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Abstract: Following cell division, fruit growth is characterized by both expansion through increases in
cell volume and biomass accumulation in cells. Fruit growth is limited by carbon starvation; however,
the mechanism controlling fruit growth under restricted carbohydrate supply is poorly understood.
In a previous study using red-fleshed kiwifruit, we showed that long-term carbon starvation had
detrimental effects on carbohydrate, anthocyanin metabolism, and fruit growth. To elucidate the
mechanisms underlying the reduction in fruit growth during kiwifruit development, we integrated
phytohormone profiling with transcriptomic and developmental datasets for fruit under high or
low carbohydrate supplies. Phytohormone profiling of the outer pericarp tissue of kiwifruit showed
a 6-fold reduction in total cytokinin concentrations in carbon-starved fruit, whilst other hormones were
less affected. Principal component analysis visualised that cytokinin composition was distinct between
fruit at 16 weeks after mid bloom, based on their carbohydrate supply status. Cytokinin biosynthetic
genes (IPT, CYP735A) were significantly downregulated under carbon starvation, in agreement with
the metabolite data. Several genes that code for expansins, proteins involved in cell wall loosening,
were also downregulated under carbon starvation. In contrast to other fleshy fruits, our results
suggest that cytokinins not only promote cell division, but also drive fruit cell expansion and growth
in kiwifruit.

Keywords: cytokinin; fruit expansion; kiwifruit; phytohormone

1. Introduction

Actinidia Lindl. spp. (kiwifruit) fruit growth and development is characterised by a rapid growth
phase, where cell numbers in the ovary tissue rapidly increase by cell division (up to four weeks after
full bloom [1] in the outer pericarp), and a cell expansion phase where cell volume increases and starch
accumulates in cells [2]. Later in development, cell expansion and fruit growth slow down, with fruit
progressing through maturity and ripening [3]. Carbohydrate supply manipulation of girdled canes
(removal of a bark strip around the cane containing the phloem tissue) during Actinidia chinensis var.
deliciosa ‘Hayward’ fruit development significantly increased fruit weight, whilst fruit weight was not
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affected in ungirdled canes due to the ability of kiwifruit to redistribute photosynthates within the
vine [4]. In addition to ‘Hayward’, A. chinensis var. chinensis ‘Zes006’ fruit weight was also affected
when carbohydrate supply was manipulated in girdled shoots [5-7].

The dynamic interplay of phytohormones regulates the growth and development of fleshy fruit [8].
Cell division is primarily driven by cytokinins, whilst auxins and gibberellins are major players
in cell expansion [9,10]. Abscisic acid increases as the fruit approaches maturity and together with
ethylene is responsible for fruit ripening [11]. Studies on endogenous hormone profiles during kiwifruit
development are limited, with most of the studies focused on the effects of exogenous hormone
applications on fruit growth [12,13]. In kiwifruit, increases in endogenous cytokinin concentrations
have been associated with cell division [14], fruit maturity, and ripening [14,15]. It has also been shown
that exogenous cytokinin applications to developing kiwifruit after cell division had ceased increased
both cell and fruit expansions [12]. In plants, cell expansion is the result of turgor pressure stress caused
by an increase in cell osmotic potential and cell wall relaxation mediated by low-pH activated expansin
proteins [16]. Expansin genes have been reported to be amongst genes induced by cytokinin [17],
but their role in cytokinin-driven growth has not been elucidated.

Sugar and hormone signalling networks have been extensively studied in vegetative tissues
(reviewed by Ljung et al. [18]) and to a lesser extent in reproductive tissues [19]. Cytokinins, in particular,
have been implicated in the control of source-sink relationships of carbon compounds [20], and a role for
them in controlling the availability of sugars in sink tissues has been proposed [21,22]. In Arabidopsis,
high quantities of photosynthetically generated sugars have an effect on plant growth and on de novo
cytokinin biosynthesis through the upregulation of two genes coding for key enzymes catalysing
active cytokinin precursors synthesis: isopentenyltransferase (AtIPT3) and cytokinin hydroxylase
(CYP735A2) [23]. Arabidopsis type-B response regulators, part of the MYB transcription factor family,
mediate cytokinin transcriptional regulation [24]. A meta-analysis of published transcriptomic data
identified a number of primary metabolic genes that are regulated by cytokinins including trehalose
6-phosphate pathway genes [17] and the bZIP11 transcription factor. These genes are involved in
the growth regulatory network including the sucrose non-fermenting-1 related protein kinase 1,
which controls carbohydrate metabolism [25].

Kiwifruit carbon starvation mainly occurs when the leaf-to-fruit ratio on vines is low, but it can also
be caused by environmental factors such as high temperature or low light during critical fruit growth
phases reducing the photosynthetic carbon supply to fruit. In this study, we hypothesized that fruit
growth under restricted carbohydrate supply was controlled at the phytohormonal level. To test this,
we integrated phytohormone profiles with transcriptomic and developmental datasets for fruit grown
under high or low carbohydrate supplies. Of all the phytohormones, cytokinin concentration positively
correlated with fruit weight and the carbohydrate supply treatment. Cytokinin biosynthetic genes
were also significantly downregulated under carbon starvation. As several expansin genes were also
significantly downregulated under carbon starvation, we propose that cytokinin signalling affects fruit
weight via regulation of cell expansion through expansins.

2. Results

2.1. Fruit Weight and Phytohormone Correlations

Carbon starvation during fruit development significantly restricted kiwifruit fruit growth by
16 weeks after mid bloom (WAMB; Figure 1a). Low carbohydrate supply fruit (carbon starved) were 25%
smaller than untreated control fruit from ungirdled shoots, and 45% smaller than high carbohydrate
supply fruit.

Phytohormones from the following classes were quantified in kiwifruit tissues: cytokinins,
gibberellins, auxins, jasmonates, salicylates, and abscisates.

