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Abstract 

Cytokinin (CK) is an important plant developmental regulator, having activities in many aspects of 

plant life and its response to the environment. CKs are involved in diverse processes in the plant, 

including stem-cell maintenance, vascular differentiation, growth and branching of roots and shoots, 

leaf senescence, nutrient balance and stress tolerance. In some cases, phytopathogens secrete CKs. 

It has been suggested that to achieve pathogenesis in the host, CK-secreting biotrophs manipulate 

CK signaling to regulate the host cell cycle and nutrient allocation. CK is known to induce host 

plant resistance to several classes of phytopathogens from a handful of works, with induced host 

immunity via salicylic acid signaling suggested to be the prevalent mechanism for this host 

resistance.  

Here, we show that CK directly inhibits the growth, development, and virulence of fungal 

phytopathogens. Focusing on Botrytis cinerea (Bc), we demonstrate that various aspects of fungal 

development can be reversibly inhibited by CK. We also found that CK affects both budding and 
fission yeast in a similar manner. Investigating the mechanism by which CK influences fungal 

development, we conducted RNA-NGS on mock and CK treated B. cinerea samples, finding that 

CK inhibits the cell cycle, cytoskeleton, and endocytosis. Cell biology experiments demonstrated 

that CK affects cytoskeleton structure and cellular trafficking in Bc, lowering endocytic rates and 

endomembrane compartment sizes, likely leading to reduced growth rates and arrested 

developmental programs. Mutant analyses in yeast confirmed that the endocytic pathway is altered 

by CK .  

Our work uncovers a remarkably conserved role for a plant growth hormone in fungal biology, 

suggesting that pathogen-host interactions resulted in fascinating molecular adaptations on 

fundamental processes in eukaryotic biology. 

Importance 

Cytokinins (CKs), important plant growth/ developmental hormones, have previously been 

associated with host disease resistance. Here, we demonstrate that CK directly inhibits the growth, 

development, and virulence of B. cinerea (Bc) and many additional phytopathogenic fungi. 

Molecular and cellular analyses revealed that CK is not toxic to Bc, but rather, Bc likely recognizes 

CK and responds to it, resulting in cell cycle and individual cell growth retardation, via 

downregulation of cytoskeletal components and endocytic trafficking. Mutant analyses in yeast 

confirmed that the endocytic pathway is a CK target. Our work demonstrates a conserved role for 

CK in yeast and fungal biology, suggesting that suggesting that pathogen-host interactions may 

cause molecular adaptations on fundamental processes in eukaryotic biology. 
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Introduction 1 

Cytokinins (CKs) are a class of extensively studied plant hormones, well known for their 2 

involvement in various aspects of plant life (Mok & Mok, 2001; Sakakibara, 2006; Werner & 3 

Schmülling, 2009; Keshishian & Rashotte, 2015). Some findings have suggested a role for CKs 4 

in fungal pathogenesis (Walters & McRoberts, 2006; Babosha, 2009; Sharma et al., 2010; Choi 5 

et al., 2011). In some cases, plant pathogens can secrete CKs, or induce CK production in the 6 

host plant, possibly in order to achieve pathogenesis in the host (Jameson, 2000). Conidia, 7 

mycelia of some fungi, and germinating uredospores of Puccinia graminis and P. recondite have 8 

been shown to accumulate CK, manipulating CK signaling to regulate host plant cell cycle 9 

(Greene, 1980; Nieto & Frankenberger, 1991).  10 

CK has also been shown to promote resistance to plant pathogens that do not secrete CK. High 11 

levels of CKs were found to increase the plants' resistance to bacterial and fungal pathogens 12 

(Swartzberg et al., 2008; Choi et al., 2010; Grosskinsky et al., 2011; Ballaré, 2011; Gupta et al., 13 

2020a,b). Different mechanisms have been suggested for this enhanced resistance. In 14 

Arabidopsis, it was suggested that CK-mediated resistance functions through salicylic acid (SA) 15 

dependent mechanisms (Choi et al., 2010). An additional study suggested that CK signaling 16 

enhances the contribution of SA-mediated immunity in hormone disease networks (Naseem et 17 

al., 2012). However, in tobacco, an SA-Independent, phytoalexin-dependent mechanism was 18 

suggested (Grosskinsky et al., 2011). We recently reported that CK induces systemic immunity 19 

in tomato (Solanum lycopersicum), promoting resistance to fungal and bacterial pathogens 20 

(Gupta et al., 2020a,b) including Botrytis cinerea, in an SA and ethylene dependent mechanism.  21 

B. cinerea (grey mold), Sclerotium rolfsii (collar rot), and Fusarium oxysporum f. sp. lycopersici 22 

(fusarium wilt) are widespread fungal plant pathogens that infect hundreds of plant species and 23 
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cause huge losses every year (Tsahouridou & Thanassoulopoulos, 2002; Williamson et al., 2007; 24 

Dean et al., 2012).  25 

Given that CK can induce plant immunity and restrict phytopathogen growth in certain cases, 26 

direct effects of CK against phytopathogens are an intriguing possibility. A direct effect of CK 27 

on bacterial pathogens was ruled out in previous works (Naseem et al., 2012; Gupta et al., 2020a). 28 

