of transcription factor
gene PRE6, but not in VvGRF4 expression (Fig. 7a, c). The
gene encoding PRE6 is enclosed in the confidence interval
of a QTL for pedicel length and cluster architecture scored
according to OIV descriptor #204 identified in the former
genetic study (Richter et al. 2019). These findings may allow
us to conclude that specifically the sub-trait pedicel length
is primarily controlled by the genetic constitution and less
affected by environmental effects. This finding is of high
relevance for promising application in grapevine breeding
and the development of genetic markers.
Genetic components affecting mean berry volume (MBV)
are also operating, since many genes differentially expressed

in association with this sub-trait were identified. In the PN
samples, essentially all of the 15 generally CA-associated
genes correlated with MBV (Table 7). The sub-trait rachis
length (RL) turned out as relevant characteristic of overall
cluster architecture, but did not show any significant correlation with the genes investigated.
The developmental period from pre-anthesis to beginning
berry formation was chosen to study gene regulation as the
stage relevant for the constitution of final cluster compactness (Tello and Forneck 2018). This period was reported
to be important for the modulation of cluster architecture
sub-traits berry number (Bessis and Fournioux 1992), rachis
length (Shavrukov et al. 2004) and berry volume (Houel
et al. 2013). Particularly, the latter traits constitute loose
or compact CA in a cultivar-dependent manner (Tello and
Forneck 2018). This developmental phase encompasses a
period of differential growth rate of rachis structures, which
is accelerated during the development of loose clusters
(Richter et al. 2017) compared to compact bunches. Gene
regulation was studied during three seasons in the samples
from three different environments. This approach should
allow identifying CA-associated genes that work comprehensively, independently from season and vineyard location.
This study revealed 15 genes that were differentially
expressed between loosely and compactly clustered ‘Pinot
Noir’ clones under all different environmental conditions.
The regulation of these genes was primarily related to cluster
architecture (Fig. 5). As expected, it was partially affected
also by environmental and experimental fluctuations to various extents (Fig. 6).
At the early stage of BBCH57, the expression of VvGRF4
was already higher in the loosely clustered clones than in
compact and mixed berried clones. A subtle modulation was
observed in the genes VIT_04s0008g01100 (CYPP711A1like) and VIT_18s0001g03160 (WAT1-like) at this early
point. These two genes are members of cluster I of the regulatory groups at the later stage BBCH71. They maintained
expression changes at fruit set, with an explicit down-regulation in loosely clustered clones. VIT_18s0001g03160 is
annotated as a WAT1-like (‘walls are thin’) encoding gene,
a vacuolar transporter of auxin characterized in Arabidopsis (Ranocha et al. 2013). The gene VIT_04s0008g01100
encodes a homolog to cytochrome P450 711A1, a monooxygenase involved in the metabolism of strigolactones (conversion of carlactone to carlactonic acid). Its function has
been identified in the MAX1 mutation in Arabidopsis, which
shows increased axillary growth. MAX1 suppresses shoot
branching in Arabidopsis (Abe et al. 2014). The findings here
indicate additional or diversified functions of this gene in
grapevine. The cluster I genes with down-regulation in loose
clusters further encompass VIT_08s0007g01370 (DIR1like) and VIT_18s0001g04890 (SULTR2-like), annotated as
a putative lipid transfer protein resp. a sulfate transporter.
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The genes VIT_18s0001g04890 and VIT_18s0001g03160
have also been described to be repressed in ‘Garnacha Tinta’
clones with larger berries (Grimplet et al. 2017). Homologs
of DIR1 have been implicated in long-distance signal transduction during systemic acquired resistance in plant–pathogen interactions (Shah and Zeier 2013). Its transcript reduction in the context of emerging loose cluster architecture
is a new aspect. Hypothetically, it may have a role in the
transmission of growth-related cellular signals.
Besides the gene encoding VvGRF4 that was definitely
higher expressed in the LCC-type PN clones at BBCH71,
expression of the transcription factor-like gene encoding
PRE6 (VIT_01s0026g02030) was significantly enhanced in
LCCs. PRE6 belongs to the atypical bHLH transcription
factor class with no direct DNA binding ability that mediates
auxin, brassinosteroid and light signaling and affects photomorphogenesis. A homolog from rice called ILI1 (increased
lamina inclination 1) increased cell elongation (Zhang et al.