To ascertain if a particular phytohormone class was correlated with fruit weight, Pearson correlation
analysis was performed. Phytohormones were measured from the fruit outer pericarp as this is the
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major fruit tissue, representing 60% of fruit tissue proportion [26,27]. Fruit weight was positively and
highly correlated with total cytokinin concentration (r = 0.91, p < 0.0001, Figure 1b). Fruit weight was
also negatively and significantly correlated with total gibberellins (r = —0.61, p < 0.001, Figure 1c),
positively and significantly correlated with abscisic acid (v = 0.65, p < 0.0001, Figure 1d), and negatively
and significantly correlated with jasmonic acid (r = —0.55, p < 0.001, Figure 1le). Fresh weight was not
significantly correlated with other phytohormones such as salicylic acid and auxin (data not shown).
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Figure 1. Fruit weight of kiwifruit (a) at three key stages of development: 8, 12, and 16 weeks after
mid bloom (WAMB). Untreated control (black bar; vine standard), low carbohydrate supply (blue bar),
and high carbohydrate supply (red bar). Values are averages + SEM (1 = 3 or 4). Statistical analysis by
linear mixed effects model with type 3 sums of squares Kenward-Roger’s method; different letters
mean a statistical difference, adjusted for multiple comparison by Tukey’s correction (p < 0.05). Pearson
correlation analysis of between fruit weight and (b) total cytokinins, (c) total gibberellins, (d) abscisic
acid, and (e) jasmonic acid concentration in fruit outer pericarp. n = 33 for cytokinins and n = 35 for the
other phytohormones. FW, fresh weight.
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2.2. Carbon Starvation Reduced Cytokinin Concentration in Fruit Outer Pericarp

The following cytokinin were quantified in kiwifruit outer pericarp tissue and were above the
limit of detection (LOD): trans-zeatin (tZ), isopentenyl adenine (iP), cis-zeatin (cZ), dihydrozeatin
riboside (DZR), isopentenyl adenine riboside (iPR), trans-zeatin riboside (tZR), cis-zeatin riboside (cZR),
trans-zeatin-O-glucoside (tZROG), isopentenyl adenine-9-glucoside (iP9G), and trans-zeatin-9-glucoside
(tZ9G) (Figure 2).
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Figure 2. Cytokinin concentrations in the outer pericarp of developing kiwifruit: (a) iP, isopentenyl
adenine; (b) iPR, isopentenyl adenine riboside; (c) tZ, trans-zeatin; (d) tZR, trans-zeatin riboside;
(e) tZROG, trans-zeatin-O-glucoside; (f) DZR, dihydrozeatin riboside; (g) cZ, cis-zeatin; (h) cZR,
cis-zeatin riboside.. Untreated control (black bar; vine standard), low carbohydrate supply (blue bar),
and high carbohydrate supply (red bar). Values are averages + SEM (n = 3 or 4). Statistical analysis by
linear mixed effects model with type 3 sums of squares Kenward-Roger’s method; different letters
mean a statistical difference adjusted for multiple comparison by Tukey’s correction (p < 0.05). Fruit age
is in weeks after mid bloom (WAMB). FW, fresh weight.

tZ and iP had similar concentrations and represented the major active cytokinins in developing
kiwifruit, followed by cZ with a concentration that was one order of magnitude lower (Figure 2a,c,g).
Dihydrozeatin (DZ) concentration was below the detection level. In untreated control fruit,
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the proportional concentration of active cytokinins to the total cytokinin pool decreased during
development from 10% at 8 WAMB to 6% at 16 WAMB (Table S1). Cytokinin ribosides iPR and tZR
were the major cytokinins (Figure 2b,d). Other ribosides DZR and cZR were also detected, but their
concentrations were one order of magnitude lower than those of iPR and tZR (Figure 2f,h). In untreated
control fruit, the proportional concentration of cytokinin ribosides increased during development
from 50% at 8 WAMB to 90% at 16 WAMB (Table S1), and this pattern was shared with the other
two treatments. For the reversible O-glycosylated conjugates, only tZROG was above the detection
level and its proportional concentration decreased in untreated control fruit from 10% at 8 WAMB to
2% at 16 WAMB (Table S1). Irreversibly N-glycosylated cytokinins (iP9G and tZ9G) also decreased
in untreated control fruit during development, from 25% at 8 WAMB to 2% at 16 WAMB (Table S1).
By 16 WAMB, carbon starvation significantly reduced the majority of the active cytokinins and their
metabolic or glycosylated intermediates (Figure 2). iP and its riboside iPR were significantly lower in
carbon-starved fruit (low carbohydrate supply; Figure 2a,b). Carbon starvation had a similar effect on
tZ, tZR, and tZROG, and their concentrations were significantly lower in carbon-starved fruit than in
high carbohydrate supply fruit (Figure 2c,d,e). DZR concentration was also significantly lowered by
carbon starvation (Figure 2f). ¢Z was not affected by carbon starvation, but cZR concentrations were
significantly higher in high carbohydrate supply fruit than in carbon-starved fruit and the untreated
control (Figure 2g h).

We further employed principal component analysis to assess the effects of the treatment on
cytokinin composition. It is shown in Figure 3 that 59%, 57%, and 76% of variation can be explained
by principal component 1 (PC1) at 8, 12, and 16 WAMB, respectively. An effect was first observed at
12 WAMB, with the cytokinin composition of high carbohydrate supply treatment fruit being distinct
from that of the untreated control fruit and low carbohydrate supply treatment. At 16 WAMB, the data
clustered into three distinct cohorts, of which high and low carbohydrate supply treated fruit showed
the highest divergence in cytokinin composition. Dimension 1 was strongly and positively driven by
all the measured cytokinins, with the exception of cZ, which mainly drove dimension 2 (Figure S1).

2.3. Carbon Starvation Had Lesser Effects on Other Phytohormones

Gibberellins GA1, GA19, and GA20 were present in the outer pericarp of kiwifruit in concentrations
above the limit of detection (Figure 4a—c). Active gibberellin GA1 concentrations were 4-fold
lower than concentrations of its precursor GA19. GA19 was the most abundant gibberellin, and
its concentration decreased 2-fold during fruit development. GA20 was present at 4- to 8-fold lower
concentrations than GA19, and its concentrations were stable during development. Under carbon
starvation, GA19 concentrations decreased less during fruit development than in the other treatments
(Figure 4b), and at 16 WAMB, it was about 3-fold higher than in high carbohydrate supply fruit
(p < 0.0001).

Indole-3-acetic acid (IAA) was the only auxin detected by our system and its concentration slightly
increased during fruit development (Figure 4d). Carbon starvation had no effect on IAA concentrations.