Interestingly, CK did not affect germination and elongation of germ tubes, but strongly inhibited 29 

appressorium formation of Erysiphe graminis, an obligate biotrophic powdery mildew causing 30 

barley pathogen (Liu & Bushnell, 1986). Another work described an increase in germination of 31 

conidia of two Erysiphe powdery mildew pathogens, E. graminis and E. cichoracearum, in the 32 

presence of CK (Mishina et al., 2002). Fungal pathogens of the species Erysiphe are known to 33 

produce CKs. High levels of CK  was also reported to inhibit mycelial growth and pathogenesis 34 

of fungi in canola (Sharma et al., 2010). 35 

In this work, we investigate the direct effects of CK on fungal plant pathogens, demonstrating 36 

that CK directly inhibits the growth, development, and virulence of fungal plant pathogens. B. 37 

cinerea (Bc) growth, sporulation, and spore germination were all inhibited by CK, in the absence 38 

of a host plant. We found similar effects in a variety of plant pathogenic fungi. Molecular and 39 

cellular analyses revealed that CK is not toxic to Bc, but rather, Bc likely recognizes CK and 40 

responds to it, resulting in cell cycle and individual cell growth retardation. CK reduced Bc 41 

virulence in a reversible manner, confirming that no irreversible harm was caused to fungal 42 

development. RNAseq confirmed that CK downregulates the cell cycle and cytoskeleton, as well 43 

as cellular trafficking. Interestingly, we also found that CK affects two additional fungi from the 44 

ascomycota division that are not phytopathogens, but rather, yeasts. Both budding and fission 45 

yeast were inhibited by CK. Further to the effects observed in the RNAseq data, we confirmed 46 

that CK affects the cytoskeleton and cellular trafficking in Bc, mislocalizing actin filaments and 47 

lowering endocytic rates and endomembrane compartment sizes, likely underlying the reduced 48 
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growth rates and arrested developmental programs. Mutant analyses in yeast confirmed that the 49 

endocytic pathway is affected by CK. Our work uncovers a novel, remarkably conserved role for 50 

a primary plant growth hormone in fungal biology, demonstrating that interaction between 51 

pathogen and host resulted in fascinating molecular adaptations on fundamental processes in 52 

eukaryotic biology. In time, this may hold promise for the development of CKs as antifungal 53 

agents in specific cases. 54 

 55 

Results 56 

Cytokinin inhibits disease caused by B. cinerea and S. rolfsii, but not F. oxysporum f. sp. 57 

lycopersici  58 

We have previously reported that CK reduces tomato disease by inducing immunity (Gupta et 59 

al., 2020b). Fungal pathogens with different lifestyles have different infection and pathogenesis 60 

strategies, and host plants employ different protection mechanisms to resist different types of 61 

fungal pathogens. Three phytopathogenic fungi with varied lifestyles and infection modes were 62 

selected. B. cinerea (Bc), an airborne necrotrophic spore producing ascomycete, that causes gray 63 

mold disease in >1400 hosts (Fillinger & Elad, 2016); S. rolfsii (Sr)- a soilborne necrotrophic 64 

basidiomycete that does not produce spores, that causes southern blight disease in hundreds of 65 

hosts (Arnold, 2008); and F. oxysporum f. sp. lycopersici (Fol), a soilborne necrotrophic 66 

ascomycete that is known to produce CK (Vrabka et al., 2018; Sørensen et al., 2018), and causes 67 

wilt disease in a host specific manner (Stravato et al., 1999). In order to examine the ability of 68 

CK to reduce disease caused by different fungal pathogens, we treated tomato plants with 100 69 

µM CK (6-BAP) 24 hours prior to pathogen inoculation. Fig. 1 details the effect of CK in tomato 70 

disease caused by different phytopathogens. 6-BAP pre-treatment significantly decreased disease 71 

levels caused by the necrotrophic fungal pathogens Bc , as we previously reported (Gupta et al., 72 
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2020b) (Fig. 1a), and Sr (Fig. 1b). Upwards of 50% disease reduction in tomato plants was 73 

observed with Bc and Sr as compared to control (Fig. 1 a,b). However, no disease reduction was 74 

observed with Fol (Fig. 1c).  75 

Cytokinin directly inhibits B. cinerea, S. rolfsii, and F. oxysporum f. sp. lycopersici  76 

In order to examine a possible direct effect of CK on fungal tomato pathogens, we used the above 77 

three phytopathogenic fungi. The effects of different CK concentrations and derivatives on the 78 

growth of Bc, Sr and Fol mycelia are shown in Fig. 1. The cyclic synthetic CK 6-BAP (Fig. 1d-79 

k), the natural cyclic CKs zeatin and kinetin (Fig. 1k), and the synthetic bacterial derived non-80 

cyclic CK thidiazurn (TDZ, Fig. 1k)- all inhibited the growth of B. cinerea. 6-BAP (6-benzyl 81 

amino purine) inhibited the growth of Bc in a dose-dependent manner. Approximately 50% 82 

inhibition was observed at 100 µM (Fig. S1a). Sr did not show growth reduction at 1 µM but 83 

growth inhibition at 10 µM and 100 µM was similar to Bc (Fig. S1b). The least effect of 6-BAP 84 

was observed on Fol (Fig. S1c), which was not inhibited by CK treatment in planta (Fig. 1c).  85 

To examine the breadth of this phenomenon, we tested in vitro growth of additional 86 

phytopathogenic fungi in the presence of 100 µM 6-BAP or the control Adenine. Our results 87 

show that CK directly inhibits mycelial growth of fungal pathogens from several different classes 88 

(ascomycetes, basidiomycetes) and different lifestyles (hemibiotrophs, necrotrophs) (Fig. S2). 89 

All classes of phytopathogenic fungi tested were inhibited by CK (Fig. S2a), however, the level 90 

of inhibition also differed significantly among them, with Fusarium spp. showing the least 91 

inhibition (Fig. S2b). The phylogeny is detailed in Fig. S2c, and does not indicate that the ability 92 

to be inhibited by CK is specific to any particular class or taxon. 93 

Cytokinin inhibits B. cinerea sporulation, spore germination, and germ tube elongation 94 

We studied the effect of CK fungal development:  sporulation, spore germination, and germ tube 95 

elongation. In samples treated with 100 nM CK, there were approximately 50% less spores 96 
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produced as compared to mock (Fig. 2a,b). The effect of CK on spore germination was even 97 

more pronounced (Fig. 2c,d). Less than 50% of the spores germinated with 100 nM CK. 98 