2009). Cell elongation may well contribute to important
cluster features such as rachis length and shoulder length.
Genes with autonomous up-regulation in LCCs included
VIT_17s0000g05000. This gene encodes a SEPALLATA1like developmental regulator. It has probable transcription factor function and is part of the network that regulates flower development in Arabidopsis where it prevents
indeterminate growth of the flower meristem (Pelaz
et al. 2000). Recently, Palumbo et al. (2019) reported
VIT_17s0000g05000 as homeotic gene associated with
whorl differentiation in grapevine during the period of preanthesis on to post-fertilization. A functional role of SEP1like is supported by data available in a transcriptomic atlas
derived from spatial–temporal gene expression studies on
the grapevine cultivar ‘Corvina’ (Fasoli et al. 2012). In
this study, growing rachis tissue showed up-regulation of
VIT_17s0000g05000, whereas its expression was close to
the reference tissue (mesocarp at BBCH77) in tendrils, seed,
roots and mature rachis tissue.
In addition to auxin transport functions
(VIT_18s0001g03540, LAX3-like) and auxin homeostasis [VIT_18s0001g11160, MIZU-KUSSEL1 (Moriwaki
et al. 2011)], further genes with up-regulation, particularly in loosely clustered PN clones, encompass functions
involved in cell wall extension (VIT_17s0053g00990,
EXPA1-like), cell size (VIT_01s0127g00870, PG1-like)
and cell division (VIT_01s0010g02430, MAD2). The gene
VIT_17s0053g00990 encodes α-expansin that was found upregulated in rapidly growing grape berries and permits to
enlarge cell size by loosening the fibrillar net in plant cell
walls (Suzuki et al. 2015).
In a previous genetic study, QTL clusters associated with
loose bunch architecture were localized in a CA segregating population from a cross of ‘Calardis Musqué (formerly
named GF.GA-47-42) × ‘Villard Blanc’ (Richter et al.
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2019). Arrays of overlapping QTL regions were found
on seven chromosomes, including chromosome 1 and 17.
Interestingly, the three genes VIT_01s0026g02030 (PRE6),
VIT_17s0000g05000 (SEP1-like), and VIT_17s0053g00990
(EXPA1-like), associated with cluster architecture characteristics found here for PN clones, are located in QTL
areas. Two of them code for transcription factors that may
have a comprehensive function, which needs to be further
investigated.
Furthermore, 16 selected individuals from this cross population exhibiting extreme phenotypes for pedicel and rachis
lengths were included in the gene expression study. The aim
was to check the differential gene regulation of the 15 CArelated genes found in PN in this genetically completely different sample set. Indeed, the expression level of the gene
encoding transcription factor VvPRE6 and six more genes
(homologs of CYP711A1-like, Mizu-Kussel1, DIR1, WAT1,
EXPA1 and PG1-like, Fig. 7a) was significantly linked to
extreme CA phenotypes in this divergent germplasm. A
corresponding result was obtained in the loosely clustered
reference varieties ‘Uva Rara’ and ‘Prosecco’ (Fig. 7a, b).
Particularly, the three genes encoding transcription factor PRE6 and the cell wall-related functions EXPA1-like
and PG1-like exhibit increased expression levels in loosely
clustered plants of diverse genetic background, especially
in relation to pedicel length (Fig. 7a). Quite in contrast, the
role of VvGRF4 is specific for the ‘Pinot’ clones, as also
inferred from sequencing studies that show the absence of
the mutated microRNA binding site in the OIV reference
varieties (Rossmann et al. 2019).
This study thus revealed a set of genes with wide relevance for loosely clustered grapevines. These genes enclose
components of auxin transport and homeostasis (WAT1,
AUX1, Mizu-Kussel1), cell wall structure and loosening
(PG1, EXPA1), in addition to strigolactone metabolism
(CY711A1, MAX1) and the regulatory transcription factor
PRE6. These genes deserve further investigation. This novel
knowledge facilitates development of gene-targeted markers
of loose cluster types for grapevine breeding.