The concentration of the stress hormone abscisic acid (ABA) was stable during fruit development,
although by 16 WAMB, its concentration in high carbohydrate supply fruit was significantly higher
than in fruit from the other treatments (Figure 4e). This suggests that high carbohydrate supply fruit
was the main driver of the positive correlation between fruit weight and ABA observed in Figure 1d
(data not show). Jasmonic acid (JA) concentration decreased during fruit development and at 8 WAMB,
its concentration was significantly higher in high carbohydrate supply fruit than in fruit from the other
treatments (Figure 4f). JA bioactive isoleucine conjugate (JA-Ile) was below the detection level.
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Figure 3. Principal component analysis (PCA) based on cytokinin concentrations in the outer pericarp
of developing kiwifruit: (a) 8 weeks after mid bloom (WAMB); (b) 12 WAMB; (c) 16 WAMB. Black,
untreated control (vine standard); blue, low carbohydrate supply (carbon starvation); red, high
carbohydrate supply. PC, principal component. Confidence ellipses: p < 0.05.



Metabolites 2020, 10, 23 7 of 18

1.5+ ; i 0.3 4 .
(@) Gibberellins ) Auxin
=
n
1.0
(o)}
£
<
o5
0.0 - .
8 12 16 8 12 16
15 207 (e) Abscisic acid )
g S 15
"5y 1.0 - ab
g > ab
S g 10
2 <
< 0.5+ fia)
6 < 5
0.0+ 0-
8 12 16
03 67 (f) . Jasmonic acid
s -
L 0.2+ E
o L
(@] (o))
= 2
o 0.1 =2
P <
O
0.0 -
8 12 16 8 12 16
Fruit age (WAMB) Fruit age (WAMB)

Figure 4. Gibberellins, auxin, abscisic acid, and jasmonic acid concentrations in the outer pericarp of
developing kiwifruit: (a) GA1, gibberellin Al; (b) GA19, gibberellin A19; (c) GA20, gibberellin A20;
(d) IAA, indole-3-acetic acid; (e) ABA, abscisic acid; (f) JA, jasmonic acid.. Untreated control (black bar;
vine standard), low carbohydrate supply (carbon starvation; blue bar), and high carbohydrate supply
(red bar). Values are averages + SEM (n = 4). Statistical analysis by linear mixed effects model with type
3 sums of squares Kenward-Roger’s method; different letters mean a statistical difference, adjusted for
multiple comparison by Tukey’s correction (p < 0.05). Fruit age is in weeks after mid bloom (WAMB).
FW, fresh weight.

2.4. Carbon Starvation Downregulates Cytokinin Biosynthetic Genes

The cytokinin biosynthetic and catabolic pathway was constructed (Figure 5) using published
information [28,29]. Gene models that code for the enzymes in the cytokinin pathway were identified
by gene mining the kiwifruit genome [30] on the basis of previously published kiwifruit data [15] and
homologues from other species [31,32], marked as blue in the chart (Figure 5). Where genes coding for
a particular enzyme were unknown in Arabidopsis or were not found for kiwifruit, the enzymes were
marked in grey.
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Figure 5. Cytokinin biosynthetic and catabolic pathways. Enzymes in blue are known and
have been identified in kiwifruit; enzymes in grey are unknown and/or not identified in kiwifruit.
Modified from [28,29]. BGLU, B-glucosidase; CK, cytokinin; CK-N-GT, cytokinin N-glucosyltransferase;
CKX, cytokinin dehydrogenase; CYP735A, cytokinin hydroxylase; cZ, cis-zeatin; ¢ZR, cZ riboside;
¢ZRM(/D/T)P, cZ nucleotides; DMAPP, dimethylallyl pyrophosphate; DZ, dihydrozeatin; DZR, DZ,
riboside; DZRM(/D/T)P, DZ nucleotides; HMGR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase;
iP, N6-(A2—isopentenyl)aderu'ne; iPR, iP riboside; iPRM(/D/T)P, iP nucleotides; IPT, adenosine
phosphate-isopentenyltransferase; MEP, methylerythritol phosphate pathway; LOG, LONELY GUY
(cytokinin riboside 5’-monophosphate phosphoribohydrolase); MVA, mevalonate pathway; tRNA, transfer
RNA; tZ, trans-zeatin; tZR, tZ riboside; tZRM(/D/T)P, tZ nucleotides; ZOG, zeatin O-glucosyltransferase.

The expression of a number of genes involved in cytokinin biosynthesis was reduced under
carbon starvation. Five genes of the 3-hydroxy-3-methylglutaryl-coenzyme A reductase 1 family were
expressed in kiwifruit and the HMGR1.1 gene was significantly downregulated under carbon starvation
(Figure 6). We identified nine adenylate isopentenyltransferase (IPT) genes: three IPT1, one IPT2,
two IPT3, and three IPT5. Of these, IPT1.2, IPT1.3, and IPT5.1 were significantly downregulated under
carbon starvation from 12 WAMB. Of the four cytokinin hydroxylase 1 genes (CYP735A1) expressed,
CYP735A1.1 was significantly downregulated under carbon starvation from 12 WAMB.

Expression of cytokinin catabolic genes were also affected by carbon starvation, although to
a lesser extent than the biosynthetic genes, with an overall upregulation of the genes involved in
reversible conjugation (zeatin O-glucosyltransferase, ZOG; (3-glucosidase, BGLU) or irreversible
cleavage (cytokinin hydrogenase, CKX) (Figure 7). The main cytokinin dehydrogenase (CKX5.3) was
only significantly upregulated at 12 WAMB.