Interestingly, though less spores germinated in the presence of 6-BAP, the spores that did 99 

germinate had accelerated germ tube growth in 100 nM 6-BAP, and inhibited germ tube growth 100 

100 µM 6-BAP (Fig. 2c,e). After 8 hours of growth with 100 µM 6-BAP, the germ tube length 101 

was 50% of the control (Fig. 2e), correlating with ~50% inhibition in mycelial growth (Fig. 102 

1d,e,j,k).  103 

LC/MS Hormonal measurements in mature tomato leaves demonstrate that they can contain close 104 

to 100 ng/g active CKs (Fig. S3), as was previously reported for tomato leaves (Ghanem et al., 105 

2008; }i~ková et al., 2015). This amount roughly corresponds, depending on the CK derivative, 106 

to 400-500 nM, which did not affect mycelial growth of the phytopathogenic fungi we tested 107 

(Fig. S1), but did inhibit sporulation and spore germination in B. cinerea (Fig. 2b-d).  108 

Cytokinin reversibly attenuates B. cinerea virulence 109 

Is direct CK inhibition of phytopathogenic fungi reversible? Or does CK irreversibly harm fungal 110 

development? Furthermore, since some aspects of Bc development are inhibited in CK 111 

concentrations normally found within plant leaves (Figs. 2, S3), how does CK affect fungal 112 

virulence? To answer these questions, we harvested Bc spores from fungi grown with or without 113 

CK, normalized the spore count to 105 spores/mL, and used equal amounts of spores to infect 114 

tomato leaves. When spores harvested from mycelia grown with 6-BAP were used for infecting 115 

tomato leaves, no reduction in lesion size was observed as compared with spores grown without 116 

CK (Fig. 3a). We harvested spores from mycelia grown without CK, mixing half the spores with 117 

CK just prior to tomato leaf infection. When spores were treated with CK prior to infection, there 118 

was approximately 40% reduction in lesion area (Fig. 3b), comparable to disease reduction 119 

observed when treating plants with CK (Fig. 1a).  120 
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CK differentially down-regulated the expression levels of virulence genes in Bc (Fig. 3c). All 121 

tested genes related to virulence viz., BcPG1 (endopolygalacturonase), BcXynl, BcXyn10A and 122 

BcXyn11C (Xylanases), BcPME1 (pectin methylesterase), BcPLC1 (phospholipase C), BcBMP1 123 

(mitogen-activated protein (MAP) kinase) and BcPLS1 (tetraspanin) were expressed at 124 

significantly lower levels upon growth in the presence of 100 µM of 6-BAP. In addition, the 125 

expression of the woronin body protein Bchex, known to be involved in fungal membrane 126 

integrity (Torres-Ossandón et al., 2019), was down-regulated upon CK treatment. . Gene 127 

expression was normalized to a geometric mean of 3 housekeeping genes: ubiquitin-conjugating 128 

enzyme E2 (ubce) (Silva-Moreno et al., 2016), Iron-transport multicopper oxidase, and 129 

Adenosine deaminase (Llanos et al., 2015). 130 

 131 

Cytokinin is not toxic to B. cinerea 132 

Why is CK inhibiting fungal growth and development? Spores generated from fungus grown in 133 

the presence of CK were able to infect tomato leaves normally, once removed from the CK 134 

containing environment, indicating that the spores themselves were normal, and that disease 135 

reduction stems from a reduction in spore formation, spore germination, and germ tube growth 136 

(Fig. 3). To confirm that CK is not killing fungal cells, we examined fungal cellular leakage in 137 

the presence of CK. As shown in Fig. 4a,b, no significant leakage of nucleic acids and proteins 138 

were observed after 24 h treatment with 100 µM 6-BAP, when compared to the control. 139 

Additionally, no change in electrical conductivity was observed upon 24 hours of 100 µM 6-140 

BAP treatment (Fig. 4c). The high background measurements with CK alone are likely due to 141 

the presence of the aromatic ring structure. These results confirm that CK is not toxic to Bc.  142 

Transcriptome profiling reveals pathways affected by CK in B. cinerea 143 
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To gain insight into the effects CK has on the fungus, we conducted transcriptome profiling on 144 

Bc samples prepared from fungi grown with and without CK. Principle component analysis 145 

demonstrated that the biological replicates were clustered well together (Fig. 5a), with mock 146 

samples being very similar, and CK samples clustering together across PC1 (75%). The 147 

comparison yielded two clusters, exemplified in a heatmap (Fig. 5b): genes downregulated by 148 

CK when compared with mock (bottom cluster, marked in red) and genes upregulated by CK 149 

when compared with mock (top cluster, marked in green). Individual genes having a log(2)Fold-150 

change of |2| or greater are provided in Supplementary Data 1. Interestingly, out of the 660 151 

differentially expressed genes (DEGs), 470 were down regulated, indicating that CK has more 152 

of a suppressive effect on the Bc transcriptome. Distribution of DEGs into various biological 153 

pathways in Kyoto Encyclopedia of Genes and Genomes (KEGG) also supports this. 154 

Downregulated KEGG pathways included various pathways related to the cell cycle and DNA 155 

replication (Fig. 5c), as well as endocytosis, MAPK signaling, and a variety of metabolic 156 

pathways (Fig. 5c). The full KEGG list with adjusted p-values for each pathway is provided in 157 

Supplementary data 2. Upregulated KEGG pathways included various pathways related to 158 

protein biosynthesis and processing (Fig. 5d), as well as the peroxisome and phagosome (Fig. 159 