Conclusions
This study revealed 15 genes with differential gene expression between loosely and compactly clustered PN clones,
independently from year and location (or any other environmental variation encountered). It confirmed the role
of VvGRF4 in the control of cluster architecture in ‘Pinot
Noir.’ It newly identified two more transcription factor
genes, encoding a SEPALLATA1 homolog and a homolog
of PRE6, that are more active in the loosely clustered than
in the compact bunch type clones. Compared to the recent
literature, these regulator genes may have new or additional
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functions in affecting the structure of the ‘Pinot Noir’ grapevine bunch. Furthermore, genes involved in auxin metabolism, cellular growth and transport were found to be regulated. A gene homolog of CYP711A1, encoding an enzyme
of strigolactone metabolism, was also involved. Strigolactones function as shoot branching inhibitors (Gomez-Roldan
et al. 2008). This gene is repressed in loose clusters, possibly
releasing some inhibition, and thus seems to contribute to
the loose-clustered phenotype in grapes.
These results were confirmed for seven genes in completely different genetic backgrounds: the transcription factor gene PRE6 and six genes related to auxin metabolism,
cell wall loosening and strigolactones. They improve the
basic knowledge on grapevine cluster phenotype.
This study revealed several major regulators of cluster
architecture in ‘Pinot Noir’ and other grapevines, which
deserve further attention and functional studies. Future
investigation will show if they are applicable as molecular
tools for breeding of advantageous loosely clustered grapevine cultivars with improved resilience to Botrytis cinerea.
Acknowledgements Open Access funding provided by Projekt DEAL.
This work was funded by the ‘Federal Program for Ecologic Landuse
and other forms of Sustainable Agriculture’ (Bundesprogramm Ökologischer Landbau und andere Formen nachhaltiger Landwirtschaft,
BÖLN) of BLE (Bundesanstalt für Landwirtschaft und Ernährung)
Federal Office for Agriculture and Food under the title ‘MATA-Molekulare Analyse der Traubenarchitektur’ (Molecular analysis of cluster
architecture) FKZ 2811NA056 (www.ble.de). We thank Daniel Zendler
for fruitful discussion and Margareta Schneider for technical help. We
wish to thank the grapevine nurseries Reben Sibbus GmbH, SasbachJechtingen, Germany, and Antes Viticulture and Grafting GbR, Heppenheim, Germany, for providing access to their clonal material and
maintaining the trial fields in Baden and Hesse.
Author contribution statement EZ acquired funding and supervised
the work. EZ and RR designed the study. RR performed the experiments, measurements and calculations. SR and KT contributed RNA
sequencing data. DG provided statistical expertise. RT provided plant
material, infrastructure and special advice. RR and EZ wrote the paper.
All authors read the manuscript.
Funding Open Access funding provided by Projekt DEAL.

Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References
Abe S, Sado A, Tanaka K, Kisugi T, Asami K, Ota S, Kim HI, Yoneyama K, Xie X, Ohnishi T, Seto Y, Yamaguchi S, Akiyama K,
Yoneyama K, Nomura T (2014) Carlactone is converted to carlactonoic acid by MAX1 in Arabidopsis and its methyl ester can
directly interact with AtD14 in vitro. Proc Natl Acad Sci USA
111:18084–18089
Alonso-Villaverde V, Boso S, Luis Santiago J, Gago P, Martínez M-C
(2008) Relationship between susceptibility to Botrytis bunch rot
and grape cluster morphology in the Vitis vinifera L. cultivar
Albariño. Int J Fruit Sci 8:251–265
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic
local alignment search tool. J Mol Biol 215(3):403–410
Ban Y, Mitani N, Sato A, Kono A, Hayashi T (2016) Genetic dissection of quantitative trait loci for berry traits in interspecific hybrid
grape (Vitis labruscana × Vitis vinifera). Euphytica 211:295–310
Becker T, Knoche M (2012) Water induces microcracks in the grape
berry cuticle. Vitis 51:141–142
Bessis R, Fournioux J (1992) Zone d’abscission et coulure de la vigne.