2.5. Carbon Starvation Effects on the Genes in the Multistep Phosphorelay (MSP) Cytokinin Signalling

The genes involved in the first two steps of the multistep phosphorelay (MSP) cytokinin signalling
were upregulated by carbon starvation (Figure S2). Histidine kinases AHK2.1, AHK3.5, AHK4.2,
and AHK4.3 were significantly upregulated at 16 WAMB (2-, 1.8-, 1.6-, and 1.6-fold, respectively).
The histidine-containing phosphotransfer protein AHP1.7 was 5-fold upregulated under carbon
starvation. Four of the 12 A-type Arabidopsis Response Regulators (type-A ARR) genes identified in
kiwifruit, which are negative regulators of cytokinin signalling, were downregulated under carbon
starvation whilst four of the 19 type-B ARRs genes, which act as positive regulators of cytokinin
signalling, were upregulated by this treatment (Figure S3). ARR12.5 was 1.5-fold upregulated by
carbon starvation from 12 WAMB.
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Gene name Gene model

Expression level

Log2 fold-change

Fruit age (WAMB)

90f18

(base mean) 3 12 16
3-hydroxy-3-methylglutaryl-coenzyme A reductase 1
HMGR1.1 Acc01123.1 62.6 0.0 -0.3 -1.2
HMGR1.2 Acc23455.1 234.4 0.1 0.1 0.3
HMGR1.3 Acc04449.1 680.4 0.1 0.1 -0.3
HMGR1.4 Acc05319.1 0.4 -0.4 =il -0.1
HMGR1.5 Acc10882.1 3286.9 -0.2 -0.1 0.4
Adenylate isopentenyltransferase
IPT1.1 Acc28499.1 0.1 -0.7 -0.7 0.1
IPT1.2 Acc31314.1 102.2 0.2 -1.2 -1.3
IPT1.3 Acc33739.1 52.0 2.5 -1.6 -1.2
IPT2.1 Acc21528.1 150.4 0.2 0.1 0.1
IPT3.1 Acc19568.1 45 -0.1 0.9 0.7
IPT3.2 Acc31685.1 2.8 -0.2 0.8 0.0
IPT5.1 Acc27283.1 29.2 0.0 -1.4 -1.4
IPT5.2 Acc04302.1 2.4 0.7 -2.1 -1.6
IPT5.3 Acc07021.1 0.7 -0.2 0.9 0.9
Cytokinin hydroxylase
CYP735A1.1  Acc02242.1 158.3 -0.9 2.2 -1.1
CYP735A1.2  Acc30843.1 0.0 0.0 0.2 -0.1
CYP735A1.3  Acc04002.1 0.1 0.0 0.6 0.4
CYP735A1.4  Acc05869.1 0.0 0.0 -0.1 -0.1
LOG - Cytokinin riboside 5'-monophosphate phosphoribohydrolas

LOG11 Acc30152.1 53 0.0 -0.7 -2.8
LOG1.2 Acc32210.1 1.7 -0.3 26 1.2
LOG1.3 Acc04561.1 0.0 -
LOG2.1 Acc11911.1 0.2 -0.4 0.0 0.4
LOG2.2 Acc11946.1 0.1 0.4 0.7 0.6
LOG3.1 Acc15066.1 57.8 0.0 -0.1 0.3
LOG3.2 Acc23573.1 0.1 0.0 2.1 0.1
LOG3.3 Acc24762.1 1.9 0.2 -0.5 1.2
LOG34 Acc27441.1 0.9 0.4 0.0 0.7
LOG5.1 Acc11870.1 0.6 0.8 238 1.0
LOG5.1 Acc12721.1 0.0 0.0 -0.1 0.1
LOG5.2 Acc07173.1 0.1 0.8 0.4 0.1
LOG5.3 Acc33270.1 36.6 0.0 -0.2 0.3
LOG5.4 Acc10850.1 0.5 0.4 05 21
LOG7.1 Acc13368.1 0.0 0.4 -0.1 0.1
LOG7.2 Acc22968.1 0.0 -
LOG8.1 Acc22618.1 26.9 -0.6 0.3 21
LOG8.2 Acc28672.1 29 00 14 07 Log2 fold-change
LOG8.3 Acc29501.1 1357 00 04 o5 |ECTT T 1T T
LOG8.4 Acc09301.1 0.2 0.9 -0.1 -0.1 -5 0 5

Figure 6. Heat-map of kiwifruit cytokinin biosynthetic genes. DESeq comparison of low carbohydrate

supply (carbon starvation) versus high carbohydrate supply treatments. Differentially expressed genes

were identified based on the DESeq analysis from Nardozza et al. [6]. For each gene, the expression

level (base mean) and the log2 fold-change are presented. Fruit age is in weeks after mid bloom

(WAMB). Bold figures mean differences are significant for adjusted p < 0.05 (DESeq analysis).
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Expression level Log2 fold-change
Gene name Gene model Fruit age (WAMB)
(base mean)
8 12 16
Zeatin O-glucosyltransferase
Z0G1.1 Acc13178.1 0.1 0.0 -0.4 1.0
Z0G1.2 Acc02214.1 3.4 0.2 -0.2 0.1
Z0G1.3 Acc23139.1 0.6 -0.2 0.5 0.1
Z0G1.4 Acc03972.1 129.9 05 0.8 0.7
Z0G1.5 Acc10216.1 29 0.7 0.6 1.4
Z0G1.6 Acc10217.1 0.0 0.1 -0.2 0.1
Z20G2.1 Acc15775.1 77.9 04 -1.4 -0.9
20G2.2 Acc17636.1 0.1 -0.3 -0.1 0.1
Z0G2.3 Acc18218.1 20.3 0.3 0.1 0.1
20G2.4 Acc18219.1 0.4 -0.7 -0.1 0.4
Z0G2.5 Acc21186.1 177.0 03 0.7 -0.6
Z0G2.6 Acc21210.1 71.7 0.2 0.4 1.1
20G2.7 Acc23933.1 94 0.2 27
Z0G2.8 Acc23934.1 9.2 1.1 -0.6 -0.3
Z0G2.9 Acc23935.1 31.2 -0.2 -0.2 1.2
Z0G2.10 Acc24009.1 0.1 0.2 -0.1 0.1
70G2.11 Acc24128 1 17 05 [sa 22 |
Z20G2.12 Acc24129.1 0.4 0.5 0.2 0.1
Z0G2.13 Acc05179.1 2.7 0.3 0.9 1.1
Z0G2.14 Acc06782.1 25.7 07 2.4
20G2.15 Acc07982.1 1.2 0.0 -0.9 1.7
Z0G2.16 Acc07984.1 1.4 -0.6 1.3 2.2
Z0G3.1 Acc20480.1 168.1 0.8 0.5 0.1
B-glucosidase
BGLU12.1 Acc14271.1 3.5 -0.4 0.0 -0.1
BGLU12.2 Acc17106.1 17.3 0.1 -0.3 -0.3
BGLU12.3 Acc17107.1 0.0 0.0 -0.1 -0.4
BGLU12.4 Acc17108.1 0.0 - - -
BGLU12.5 Acc17109.1 0.0 - - -
BGLU12.6 Acc17110.1 0.0 - - -
BGLU12.7 Acc30424.1 19.4 -0.1 0.1 0.3
BGLU12.8 Acc09332.1 0.4 0.9 07 0.1
BGLU12.9 Acc09333.1 2.6 -0.2 0.6 -0.4
BGLU12.10 Acc09334.1 0.0 0.4 -0.1 0.1
BGLU12.11 Acc09335.1 1.2 15 26
BGLU12.12  Acc09336.1 0.0 0.0 -0.1
BGLU40.1 Acc31471.1 24 0.3 0.1
BGLU40.2 Acc06385.1 60.9 0.0 1.3 2.5
BGLU41.1 Acc21668.1 3.9 0.4 0.1 0.3
BGLU42.1 Acc24746.1 298.4 0.1 02 -0.3
BGLU44.1 Acc18581.1 126.9 0.1 1.6 0.7
BGLU47.1. Acc25036.1 38.2 0.4 0.4 0.4
Cytokinin dehydrogenase