5d). The full KEGG list with adjusted p-values for each pathway is provided in Supplementary 160 

data 3. 161 

 162 

Cytokinin affects the fungal cell cycle   163 

Since we observed that CK inhibits sporulation, spore germination, and hyphal growth, and the 164 

cell cycle and DNA replication were down regulated by CK treatment in the transcriptome 165 

analysis, we examined the morphology and relative DNA quantity of Bc cells grown with and 166 

without CK (Fig. 6). We observed a significant reduction of ~75% in cell size upon CK treatment,  167 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 16, 2021. ; https://doi.org/10.1101/2020.11.04.369215doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.04.369215
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 
 

with cells also appearing rounder (Fig. 6a,b,d).The distance between the last two septa from the 168 

hyphal tip were reduced to about 30% of normal length (Fig. 6e). 8 hours after germination, CK 169 

grown hyphae produced less than half the number of septa when compared with mock grown 170 

hyphae (Fig. 6f), further confirming that cell replication is inhibited. Concurrently, we quantified 171 

Hoechst staining in mock and CK grown mycelia. Hoechst binds to DNA and has been used 172 

before to estimate DNA content in live cell nuclei  (Gomes et al., 2018). CK grown cells were 173 

stained by Hoechst less than 50% of the amount of stain observed in mock grown cells (Fig. 174 

6c,g). Images were taken under identical conditions. Reduction in Hoechst staining coupled with 175 

lower rates of cell replication and the transcriptomic data indicating downregulation of cell cycle 176 

and meiosis pathways, indicates that CK may be inhibiting mitosis in Bc. 177 

 178 

Cytokinin inhibits the fungal cytoskeleton  179 

Our results demonstrate that CK inhibits fungal growth and development (Figs. 1,2,5). We 180 

hypothesized that CK affects a fundamental cellular process relevant to most fungi; a process 181 

that is crucial to execute the fast growth occurring in hyphal tips (Bartnicki-Garcia, 2002), growth 182 

that requires membrane remodeling (Riquelme et al., 2018). Based on the NGS results, we 183 

hypothesized that these affected processes, in addition to the cell cycle, are likely to be 184 

cytoskeletal integrity and/or cellular trafficking. 185 

To examine cytoskeleton integrity, we first validated the expression levels of cytoskeletal genes 186 

shown to be differential in the transcriptomic data. These genes are listed in Fig. 7a (saturated 187 

blue color indicates downregulation), with the full expression data provided in Supplementary 188 

Data 4. We independently confirmed relative expression of 5 genes from the data set by qRT-189 

PCR, selecting both down regulated and up-regulated genes from the transcriptome (Fig.7b). As 190 

such, we used the geometric mean of 3 housekeeping genes that are unrelated to the cytoskeleton 191 
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for gene expression normalization. We transformed B. cinerea with the filamentous actin marker 192 

lifeactin-GFP (Schumacher, 2012), and proceeded to treat the transformed fungal cells with CK. 193 

We observed mislocalization of life-actin, which is normally localized to growing hyphal tips 194 

(Walker & Garrill; Berepiki et al., 2011), upon CK treatment. CK caused life-actin to be 195 

distributed more uniformly throughout the cells, and to lose most of its tip-specific localization 196 

(Fig. 7c-d). Analysis of corrected total fluorescence in mock and CK treated cells demonstrated 197 

that the ratio between life-actin in the tip of the cell, and the total cell, decreased greatly in the 198 

presence of CK (Fig. 7d). Note that the transformed fungus showed the characteristic "split tips" 199 

phenotype of lifeactin overexpression (Schumacher, 2012) in both mock and CK treated samples. 200 

 201 

Cytokinin inhibits fungal endocytosis  202 

We and others (Marhavý et al., 2011; Gupta et al., 2020b) have previously shown that CK can 203 

influence cellular trafficking in plants. Further to our results demonstrating that CK inhibits the 204 

cytoskeleton in Bc, and since the endocytic pathway was also found to be significantly 205 

downregulated by CK (Fig. 5), we  examined the effect of CK on endocytosis in Bc. Fig. 8 shows 206 

that 6-BAP inhibits endocytosis of the endocytic tracer FM-4-64, which is routinely used in fungi 207 

(Fischer-Parton et al., 2000), reducing the amount of endocytic vesicles by more than 50% (Fig. 208 

8a,b). 6-BAP also caused a significant decrease in the size of the vesicles containing endocytic 209 

tracer (Fig. 8c), in both the 100 nM and 100 uM concentrations, similar to its effect on sporulation 210 

and spore germination (Fig. 2). This suggests that in parallel with the effect on the cytoskeleton, 211 

CK has a possible impact on membrane function and/ or fission of vesicles. 212 

Inhibition of endocytosis abolishes B. cinerea CK sensitivity  213 

To further examine the effect of CK on endocytosis inhibition in Bc, we examined combined 214 

effects of CK and endocytosis inhibition using butanol treatments. 1-butanol inhibits 215 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 16, 2021. ; https://doi.org/10.1101/2020.11.04.369215doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.04.369215
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

phospolipases (Motes et al., 2005; Jia & Li, 2018), which have been linked to both growth and 216 

virulence in Bc (Schumacher et al., 2008) (see also Fig. 3), and was used as an endocytosis 217 

inhibitor in previous works in fungi (Boucrot et al., 2006; Sharfman et al., 2011; Li et al., 2012). 218 

We examined CK-mediated growth inhibition of both mycelia area and dry weight, in the 219 

presence or absence of the endocytosis inhibitor 1-butanol, as well as its structural analog 2-220 

butanol, which does not inhibit endocytosis (Sharfman et al., 2011). Fig. S4 demonstrates that 221 

upon endocytosis inhibition with 1-butanol, CK no longer affects fungal growth, while CK-222 

mediated growth inhibition is retained in the mock and 2-butanol treatments. (Fig. S4 a,b). At 223 