Vitis 31:9–21
Blaich R, Konradi J, Ruehl E, Forneck A (2007) Assessing genetic
variation among Pinot noir (Vitis vinifera L.) clones with AFLP
markers. Am J Enol Vitic 58:526–529
Bleyer K (2001) Klonzüchtung beim Blauen Spätburgunder. Rebe Wein
11:22–26
BMELV (2010) Gute fachliche Praxis im Pflanzenschutz: Bundesministerium für Ernährung Landwirtschaft und Verbraucherschutz
(BMELV)
Canaguier A, Grimplet J, Di Gaspero G, Scalabrin S, Duchêne E,
Choisne N, Mohellibi N, Guichard C, Rombauts S, Le Clainche
I, Bérard A, Chauveau A, Bounon R, Rustenholz C, Morgante M,
Le Paslier MC, Brunel D, Adam-Blondon AF (2017) A new version of the grapevine reference genome assembly (12X.v2) and of
its annotation (VCost.v3). Genom Data 14:56–62
Chitarra W, Perrone I, Avanzato CG, Minio A, Boccacci P, Santini D,
Gilardi G, Siciliano I, Gullino ML, Delledonne M, Mannini F,
Gambino G (2017) Grapevine grafting: scion transcript profiling and defense-related metabolites induced by rootstocks. Front
Plant Sci 8:654
Citri A, Pang ZPP, Sudhof TC, Wernig M, Malenka RC (2012) Comprehensive qPCR profiling of gene expression in single neuronal
cells. Nat Protoc 7:118–127
Correa J, Mamani M, Munoz-Espinoza C, Laborie D, Munoz C, Pinto
M, Hinrichsen P (2014) Heritability and identification of QTLs
and underlying candidate genes associated with the architecture
of the grapevine cluster (Vitis vinifera L.). Theor Appl Genet
127:1143–1162
Dal Santo S, Vannozzi A, Tornielli GB, Fasoli M, Venturini L, Pezzotti
M, Zenoni S (2013) Genome-wide analysis of the expansin gene
superfamily reveals grapevine-specific structural and functional
characteristics. PLoS ONE 8:e62206
De Lorenzis G, Squadrito M, Rossoni M, Di Lorenzo GS, Brancadoro
L, Scienza A (2017) Study of intra-varietal diversity in biotypes of
Aglianico and Muscat of Alexandria (Vitis vinifera L.) cultivars.
Aust J Grape Wine Res 23:132–142
Di Genova A, Almeida AM, Munoz-Espinoza C, Vizoso P, Travisany
D, Moraga C, Pinto M, Hinrichsen P, Orellana A, Maass A (2014)
Whole genome comparison between table and wine grapes reveals
a comprehensive catalog of structural variants. BMC Plant Biol
14:7. https://doi.org/10.1186/1471-2229-14-7

13

Theoretical and Applied Genetics
Diaz-Riquelme J, Martinez-Zapater JM, Carmona MJ (2014) Transcriptional analysis of tendril and inflorescence development in
grapevine (Vitis vinifera L.). PLoS ONE 9:e92339
Döring J, Frisch M, Tittmann S, Stoll M, Kauer R (2015) Growth,
yield and fruit quality of grapevines under organic and biodynamic management. PLoS ONE 10:e0138445
Dry PR, Longbottom ML, McLoughlin S, Johnson TE, Collins C
(2010) Classification of reproductive performance of ten winegrape varieties. Aust J Grape Wine Res 16:47–55
Dvinge H, Bertone P (2009) HTqPCR: high-throughput analysis and
visualization of quantitative real-time PCR data in R. Bioinformatics 25:3325–3326
Fanizza G, Lamaj F, Costantini L, Chaabane R, Grando MS (2005)
QTL analysis for fruit yield components in table grapes (Vitis
vinifera). Theor Appl Genet 111:658–664
FAOSTAT (2016) http://www.fao.org/faostat/en/#data/. Value of agricultural production. Food and Agriculture Organization of the
United Nations, last accessed Feb 2, 2020
Fasoli M, Dal Santo S, Zenoni S, Tornielli GB, Farina L, Zamboni
A, Porceddu A, Venturini L, Bicego M, Murino V, Ferrarini A,
Delledonne M, Pezzotti M (2012) The grapevine expression atlas
reveals a deep transcriptome shift driving the entire plant into a
maturation program. Plant Cell 24:3489–3505
Fernandez L, Torregrosa L, Segura V, Bouquet A, Martinez-Zapater
JM (2010) Transposon-induced gene activation as a mechanism
generating cluster shape somatic variation in grapevine. Plant J
61(4):545–557
Fernandez L, Le Cunff L, Tello J et al (2014) Haplotype diversity of
VvTFL1A gene and association with cluster traits in grapevine (V.