CKX1.1 Acc23129.1 40.1 -0.1 0.2 0.0
CKX3.1 Acc00936.1 0.0 = > >
CKX3.2 Acc12996.1 1.1 -0.4 1.7 1.7
CKX3.3 Acc23338.1 0.1 0.4 -0.1 0.6
CKX3.4 Acc09843.1 0.0 = = =
CKX5.1 Acc23617.1 25 o7 |34 | 28 |
CKX5.2 Acc28235.1 86.2 0.1 0.0 0.4
CKX5.3 Acc04606.1 417.4 0.3 0.8 0.4
CKX5.4 Acc33634.1 0.0 - - - Log2 fold-change
CKX6.1 Acc17044.1 130.6 0.3 0.4 0.4 BETT T 7T T I
CKX6.2 Acc09272.1 0.3 0.4 -1.5 1.1 -5 0 5

Figure 7. Heat-map of kiwifruit cytokinin catabolic genes. DESeq comparison of low carbohydrate

supply (carbon starvation) versus high carbohydrate supply treatments. Differentially expressed genes

were identified based on the DESeq analysis from Nardozza et al. [6]. For each gene, the expression

level (base mean) and the log2 fold-change are presented. Fruit age is in weeks after mid bloom

(WAMB). Bold figures mean differences are significant for adjusted p < 0.05 (DESeq analysis).
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2.6. Carbon Starvation Results in Downregulation of Expansin Genes

Expansins are a class of cell wall proteins able to drive non-enzymatic pH-dependent cell
wall relaxation by partnering with H(+)-ATPAses proton pumps [16,33]. Of the expansin genes
identified in kiwifruit [30], the expansin A class genes were the most affected by carbon starvation at
16 WAMB. EXP2-7 and EXP24 were significantly downregulated under carbon starvation (Figure 8).
Highly expressed EXP3, EXP5, and EXP6 were downregulated by 3.5-, 4.5-, and 9-fold, respectively.
In addition, plasma membrane H(+)-ATPase genes were also downregulated (Figure 54).

Log2 fold-change
Fruit age (WAMB)

Expression level

Gene name Gene model
(base mean)

8 12 16
EXPA - Expansin A
EXP1 Acc08682.1 20.5 0.1 0.5 0.5
EXP2 Acc31871.1 23.3 0.5 -2.3 -7.2
EXP3 Acc27868.1 1483.2 0.3 -1.0 -1.8
EXP4 Acc14128.1 12.0 15 -2.3 -2.3
EXP5 Acc33002.1 647.2 0.2 1.7 -2.2
EXP6 Acc30734.1 1243.2 0.3 0.9 -3.2
EXP7 Acc32338.1 31.8 0.9 05 -2.6
EXP8 Acc01142.1 111.3 0.0 0.0 0.3
EXP9 Acc00770.1 0.3 0.9 0.2 0.1
EXP10 Acc10127.1 0.1 0.0 -0.7 0.3
EXP11 Acc26691.1 0.5 1.2 0.2 0.3
EXP12 Acc21929.1 9.6 0.1 0.4 04
EXP13 Acc18284.1 0.0
EXP14 Acc31509.1 0.0 - - -
EXP16 Acc06347.1 15.3 0.9 -3.7 -2.8
EXP17 Acc02787.1 14.6 0.0 0.4 0.4
EXP18 Acc01513.1 1.7 0.8 1.0 1.4
EXP19 Acc11893.1 3.7 0.6 -0.1 0.3
EXP20 Acc33655.1 0.0 - - -
EXP21 Acc03046.1 0.0 0.4 -0.1 0.1
EXP22 Acc01870.1 0.1 -0.4 -0.1 0.4
EXP23 Acc30273.1 4.6 0.8 -0.1 0.3
EXP24 Acc25860.1 58.6 0.4 0.3 -5.0
EXP25 Acc24889.1 16.0 0.7 2.6 21
EXP26 Acc02877.1 1.6 0.7 2.1 16
EXP27 Acc01632.1 0.0 0.0 0.2 0.1
EXP28 Acc10880.1 10.9 0.1 0.5 03
EXP29 Acc33740.1 0.0 - - -
EXP30 Acc10482.1 2.9 -0.3 0.4 0.1
EXP31 Acc08457.1 0.1 0.0 0.7 0.1
EXP32 Acc18326.1 0.1 0.1 0.4 -1.2
EXP33 Acc19956.1 0.2 0.5 1.0 1.0
EXP34 Acc15741.1 0.0 - - -
EXP41 Acc18873.1 0.2 0.2 0.1 0.1
EXPB - Expansin B
EXPLB2.1 Acc07668.1 0.0 - - -
EXPLB2.2 Acc00462.1 0.1 -0.7 0.1 0.1
EXPLB3.1 Acc26079.1 0.8 0.9 0.2 0.1
EXPLB3.2 Acc19000.1 0.1 0.8 -0.1 0.1
EXPLB3.3 Acc13823.1 1.1 0.2 -0.2 0.3
EXLA - Expansin-like A
EXPLA1 Acc10849.1 58.5 0.4 0.6 -1.6
EXPLA2 Acc07172.1 14.0 0.3 1.0 1.9
EXPLA3 Acc16346.1 0.3 -0.3 0.2 0.8
EXLB - Expansin-like B