0.4%, 2-butanol did not inhibit fungal growth. At 0.8%, fungal growth inhibition was observed 224 

with 2-butanol, though to a significantly lesser degree than that observed with 1-butanol (Fig. 225 

S4a). 226 

Inhibition of the cytoskeleton abolishes B. cinerea CK sensitivity  227 

We further examined combined effects of CK and cytoskeleton disruption, using Benomyl (Ben) 228 

and Latrucnculin B (LatB). Benomyl depolymerizes microtubules, and has been previously used 229 

as a fungicide, and in studies of fungal cell cycle and cytoskeleton (Momany & Hamer, 1997; 230 

Peterson & Mitchison, 2002; Dub et al., 2013). Latrunculin B depolymerizes actin filaments, and 231 

has also previously been used for cytoskeletal studies in fungi (Ketelaar et al., 2012). We assayed 232 

the combined effect of CK and Ben or LatB on endocytosis, assaying endosome size and density. 233 

We observed that CK and Ben (Fig. S5a,c) or LatB (Fig. S5b,d) affect endocytic compartments 234 

in a similar manner, finding no enhancement of endocytosis inhibition when CK was combined 235 

with either drug (Fig. S5), suggesting that CK may inhibit endocytosis in part through its effect 236 

on the cytoskeleton, though down regulation of endocytic genes is also present (Fig. 5). 237 

We also examined the combined effect of CK and Ben or LatB on growth inhibition of fungal 238 

mycelia. Fig. S6 demonstrates that Ben and LatB mediated growth inhibition is not further 239 
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enhanced by the addition of CK. Pursuant to the results presented in Figure 5, the size of hyphal 240 

cells treated with CK, Ben (Fig. S6a), LatB (Fig. S6b), or combinations of Ben/LatB and CK, 241 

was similarly reduced when compared with mock treated cells, demonstrating that CK may have 242 

a similar effect as Ben or LatB on the progression of the cell cycle. Additionally, colony mycelial 243 

area, which was reduced by Ben and LatB in a concentration dependent manner, remained mostly 244 

unaffected by the addition of CK in the background of these drugs (Fig. S6c,d).   245 

 246 

Cytokinin reduces yeast growth and endocytosis 247 

Given our observations that CK can affect fundamental cellular processes in fungi, we examined 248 

inhibitory roles for CK in the growth of Saccharomyces cerevisiae, a budding yeast, and 249 

Schizosaccharomyces pombe, a fission yeast, the growth of which more closely resembles that 250 

of fungal hyphae. Growth curves were generated by measuring OD600 over time, as previously 251 

described (Laor et al., 2019). We observed that CK inhibits the growth of S. cerevisiae (Fig. 252 

9a,b), and S. pombe (Fig. S7a,b) in a dose-dependent manner. We found that S. pombe was more 253 

strongly inhibited. Interestingly, trans zeatin was previously reported not to affect S. pombe cell 254 

division (Suzuki et al., 2001).  255 

To examine whether growth inhibition is mediated by endocytosis in yeast, as we found for Bc, 256 

we conducted endocytic assays in S. cerevisiae (Fig. 9) and S. pombe (Fig. S8). Yeast cultures 257 

were grown overnight, diluted to an OD600 of 0.2, and grown for a further six hours with or 258 

without CK. Cultures were then stained with FM4-64 (Vásquez-Soto et al., 2015). CK reduces 259 

cell size, internalization of FM4-64, endosome size, and endosome density in both S. cerevisiae 260 

(Fig. 9c-f) and S. pombe (Fig. S8a-e 261 

In parallel, the effect of CK on the growth of S. cerevisiae endocytic mutants was examined. 262 

Genes known to be involved in endocytosis, the absence of which is known not to be lethal, were 263 
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selected. S. cerevisiae knockout strains were generated as described in the methods section. 264 

Mutations in YPT31, a Rab/GTPase known to be involved in vesicular trafficking (Jedd et al., 265 

1997), SSA1, known to be involved in clathrin vesicle uncoating (Krantz et al., 2013), VPS1, a 266 

dynamin-like GTPase known to be required for vacuolar sorting, cytoskeleton organization and 267 

endocytosis (Vater et al., 1992; Ekena et al., 1993) and SPO14, a phospholipase D protein 268 

required for sporulation (Rudge et al., 2002), were generated and examined. Three out of the four 269 

generated mutants, ypt31∆, ssa1∆, and vps1∆, exhibited a partial rescue in CK mediated 270 

inhibition (Fig. 10a-c,e,f), growing significantly better in the presence of 300 and 500 µM 6-271 

BAP than the wild type (WT) strain. The spo14∆ mutation did not rescue CK-mediated growth 272 

inhibition (Fig. 10d-f).  273 

274 
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Discussion 275 

As reported previously by us and others, and as shown here (Fig. 1), CK promotes fungal disease 276 

resistance in plants (Choi et al., 2010; Gupta et al., 2020b). Direct effects of CK on fungal growth 277 

and development have not been investigated in depth in plant-free systems, and although a few 278 

studies have discussed some effects of CK on fungal pathogen growth (Babosha, 2009; Sharma 279 

et al., 2010), no mechanisms for CK antifungal activity have yet been reported. The present study 280 

was performed to examine the direct inhibitory effect of CK on different classes of fungal 281 

phytopathogens. We focused our efforts on three pathogens, Bc, Sr and Fol, with varied lifestyles 282 

and infection modes. 283 

We found that CK treatment strongly inhibits Bc and Sr, and inhibits Fol more weakly (Fig. 1d-284 

j). It has been demonstrated that pathogenic fungi of the Fusarium species complex are able to 285 

produce CKs endogenously, which might be the reason for its tolerance towards exogenous CK 286 