vinifera). BMC Plant Biol 14:209
Forneck A, Benjak A, Rühl E (2009) Grapevine (Vitis ssp.): example
of clonal reproduction in agricultural important plants. In: Schön
I, Martens K, Van Dijk P (eds) Lost sex: the evolutionary biology
of parthenogenesis. Springer, Dordrecht
Fox J, Weisberg S (2011) An companion to applied regression, 2nd
edn. Sage, Thousand Oaks
Gabler FM, Smilanick JL, Mansour M, Ramming DW, Mackey BE
(2003) Correlations of morphological, anatomical, and chemical features of grape berries with resistance to Botrytis cinerea.
Phytopathology 93:1263–1273
Gomez-Roldan V, Fermas S, Brewer PB, Puech-Pages V, Dun EA, Pillot JP, Letisse F, Matusova R, Danoun S, Portais JC, Bouwmeester
H, Becard G, Beveridge CA, Rameau C, Rochange SF (2008) Strigolactone inhibition of shoot branching. Nature 455:U189–U194
Grimplet J, Tello J, Laguna N, Ibáñez J (2017) Differences in flower
transcriptome between grapevine clones are related to their
cluster compactness, fruitfulness, and berry size. Front Plant
Sci 8:17
Grimplet J, Ibáñez S, Baroja E, Tello J, Ibáñez J (2019) Phenotypic,
hormonal, and genomic variation among Vitis vinifera clones
with different cluster compactness and reproductive performance. Front Plant Sci 9:1917
Grishkevich V, Yanai I (2013) The genomic determinants of genotype × environment interactions in gene expression. Trends
Genet 29:479–487
Harrell FE Jr (2015) Package ‘Hmisc’. CRAN2018: https://cran.rproject.org/web/packages/Hmisc/Hmisc.pdf
Hed B, Ngugi HK, Travis JW (2009) Relationship between cluster compactness and bunch rot in vignoles grapes. Plant Dis
93:1195–1201
Hed B, Ngugi HK, Travis JW (2010) Use of gibberellic acid for
management of bunch rot on Chardonnay and Vignoles grape.
Plant Dis 95:269–278

13

Herzog K, Wind R, Töpfer R (2015) Impedance of the grape berry
cuticle as a novel phenotypic trait to estimate resistance to Botrytis cinerea. Sensors 15:12498–12512
Hoffman GE, Schadt EE (2016) Variance partition: Interpreting
drivers of variation in complex gene expression studies. BMC
Bioinform 17:483
Hoffmann P (2015) Lockerbeerigkeit bei Klonen von Spätburgunder
(Pinot noir): analyse von molekularen Markern und der Einfluss von Gibberellin auf die Traubenmorphologie. Dissertation, University of Hohenheim http://opus.uni-hohenheim.de/
volltexte/2015/1022/
Houel C, Martin-Magniette ML, Nicolas SD, Lacombe T, Le
Cunff L, Franck D, Torregrosa L, Conejero G, Lalet S, This
P, Adam-Blondon AF (2013) Genetic variability of berry size
in the grapevine (Vitis vinifera L.). Aust J Grape Wine Res
19:208–220
Houel C, Chatbanyong R, Doligez A, Rienth M, Foria S, Luchaire N,
Roux C, Adiveze A, Lopez G, Farnos M, Pellegrino A, This P,
Romieu C, Torregrosa L (2015) Identification of stable QTLs for
vegetative and reproductive traits in the microvine (Vitis vinifera
L.) using the 18 K Infinium chip. BMC Plant Biol 15:23
Jiang Y, Bao L, Jeong SY, Kim SK, Xu C, Li X, Zhang Q (2012) XIAO
is involved in the control of organ size by contributing to the
regulation of signaling and homeostasis of brassinosteroids and
cell cycling in rice. Plant J 70:398–408
Keulemans W, Bylemans D, De Coninck B (2019) Farming without
plant protection products. https://doi.org/10.2861/05433PE634
.416. ISBN: 978-92-846-3993-9
Kolde R (2015) Pheatmap: Pretty Heatmaps. R package version 1.0.8
Konrad H, Lindner B, Bleser E, Rühl EH (2003) Strategies in the
genetic selection of clones and the preservation of genetic diversity within varieties, 603rd edn. International Society for Horticultural Science (ISHS), Leuven, pp 105–110
Konradi J, Blaich R, Forneck A (2007) Genetic variation among clones