EXPLB1.1 Acc28101.1 0.0 - - -
EXPLB1.2 Acc15856.1 0.1 00 13 0.1 Log2 fold-change
EXPLB1.3 Acc28974.1 25 0.6 15 02 |[BETCTTT T TN
EXPLB1.4 Acc16689.1 3.7 02 06 0.6 -5 0 5

Figure 8. Heat-map of kiwifruit expansin genes. DESeq comparison of low carbohydrate supply
(carbon starvation) versus high carbohydrate supply treatments. Differentially expressed genes were
identified based on the DESeq analysis from Nardozza et al. [6]. For each gene, the expression level
(base mean) and the log2 fold-change are presented. Fruit age is in weeks after mid bloom (WAMB).
Bold figures mean differences are significant for adjusted p < 0.05 (DESeq analysis).
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3. Discussion

In kiwifruit, fruit growth increases with an increase in carbohydrate supply [4,5]. The fruit
expansion phase in kiwifruit appears to differ from those of other fleshy fruits. Auxin and/or gibberellins
drive fruit expansion in strawberry [34], apple [10], and tomato [35]. Our results showed that cytokinins
are key phytohormones during fruit expansion in kiwifruit. Phytohormone profiling revealed that
fruit weight differences obtained under contrasting carbohydrate supplies positively correlated with
cytokinin concentrations in the fruit outer pericarp. Changes in gibberellin, jasmonic acid, and abscisic
acid concentrations were mostly developmental in nature and not strongly affected by carbohydrate
supply. Interestingly, gibberellin precursor GA19 increased under carbon starvation, however, this
effect was not maintained downstream in the biosynthetic pathway, and both GA20 and active GA1
concentrations were unaffected, suggesting that the role of gibberellin was not significant in the
kiwifruit cell expansion phase. Surprisingly, unconjugated auxin concentrations were not correlated
with fruit growth and were also not affected by fruit carbohydrate supply. This is in contrast to
observations in fleshy fruit types [10,34,35], suggesting that free auxin is not critical during the fruit
expansion phase of kiwifruit. However, we cannot rule out that conjugated auxins, which were not
measured in this study, may play a role.

Similar to Arabidopsis seedlings, where de novo cytokinin synthesis is induced by sugar, our data
showed that in carbon-starved kiwifruit, cytokinin synthesis is repressed. This is via downregulation
of the cytokinin biosynthetic genes IPTs and CYP735As, suggesting that sugar control over cytokinin
production could apply to sink tissues. Signalling of carbon starvation in kiwifruit is mediated by
the sucrose non-fermenting-1 related protein kinase 1 via trehalose 6-phosphate [6]. In Arabidopsis,
it has been proposed that cytokinins have a role in regulating the genes of the trehalose 6-phosphate
pathway [17]. A similar scenario may occur in kiwifruit outer pericarp tissue, where the observed
reduction of trehalose 6-phosphate concentration in carbon-starved fruit [6] could be triggered by
cytokinin signalling.

In maturing kiwifruit, cytokinin catabolism was not critical for controlling cytokinin
concentrations [15], whilst in other plant species (e.g., cabbage, maize, and wheat) it has been
suggested that IPT and CKX transcription levels are coupled [31,36,37] and CKX is a key enzyme for
cytokinin homeostasis. Our results show that genes coding for cytokinin catabolic enzymes were only
marginally affected by carbon supply treatments and cytokinin dehydrogenase was not associated with
different cytokinin concentrations (Figure 2; Figure 7). These data suggest that, in kiwifruit, carbon
starvation affects de novo synthesis rather than irreversible cleavage of cytokinins during the fruit
expansion phase.

Whilst transcriptional data for cytokinin biosynthetic genes supported the phytohormone data, the
regulation of the multistep phosphorelay cytokinin signalling was less clear. Under carbon starvation,
we observed an upregulation of the genes involved in the multistep phosphorelay pathway (histidine
kinase, histidine phosphotransferase, and type-B RRs), suggesting that they might not be controlled at
the transcriptional level as transcription is triggered by decreased cytokinin concentrations. Multistep
phosphorelay signalling is triggered by cytokinin binding, which leads to autophosphorylation of
histidine kinase. The phosphate is then transferred to histidine phosphotransferase and the final
acceptor type-B RR proteins, which positively regulate transcription in the nucleus (reviewed by
Kieber and Schaller [38]). In contrast, type-A RRs are negative feedback regulators in cytokinin
signalling and are transcriptionally activated by type-B RRs [39]. In kiwifruit outer pericarp, type-A
RRs were mostly downregulated when cytokinin concentrations were low. This is in agreement with
findings from Bhargava et al. [40], where type-A response regulators were upregulated in response
to exogenous cytokinin applications, suggesting an increase in endogenous cytokinins could lead to
a similar response.

Expansins are proteins involved in the acidic relaxation of plant cell walls and drivers of
short-term cell expansion [41]. Effects of cytokinins on expansin-mediated cell wall relaxation and cell
expansion has been suggested [42]. A meta-analysis of cytokinin effects on Arabidopsis transcriptome
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identified expansins as targets of cytokinin signalling [43]. Expansins drive acidic cell elongation
in Arabidopsis roots, where x-expansinA genes and plasma membrane H(+)-ATPase are controlled
by cytokinins via ARR1 [44]. In soybean, cytokinins regulate the expression of expansin and cell
wall expansion [45]. The effects of cytokinins on expansin during cell expansion and fruit expansion
have not been well characterised. A study of grape berries associated cytokinin concentrations with
post-veraison cell expansion and berry growth [19]. Exogenous cytokinin application induced expansin
expression in white sweet clover (Melilotus alba) [42]. In kiwifruit, under carbon starvation, we observed
significant decreases in cytokinin concentrations, cytokinin biosynthetic genes transcription, a-expansin
transcription, and fruit weight, suggesting a role for expansin in driving cell expansion and fruit
expansion. Cytokinin concentrations were developmentally driven as the positive correlation between
total cytokinin concentration and fruit weight held true also within each treatment, in agreement with
Pilkington et al. [15]. Further experimentation will be required to clarify the mechanism and if, similar
to Arabidopsis roots, the signalling may be mediated by a type-B RR [44].