(Vrabka et al., 2018; Sørensen et al., 2018). Interestingly, varying levels of inhibitory activity 287 

were observed for CK in many phytopathogenic fungi (Fig. S2). 288 

Examination of possible effects of CK on Bc development revealed that CK attenuates Botrytis 289 

sporulation, spore germination and germ tube elongation (Fig. 2), with differential effects of the 290 

CK concentration on different processes. Interestingly, genes involved in the regulation of 291 

growth, conidiation, germination, virulence, and pathogenicity in Bc, were strongly inhibited by 292 

CK treatment (Fig. 3). Several genes previously found to be involved in plant infection processes 293 

and defined as essential determinants for Bc pathogenicity (Zheng et al., 2000; Valette-Collet et 294 

al., 2003; Gourgues et al., 2004; Brito et al., 2006; Schumacher et al., 2008; Aguayo et al., 2011; 295 

Frías et al., 2019) were found to be significantly downregulated upon CK treatment (Figure 3c). 296 

This suggests that interference with the expression of virulence genes may also partly contribute 297 

to the inhibitory effects of CK against Bc. Inhibition of growth and spore germination together 298 
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with downregulation of virulence genes in Bc could account for plant disease attenuation. This 299 

mechanism could complement the plant induced resistance mechanisms being activated by CK, 300 

which, as reported by us and others (Choi et al., 2010; Argueso et al., 2012; Gupta et al., 2020b), 301 

induces plant immunity even in the absence of a pathogen.  302 

Damage in cell membrane integrity in fungi usually leads to the release of nucleic acids and 303 

proteins (Lewis & Papavizas, 1987; Ji et al., 2018; Wang et al., 2020). CK showed no effect on 304 

leakage of nucleic acids and proteins from Bc after treatment, and no change was observed in 305 

media conductivity of Bc after CK treatment, indicating that cell membrane permeability 306 

remained unchanged. Taken together, these results suggest that CK is not toxic to fungi. CK can 307 

thus be defined as possessing fungistatic, and not fungicidal, activity.  308 

To understand the mode of action by which CK inhibited the growth of Bc, we conducted 309 

transcriptome profiling on Bc with and without CK. RNAseq data suggested that CK 310 

downregulates the cell cycle and cellular cytoskeleton and trafficking processes in Bc. Thus, we 311 

examined cell morphology and DNA replication after CK application. CK strongly reduced cell 312 

area, distance between septa, and likely, mitosis (Fig. 6). Cell division/septum formation is 313 

dependent on the signals generated during cell extension and growth, and nuclear division. 314 

Reduced cell growth and elongation effected by CK treatment correlates with the lesser number 315 

of septa in the treated cells. Hoechst staining revealed there is less DNA in CK treated cells, 316 

possibly due to inhibition of mitosis. Benomyl treatment, which is known to arrest the cell cycle, 317 

caused decreases in cell sizes that were not further augmented by CK (Fig. S6). Taken together, 318 

inhibition of cell division (septa formation) coupled with reduced DNA amounts and activity 319 

similar to benomyl, strongly support the notion that CK is inhibiting mitosis in fungal cells.    320 

Also evident from the transcriptomic data was the effect of CK on the cytoskeleton and endocytic 321 

processes. Indeed, we found that CK caused mislocalization of actin at the growing tip of hyphae 322 
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(Fig. 7), likely explaining, at least in part, the reduced hyphal growth observed (Fig. 1). CK 323 

inhibited the amount of endocytic vesicles in Bc (Fig. 8), S. cerevisiae (Fig. 9), and S. pombe 324 

(Fig. S8), indicating that it likely has an impact on membrane function and/ or fission of vesicles.  325 

Cell elongation, in particular hyphal elongation, requires continuous addition of new plasma 326 

membrane, proteins, and cell wall material at the hyphal tip. Cellular trafficking and 327 

endo/exocytosis, which depen both on an intact cytoskeleton and on endocytic compartments, 328 

regulate the amount of membrane transferred towards this cellular growth, tightly controlling the 329 

amount of cellular material required for plasma membrane extension (Riquelme et al., 2018). 330 

Inhibition of the cytoskeleton and endocytosis by CK explains the reduced elongation and growth 331 

of Bc and yeast cells. Fission yeast may be more reliant on cellular trafficking for rapid cell 332 

elongation than budding yeast, and their growth is more similar to the growth of fungi than that 333 

of budding yeasts, possibly also explaining why fission yeast was more strongly inhibited by CK 334 

than budding yeast. 335 

It has been previously suggested that certain classes of fungi possess CK receptors to be able to 336 

"sense plants", a trait posited to have been required for land colonization by fungi (Hérivaux et 337 

al., 2017). We and others have previously demonstrated that plants activate CK signaling upon 338 

pathogen attack, and that CK serves as a cue to activate defense responses (Choi et al., 2010; 339 

Argueso et al., 2012; Gupta et al., 2020b). A possibility arising from our work is that when plants 340 

sense the presence of phytopathogenic fungi, an additional reason for the activation of CK 341 

pathways is to promote CK biosynthesis, thereby inhibiting the growth of the potential fungal 342 

attacker. We have shown here that CK inhibits growth in different types of fungi from different 343 

classes (basidiomycetes, ascomycetes) and lifestyles (soilborne, airborne, hemibiotroph, 344 

necrotroph), and yeasts (Figs. 1, 2, 5, 8, S1, S2), and cellular trafficking in Bc, S. cerevisiae, and 345 

S. pombe (Figs. 6, 7, 9, S3). Chemically or genetically attenuating cellular trafficking in Bc (Fig. 346 

7), or S. cerevisiae (Fig. 10) respectively, resulted in loss of CK mediated growth inhibition.  It 347 
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would seem that, in employing CK as a fungal pathogen inhibitor, plants have succeeded in 348 

managing to target processes fundamental to growth, such that this inhibition is preserved all the 349 

way to budding yeast.  350 

   351 

In the evolutionary war against plant pathogens, plants appear to have succeeded in creating a 1-352 