and sports of ‘Pinot noir’ (Vitis vinifera L.). Eur J Horticult Sci
72:275–279
Kriventseva EV, Kuznetsov D, Tegenfeldt F (2019) OrthoDB v10:
sampling the diversity of animal, plant, fungal, protist, bacterial
and viral genomes for evolutionary and functional annotations of
orthologs. Nucl Acids Res. https://doi.org/10.1093/nar/gky1053
Lenth R (2019) Emmeans: estimated marginal means, aka least-squares
means (version 1.3.4)
Li M, Klein LL, Duncan KE, Jiang N, Chitwood DH, Londo JP, Miller
AJ, Topp CN (2019) Characterizing 3D inflorescence architecture in grapevine using X-ray imaging and advanced morphometrics: implications for understanding cluster density. J Exp Bot
70(21):6261–6276. https://doi.org/10.1093/jxb/erz394
Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative PCR and the 2(T)(ΔΔC)
method. Methods 25:402–408
Lorenz DH, Eichhorn KW, Bleiholder H, Klose R, Meier U, Weber
E (1995) Growth Stages of the Grapevine: Phenological growth
stages of the grapevine (Vitis vinifera L. ssp. vinifera)—codes
and descriptions according to the extended BBCH scale. Aust J
Grape Wine Res 1:100–103
Marguerit E, Boury C, Manicki A, Donnart M, Butterlin G, Nemorin
A, Wiedemann-Merdinoglu S, Merdinoglu D, Ollat N, Decroocq
S (2009) Genetic dissection of sex determinism, inflorescence
morphology and downy mildew resistance in grapevine. Theor
Appl Genet 118:1261–1278
Matthew ER, Belinda P, Di W, Yifang H, Charity WL, Wei S, Gordon KS (2015) limma, powers differential expression analyses
for RNA-sequencing and microarray studies. Nucl Acids Res
43:47
Maul E (2019) Vitis international variety catalogue. www.vivc.de

Theoretical and Applied Genetics
Mejia N, Gebauer M, Munoz L, Hewstone N, Munoz C, Hinrichsen
P (2007) Identification of QTLs for seedlessness, berry size, and
ripening date in a seedless × seedless table grape progeny. Am J
Enol Vitic 58:499–507
Migicovsky Z, Sawler J, Gardner KM, Aradhya MK, Prins BH,
Schwaninger HR, Bustamante CD, Buckler ES, Zhong G-Y,
Brown PJ, Myles S (2017) Patterns of genomic and phenomic
diversity in wine and table grapes. Horticult Res 4:17035
Molitor D, Behr M, Hoffmann L, Evers D (2012) Impact of grape
cluster division on cluster morphology and bunch rot epidemic.
Am J Enol Vitic 63:508
Molitor D, Junk J, Evers D, Hoffmann L, Beyer M (2014) A highresolution cumulative degree day-based model to simulate phenological development of grapevine. Am J Enol Vitic 65:72–80
Monteiro F, Sebastiana M, Pais MS, Figueiredo A (2013) Reference
gene selection and validation for the early responses to downy mildew infection in susceptible and resistant Vitis vinifera cultivars.
PLoS ONE 8:e72998
Moretto M, Sonego P, Pilati S, Malacarne G, Costantini L, Grzeskowiak L, Bagagli G, Grando MS, Moser C, Engelen K (2016a)
VESPUCCI: exploring patterns of gene expression in grapevine.
Front Plant Sci 7:633
Moretto M, Sonego P, Dierckxsens N, Brilli M, Bianco L, LedezmaTejeida D, Gama-Castro S, Galardini M, Romualdi C, Laukens K,
Collado-Vides J, Meysman P, Engelen K (2016b) COLOMBOS
v3.0
Moriwaki T, Miyazawa Y, Kobayashi A, Uchida M, Watanabe C, Fujii
N, Takahashi H (2011) Hormonal regulation of lateral root development in Arabidopsis modulated by MIZ1 and requirement of
GNOM activity for MIZ1 function. Plant Physiol 157:1209–1220
OIV (2015) 2nd edition of the OIV descriptor list for grape varieties
and Vitis species. http://www.oiv.int/
OIV (2017) Focus OIV 2017 distribution of the world’s grapevine
varieties. In: OIV (ed) OIV—international organization of vine
and wine 18 rue d’Aguesseau F-75008 Paris, France www.oiv.in.