In conclusion, our results suggest a new role for cytokinins in kiwifruit growth, where they
contribute to stimulate cell expansion via a mechanism that could involve expansin protein. This is in
contrast to other fleshy fruits where cytokinins are a key phytohormone class during cell division, and
further supports the responsiveness of kiwifruit to exogenous cytokinin treatments following the cell
division phase. We acknowledge a limitation of this study in discussing the functional role of cytokinin
in kiwifruit as developmental phases were inferred from the literature [1,2], rather than defined from
direct cell number and cell size observations. Overall, these findings contribute to expand the current
knowledge on fruit weight determination in kiwifruit.

4. Materials and Methods

4.1. Plant Material

Actinidia chinensis (Planch.) var. chinensis ‘Zes006’ (red fleshed) kiwifruit was sampled as per the
experiments described in Nardozza et al. [6]. The outer pericarp tissue from the following treatments
was used: high carbohydrate supply (girdled shoot with leaf to fruit ratio of 4), low carbohydrate
supply (girdled shoot with a leaf to fruit ratio of 1), and untreated control (ungirdled shoot with
a leaf to fruit ratio of 1; vine standard [5]). Individual shoots represented the experimental unit.
Girdles were applied to shoots at 4 WAMB and maintained open until the end of the experiment. Only
samples collected at 8, 12, and 16 WAMB were considered to match the transcriptomic data. Fresh fruit
weight data are given in Nardozza et al. [6]. Outer pericarp tissues were collected to include three to
four biological replicates (due to lost samples in the field or during analysis; see details in Table S2),
snap frozen in liquid nitrogen, and stored at -80 °C until further analysis.

4.2. Phytohormones

4.2.1. Phytohormone Extraction and Fractionation

Frozen plant material was ground in liquid nitrogen to a fine powder using a mortar and pestle
and stored at —80 °C for chemical analysis. To each sample (200 mg fresh weight), 1 mL chilled (4 °C)
extraction solvent 80:20 CH3;CN:H,O, labelled internal standard mix ([*Hs] Z 10 ng, [*Hs] OR)Z 3 ng,
[’Hs] t-ZROG 30 ng, [*Hs] (9G)Z 3 ng, [?H] iP 0.5 ng, [?Hg] (9R) iP 1 ng, [*He] iP9G 3 ng, [2Hs]
t-ZOG 7 ng, [°H,] GA7 0.5 ng, [2Hy] SA 1 ng, [°Hg] ABA 2 ng, [?Hs] JA 2 ng, [?Hyo] JA-Tle 2 ng, [13C¢]
IAA 10 ng; OlchemIm Ltd., Olomouc, Czech Republic), and 0.8 g stainless steel beads 0.9-2 mm
(Next Advance Inc., Troy, NY, USA) were added. Samples were bead beaten for 5 min (Bullet Blender
24 Gold, Next Advance Inc., Troy, NY, USA) and then extracted overnight in the dark at 4 °C using
an end-over-end rotator at 30 rotations/min. After centrifugation at 13,000 g for 5 min, the supernatant
was transferred into a 96-well collection plate (Phenomenex, Torrance, CA, USA). The remaining pellet
was re-extracted twice with 1 mL 80:20 CH3CN:H,O overnight, and combined with the first supernatant,
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and evaporated to dryness using a CentriVap concentrator (Labcon, Petaluma, CA, USA). Samples
were reconstituted in 1 mL 1 M formic acid (aq) and placed on an orbital shaker at room temperature for
1 h at 230 rpm (IKA Labortechnik, Staufen, Germany). To remove interfering compounds, the extract
was passed through a SOLA SCX 96-well plate (10 mg/2 mL, Thermo Scientific) equilibrated with 4 mL
acetonitrile and conditioned with 4 mL 1 M formic acid (aq). After conditioning, the reconstituted
samples were loaded, washed with 3 mL of 1 M formic acid (aq), 3 mL of water, and the acidic plant
hormones were eluted with 1.5 mL acetonitrile (Fraction A). The plate was then washed with 1 mL
water, followed by 1.5 mL of 0.35 M ammonium hydroxide and the cytokinins were eluted with 0.5 mL
of 0.35 M ammonium hydroxide in 60% acetonitrile (Fraction B). Each fraction was evaporated to
dryness using a CentriVap concentrator (Labcon, Petaluma, CA, USA).

Prior to derivatisation with bromocholine bromide (BETA), Fraction A was further purified using
a modification of a method described by Kojima et al. [46] to increase the sensitivity of analysis for
gibberellins. Briefly, samples were reconstituted in 1 mL 80:20 CH3CN:H,0 + 4% trimethylamine and
applied to a Hypersep 96-well plate (Hypercarb 25 mg/1 mL, Thermo Scientific) equilibrated with
1 mL acetonitrile and conditioned with 1 mL water. The sample eluate was collected into a 96-well
collection plate and a further 0.5 mL CH3CN + 4% trimethylamine was applied to the Hypersep plate
and collected into the same collection plate. After evaporation, the samples were reconstituted with
160 uL CH3CN and to each sample 40 pL of derivatisation solution (6.25 M BETA in 86% acetonitrile)
and 20 pL 4% trimethylamine in CH3CN was added. The mixed solution was incubated at 50 °C at
300 rpm for 24 h (Eppendorf, ThermoMixer C, Hamburg, Germany) and then evaporated to dryness.

4.2.2. Liquid-Chromatography Tandem Mass-Spectrometry (LC-MS/MS) Analysis

Liquid-Chromatography Tandem Mass-Spectrometry (LC-MS/MS) experiments were performed
on a 5500 QTrap triple quadrupole/linear ion trap (QqLIT) mass spectrometer equipped with
a TurboIon—SprayTM interface (AB Sciex, Concord, ON, Canada) coupled to an Ultimate 3000 UHPLC
(Dionex, Sunnyvale, CA, USA).