2 mechanism for utilization of CK, previously believed to be only a "developmental" hormone. 353 

1- The plant senses a pathogen and activates its CK response, leading to immunity signaling, 354 

which culminates in increased immunity and systemic pathogen resistance; and 2- the activation 355 

of CK response leads to the generation of increased CK levels, which inhibit the growth and 356 

development of fungal pathogens by targeting their cell cycle and trafficking machinery. Future 357 

work will validate the genetic targets of CK in fungi, and whether this fungistatic activity can be 358 

agriculturally adapted. 359 

  360 
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Materials and Methods 361 

Pathogen growth conditions 362 

Botrytis cinerea (strain Bcl16), Sclerotium rolfsii (Liarzi et al., 2020), Fusarium oxysporum f. 363 

sp. lycopersici (strain 4287) were cultivated on potato dextrose agar (PDA) at 22 ± 2 °C for B. 364 

cinerea,  26 ± 2 °C for S. rolfsii and 28 ± 2 °C  for F. oxysporum for 5-7 days. Pathogen isolates 365 

were kindly gifted by Yigal Elad, David Ezra and Shay Covo. 366 

Chemical treatments 367 

6-BAP (6-Benzylaminopurine), zeatin, kinetin, TDZ, (all in 10mM NaOH), adenine (1M HCL),  368 

Benomyl and latrunculinB (DMSO), 1-butanol and 2-butanol, were all obtained from Sigma-369 

Aldrich, and added to media at indicated concentrations. 370 

Cytokinin level measurement 371 

Cytokinin extraction was performed according to (Gupta et al., 2020b). Solvent gradients and 372 

MS-MS parameters are detailed in supplemental Table 1. 373 

Plant pathogenesis assays   374 

Bc pathogenesis was performed as previously described (Gupta et al., 2020b).  375 

Fol culture was grown in KNO3 media (yeast nitrogen base, sucrose, KNO3 and distilled water) 376 

at 28 °C for 5 days. . Two week old tomato plants were treated with 100 µM 6-BAP (foliar spray) 377 

and inoculated with a spore suspension (106 spores ml-1) (De Cal et al., 2000) using the root dip 378 

method (Wellman, 1939; Mes et al., 1999), 24 h later. The disease index (DI) was calculated 379 

after three weeks of using a 0–5 scale: 0, no symptoms; 1, f 2% (healthy plant); 2, 3–30% (slight 380 

disease); 3, 31–60% (moderate disease); 4, 61–90% (severe disease), and 5, g 91% (dead plant). 381 

For Sr, tomato plants were soil drenched with 100 µM of 6-BAP or mock (NaOH + Tween 20) 382 

one week prior to infection. After one week, 3-4 sclerotia of Sr were placed on the soil, ~2cm 383 

from the plant stem. DI was assessed after 2 weeks.  384 
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B. cinerea  spore germination measurement 385 

B. cinerea spores (106 spores ml-1) were incubated in potato dextrose broth (PDB) containing 0 386 

and 100 µM 6-BAP at 22 ± 2 °C for 8 hours. Conidia were washed twice in sterile water (1 ml), 387 

centrifuged at 12,000 rpm for 5 min, and re-suspended in 100 μL of sterile water. A 10 μL sample 388 

was analyzed under the microscope. The percentage of sporulation, spore germination and the 389 

length of germ tubes were measured using ImageJ software.  390 

Measurement of cellular leakage and electrolytes 391 

Bc were treated with 6-BAP (0 and 100 µM) in PDB and incubated on a rotary shaker at 180 rpm 392 

for 24h at 22 °C. The mycelia were subsequently centrifuged and the aqueous solutions were 393 

used for measurement of the leakage of nucleic acids and proteins. The absorbance of the 394 

supernatant was measured at 595 nm using UV/VIS spectrophotometer. Leakage of proteins was 395 

quantified according to Bradford (Bradford, 1976). The release of nucleic acids in various 396 

treatments was measured by detecting the optical density at 260 nm.  Electrical conductivity was 397 

measured using a conductivity meter (EUTECH instrument con510) after 24 h. 398 

B. cinerea qRT-PCR virulence assessment 399 

Bc spores were grown in PDB with 0 and 100 µM 6-BAP in a rotary shaker at 180 rpm and 22 ± 400 

2 ℃ for 24 hours. RNA was isolated using Tri-reagent (Sigma-Aldrich) according to the 401 

manufacturer’s instructions. cDNA was prepared and qRT-PCR was performed as previously 402 

described (Gupta et al., 2020b). The primer sequences for each gene, and primer pair efficiencies, 403 

are detailed in Supplementary Table 2. A geometric mean of the expression values of the three 404 

housekeeping genes: ubiquitin-conjugating enzyme E2 (ubce) (Silva-Moreno et al., 2016), Iron-405 

transport multicopper oxidase, and Adenosine deaminase (Llanos et al., 2015) was used for 406 

normalization of gene expression levels. Relative gene expression levels were calculated using 407 

the 2-△△Ct method (Pfaffl, 2001).  408 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 16, 2021. ; https://doi.org/10.1101/2020.11.04.369215doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.04.369215
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

RNA extraction, quality control and RNA-sequencing 409 

Total RNA was extracted from liquid B. cinerea cultures grown for two days in 1/2 PDB with 410 

the addition of tobacco seedlings 5 days post germination (150 seedlings/ 50 mL media), mock 411 

or supplemented with 25uM 6BAP, 50 mg fungal mass per sample, using the Norgen total RNA 412 

purification kit (Norgen Biotek corp.) according to the manufacturer’s instructions. RNA yield 413 

and purity was measured by Nanodrop (ND-1000 Spectrophotometer, Wilmington, USA), and 414 

validated by Bioanalyzer 2200 TapeStation (Agilent Technologies, California, USA). cDNA 415 

libraries with multiplexing barcodes were prepared using the TrueSeq RNA kit (Illumina, San 416 