Last Accessed Feb 2, 2020
OIV (2019) 2018 world vitiviniculture situation. OIV statistical report
on world vitiviniculture. International Organisation of Vine and
Wine. http://www.oiv.int/public/medias/6782/oiv-2019-statistica
l-report-on-world-vitiviniculture.pdf. Last Accessed May 7, 2020
Palumbo F, Vannozzi A, Magon G, Lucchin M, Barcaccia G (2019)
Genomics of flower identity in grapevine (Vitis vinifera L). Front
Plant Sci 10:316. https://doi.org/10.3389/fpls.2019.00316
Pelaz S, Ditta GS, Baumann E, Wisman E, Yanofsky MF (2000) B and
C floral organ identity functions require SEPALLATA MADS-box
genes. Nature 405:200–203
Pelsy F, Hocquigny S, Moncada X, Barbeau G, Forget D, Hinrichsen P,
Merdinoglu D (2010) An extensive study of the genetic diversity
within seven French wine grape variety collections. Theor Appl
Genet 120:1219–1231
Pertot I, Caffi T, Rossi V, Mugnai L, Hoffmann C, Grando MS, Gary
C, Lafond D, Duso C, Thiery D, Mazzoni V, Anfora G (2017) A
critical review of plant protection tools for reducing pesticide use
on grapevine and new perspectives for the implementation of IPM
in viticulture. Crop Protect 97:70–84
Pieri P, Zott K, Gomès E, Hilbert G (2016) Nested effects of berry
half, berry and bunch microclimate on biochemical composition
in grape. Oeno One 50:145–159
R Core Team (2013) R: a language and environment for statistical
computing, Vienna. http://www.r-project.org/index.html
Ranocha P, Dima O, Nagy R, Felten J, Corratge-Faillie C, Novak O,
Morreel K, Lacombe B, Martinez Y, Pfrunder S, Jin X, Renou
JP, Thibaud JB, Ljung K, Fischer U, Martinoia E, Boerjan W,

Goffner D (2013) Arabidopsis WAT1 is a vacuolar auxin transport
facilitator required for auxin homoeostasis. Nat Commun 4:2625
Regner F, Stadlbauer A, Eisenheld C, Kaserer H (2000) Genetic relationships among Pinots and related cultivars. Am J Enol Vitic
51:7–14
Reid KE, Olsson N, Schlosser J, Peng F, Lund ST (2006) An optimized
grapevine RNA isolation procedure and statistical determination
of reference genes for real-time RT-PCR during berry development. BMC Plant Biol 6:27
Richter R, Rossmann S, Töpfer R, Theres K, Zyprian E (2017) Genetic
analysis of loose cluster architecture in grapevine. In: Aurand JM
(ed) 40th world congress of vine and wine
Richter R, Gabriel D, Rist F, Töpfer R, Zyprian E (2019) Identification of co-located QTLs and genomic regions affecting grapevine
cluster architecture. Theor Appl Genet 132(4):1159–1177
Rist F, Herzog K, Mack J, Richter R, Steinhage V, Töpfer R (2018)
High-Precision phenotyping of grape bunch architecture using
fast 3D sensor and automation. Sensors 18:763
Rossmann S, Richter R, Sun H, Schneeberger K, Töpfer R, Zyprian
E, Theres K (2019) Mutations in the miR396 binding site of
the growth-regulating factor gene VvGRF4 modulate inflorescence architecture in grapevine. Plant J. https://doi.org/10.1111/
tpj.14588
Ruehl E, Konrad H, Lindner B, Bleser E (2004) Quality criteria and
targets for lonal selection in grapevine. Acta Hort 625:29–33
Sapkota SD, Chen LL, Yang S, Hyma KE, Cadle-Davidson LE, Hwang
CF (2019) Quantitative trait locus mapping of downy mildew and
Botrytis bunch rot resistance in a Vitis aestivalis-derived ‘Norton’based population, 1248th edn. International Society for Horticultural Science (ISHS), Leuven, pp 305–312
Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the