4.2.3. Cytokinins

For cytokinins, dried samples from Fraction B were reconstituted in 200 uL 10:90 CH3;OH:H,O + 1%
acetic acid and filtered through a conditioned (200 uL. CH3zOH) 96-well 0.45 pm hydrophobic filter
plate (Pall Filters, AcroPrep, Cortland, NY, USA) prior to mass spectrometric (MS) analysis. Cytokinins
were separated on an Acquity UPLC BEH C18 1.7 um 2.1 X 150 mm ID column (Waters, Wexford,
Ireland) maintained at 70 °C. Solvents were (A) 15 mM ammonium formate adjusted to pH 4 with
formic acid and (B) methanol with a flow rate of 350 uL min~!. The initial mobile phase, 15% B was
held for 6.5 min, then ramped linearly to 20% B at 9 min, then to 50% B at 12.5 min and 100% B at 14 min
and holding at 100% B for 1 min before resetting to the original conditions. Injection size was 10 uL.
MS data were acquired in the positive ion mode using a scheduled multiple reaction monitoring (MRM)
method. The transitions monitored (Q1 and Q3) are listed in Table S3. Other operating parameters
were as follows: ion spray voltage 4500 V; temperature 600 °C; curtain gas 45 psi; ion source gas 1
60 psi; ion source gas 2 60 psi; collision gas set to medium.

4.2.4. Acidic Phytohormones

For acidic phytohormones (gibberellins, auxins, jasmonates, salicylates and abscisates), Fraction
A dried and derivatised samples were reconstituted in 100 pL 5% (CH3OH:CH3CN): 95% (5 mM
ammonium formate adjusted to pH 3.7 with formic acid). An internal standard for each analyte was
created by derivatising a mixed analytical standard with a deuterated analogue of bromocholine
bromide ([*Hg]-BETA) using a modified method to that described by Sun et al. [47], as here detailed.
To each sample, 100 pL of internal standard (5 ppb [*Hg]-BETA) was added. Samples were filtered
through a 0.7-um glass filter plate prior to LC-MS analysis. Acidic phytohormones were separated on
an Acquity UPLC BEH C18 1.7 um 2.1 x 150 mm ID column (Waters, Wexford, Ireland) maintained
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at 40 °C. Solvents were (A) 5% (CH3OH:CH3CN):95% (5 mM ammonium formate adjusted to pH
3.7 with formic acid) and (B) 95% (CH3OH:CH3CN):5% (5 mM ammonium formate adjusted to pH
3.7 with formic acid) with a flow rate of 250 uL. min~!. The initial mobile phase, 0% B was held for
1 min before ramping linearly to 5.3% B at 2 min, 7.5% B at 5.5 min, 40% B at 11 min, and holding for
3.5 min before ramping to 100% B at 15.5 min and holding at 100% B until 21 min before resetting to
the original conditions. Injection size was 2 pL. MS data were acquired in the positive mode using
a scheduled MRM method. The transitions monitored (Q1 and Q3) are listed in Table S4. Transitions
for compounds other than gibberellins were detuned from optimum to reduce their sensitivity to
fit within the dynamic linear range of the instrument. Other operating parameters were as follows:
ion spray voltage 4500 V; temperature 600 °C; curtain gas 45 psi; ion source gas 1 60 psi; ion source gas
2 60 psi; collision gas set to medium.

4.2.5. Phytohormone Identification and Quantification

Identification and quantification of all compounds were confirmed through the comparison of the
acquired spectra with spectra from the authentic standards. All data were analysed and processed
using Analyst version 1.6.2 and MultiQuant version 3.0 software packages. Concentrations were
calculated for each compound in equivalence to their respective stable isotope as the internal standard.

4.3. Transcriptomic Data

The Red5 A. chinensis var. chinensis genome [30] was mined for the gene models involved in the
cytokinin biosynthetic, catabolic, and signalling pathways, and for plasma membrane H(+)-ATPase
genes. The expansin gene models list was sourced from Pilkington et al. [30]. Gene models were then
searched in the differentially expressed gene (DEG) lists generated by Nardozza et al. [6] (Bioproject ID
PRJNA593615) and heat maps were created to visualise the effect of the carbohydrate supply on gene
transcription, with a focus on the two girdled treatments. DESeq output is shown in Figure S5.

4.4. Statistical Analysis

The effect of the carbohydrate supply and fruit age (factors) on fruit weight and phytohormone
concentrations were analysed using a linear mixed effects model (LME, type 3 sums of squares
Kenward—-Roger’s method) in R (version 3.5.1) [48]. The biological replicates were treated as random
effects. When significant effects or interactions were present, the means were separated on the basis of all
pairwise comparisons of least-squares means, adjusted for multiple comparison by Tukey’s correction
(letters assigned; confidence level 95%). Residual plots were inspected to check for the assumptions
of normality and constant variance. Where appropriate, a log-transformation was used prior to
analysis with the fitted means back-transformed onto the original scale. Pearson correlation analysis
was performed to identify positive or negative correlations between fruit weight and phytohormone
concentration. Principal component analysis for cytokinin hormones were also performed in R using
the MixOmics libraries [49]. Data were plotted using package ggplot2 [50] with 95% confidence
interval ellipses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/10/1/23/s1.
Figure S1: Cytokinin biplot at 16 weeks after mid bloom; Figure S2: Heat-map for multistep phosphorelay
(MSP) pathway kiwifruit genes: cytokinin receptors histidine kinases and positive regulators histidine-containing
phosphotransfer proteins; Figure S3: Heat-map for multistep phosphorelay (MSP) pathway kiwifruit genes:
negative regulators A-type Arabidopsis Response Regulators (ARR) and positive regulators B-type ARR; Figure
S4: Heat-map of kiwifruit plasma membrane H(+)-ATPase genes; Table S1: Proportion of cytokinins types on
total cytokinin concentrations in different treatments; Table S2: List of collected samples and biological replicates
used for the experiments; Table S3: Multiple reaction monitoring (MRM) transitions used for cytokinin analysis;
Table S4: Multiple reaction monitoring (MRM) transitions used for acidic phytohormone analysis; Table S5: DESeq
pairwise comparison between low carbohydrate supply (LC) and high carbohydrate supply (HC) samples at 8, 12
and 16 weeks after mid bloom.
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