comparative C–T method. Nat Protoc 3:1101–1108
Selim M, Legay S, Berkelmann-Löhnertz B, Langen G, Kogel K-H,
Evers D (2012) Identification of suitable reference genes for realtime RT-PCR normalization in the grapevine-downy mildew
pathosystem. Plant Cell Rep 31:205–216
Shah J, Zeier J (2013) Long-distance communication and signal amplification in systemic acquired resistance. Front Plant Sci 4:30. https
://doi.org/10.3389/fpls.2013.00030
Shavrukov YN, Dry IB, Thomas MR (2004) Inflorescence and bunch
architecture development in Vitis vinifera L. Aust J Grape Wine
Res 10:116–124
Smart R, Robinson M (1991) Sunlight into wine: a handbook for winegrape canopy management. Winetitles, Adelaide, South Australia
Smyth GK (2004) Linear models and empirical Bayes methods for
assessing differential expression in microarray experiments. Stat
Appl Genet Mol Biol 3:1–25
Suzuki H, Oshita E, Fujimori N, Nakajima Y, Kawagoe Y, Suzuki
S (2015) Grape expansins, VvEXPA14 and VvEXPA18 promote
cell expansion in transgenic Arabidopsis plant. Plant Cell Tissue
Organ Cult (PCTOC) 120:1077–1085
Tello J, Forneck A (2018) A double-sigmoid model for grapevine
bunch compactness development. OENO One 52:4. https://doi.
org/10.20870/oeno-one.2018.52.4.2132
Tello J, Ibáñez J (2014) Evaluation of indexes for the quantitative
and objective estimation of grapevine bunch compactness. Vitis
53:9–16
Tello J, Ibáñez J (2017) What do we know about grapevine bunch
compactness? A state-of-the-art review. Aust J Grape Wine Res
24:6–23
Tello J, Aguirrezabal R, Hernaiz S, Larreina B, Montemayor MI,
Vaquero E, Ibáñez J (2015) Multicultivar and multivariate study

13

Theoretical and Applied Genetics
of the natural variation for grapevine bunch compactness. Aust J
Grape Wine Res 21:277–289
Tello J, Torres-Perez R, Grimplet J, Ibáñez J (2016) Association analysis of grapevine bunch traits using a comprehensive approach.
Theor Appl Genet 129:227–242
Töpfer R, Hausmann L, Eibach R (2011) Molecular breeding. In:
Adam-Blondon AF, Martinez-Zapater JM (eds) Genetics, genomics, and breeding of grapes. CRC Press, Boca Raton, pp 160–185
Upadhyay A, Jogaiah S, Maske SR, Kadoo NY, Gupta VS (2015)
Expression of stable reference genes and SPINDLY gene in
response to gibberellic acid application at different stages of
grapevine development. Biol Plant 59:436–444
Vail ME, Marois JJ (1991) Grape cluster architecture and the susceptibility of berries to Botrytis cinerea. Phytopathology 81:188–191
Vargas AM, Fajardo C, Borrego J, De Andres MT, Ibanez J (2013) Polymorphisms in VvPel associate with variation in berry texture and
bunch size in the grapevine. Aust J Grape Wine Res 19:193–207

13

Zhang L-Y, Bai M-Y, Wu J, Zhu J-Y, Wang H, Zhang Z, Wang W, Sun
Y, Zhao J, Sun X, Yang H, Xu Y, Kim S-H, Fujioka S, Lin W-H,
Chong K, Lu T, Wang Z-Y (2009) Antagonistic HLH/bHLH transcription factors mediate brassinosteroid regulation of cell elongation and plant development in rice and Arabidopsis. Plant Cell
21:3767–3780
Zyprian E, Ochssner I, Schwander F, Šimon S, Hausmann L, BonowRex M, Moreno-Sanz P, Grando MS, Wiedemann-Merdinoglu
S, Merdinoglu D, Eibach R, Töpfer R (2016) Quantitative trait
loci affecting pathogen resistance and ripening of grapevines. Mol
Genet Genomics 291:1573–1594
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