Diego, CA, USA). Libraries were evaluated with Qbit and TapeStation (Agilent Technologies, 417 

California, USA). Pooled libraries of the 6 samples were sequenced on one lane of an Illumina 418 

Hiseq 2500 instrument using a 60-bp single-end RNA-Seq protocol, to obtain ~20 million reads 419 

per sample. Sequencing was performed at the Weizmann Institute of Science, Israel. 420 

Transcriptome analysis 421 

Raw-reads were subjected to a filtering and cleaning procedure. The Trimmomatic tool was used 422 

to filter out adapter sequences, remove low quality sequences by scanning a 4-base wide sliding 423 

window, cutting when the average quality per base drops below <15 and finally, removal of reads 424 

shorter than 36 bases (Bolger et al., 2014). Clean reads were mapped to the reference genomes 425 

of B. cinerea B05.10 (assembly accession GCF_000143535.2) (Staats & van Kan, 2012) using 426 

STAR software (Dobin et al., 2013). Gene abundance estimation was performed using Cufflinks 427 

version 2.2 (Trapnell et al., 2012) combined with gene annotations from genbank. Heatmap 428 

visualization was performed using R Bioconductor (Gentleman et al., 2004). Gene expression 429 

values were computed as FPKM. Differential expression analysis was completed using the 430 

DESeq2 R package (Love et al., 2014). Genes with an adjusted p-value of no more than 0.05 and 431 

log2FC greater than 1 or lesser than -1 were considered differentially expressed. PCA was 432 
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calculated using the R function prcomp. We submitted the raw sequencing data generated in this 433 

study to NCBI under bioproject accession number PRJNA718329. 434 

The gene sequences were used as a query term for a search of the NCBI non-redundant (nr) 435 

protein database that was carried out with the DIAMOND program (Buchfink et al., 2014). The 436 

search results were imported into Blast2GO version 4.0 (Conesa et al., 2005) for gene ontology 437 

(GO) assignments. Gene ontology enrichment analysis was carried out using Blast2GO program 438 

based on Fisher’s Exact Test with multiple testing correction of false discovery rate (FDR). 439 

KOBAS 3.0 tool (http://kobas.cbi.pku.edu.cn/kobas3/?t=1) (Xie et al., 2011) was used to detect 440 

the statistical enrichment of differential expression genes in KEGG pathway and Gene Ontology 441 

(GO). 442 

Cell elongation and DNA content  443 

Bc spores were cultured in PDB with or without 6-BAP (100 µM) at 22 °C for 8 (septa counting 444 

in individual hyphae) or 16 h. The cells were then collected and stained with 1 g l−1 calcofluor 445 

white M2R at room temperature for 15 min, or 15 ug ml−1 Hoechst 33342 (Sigma-Aldrich) in the 446 

dark for 1 h in a humid chamber at room temperature (Dub et al., 2013).  447 

Nuclei and septa were visualized with an Olympus 398 IX 81 confocal microscope (Fluoview 448 

500) equipped with a 60× 1.0 NA PlanApo water immersion objective. Images were acquired 449 

using a 399 nm excitation laser (1% power), with emission collected in the range 385-420 nm. 450 

Images were analyzed using Fiji-ImageJ. Cell size and length (septal distance) were measured 451 

using the area measurement tool. Septa were counted using the counter tool. DNA staining was 452 

assessed using mean intensity measurement. 453 

B. cinerea transformation 454 

We used the plasmid pNDH-OLGG (Schumacher, 2012) to generate B. cinerea expressing 455 

lifeact-GFP. The transformation cassette was amplified using primers GA 34F/34R 456 
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(Supplementary Table 4). We transformed B. cinerea using PEG mediated transformation. 457 

0.125% lysing enzyme from Trichoderma harzianum (Sigma–Aldrich, Germany) was used for 458 

protoplast generation. Following transformation, protoplasts were plated on SH medium 459 

(sucrose, Tris-Cl, (NH4)2HPO4 and 35µg/ ml hygromycin B). Colonies that grew after 2 days 460 

were transferred to PDA-hygromycin, and conidia were re-spread on selection plates to obtain a 461 

monoconidial culture. Transformants were visualized under a confocal microscope and screened 462 

with primers GA 44F/44R and GA 31F/31R (Supplementary Table 4). Confirmed transformants 463 

were stored at 80°C and used for further experiments. Confocal microscopy images were 464 

acquired using an Olympus 398 IX 81 confocal microscope (Fluoview 500) equipped with a 60× 465 

1.0 NA PlanApo water immersion objective. eGFP images were acquired using a 488 nm 466 

excitation laser (1% power), with emission collected in the range 488-509 nm. Corrected total 467 

fluorescence was quantified using ImageJ. 468 

B. cinerea endocytosis 469 

Bc hyphae were grown in PDB with or without 6-BAP (100nM, 100 µM), Benomyl (sigma, cat 470 

no. 17804-35-2), or LatrunculinB (sigma, cat no. 76343-94-7) for 16 h at 22 °C, after which the 471 

cells were collected and stained with 5 µM FM4-64 on a glass coverslip. We acquired confocal 472 

microscopy images using a Zeiss LSM780 confocal microscope equipped with a 63×/1.15 Corr 473 

Objective. FM-4-64 images were acquired with a 514 nm excitation laser (4% power), with the 474 

emission collected in the range of 592–768 nm. Images of 8 bits and 1024 × 1024 pixels were 475 

acquired using a pixel dwell time of 1.27, pixel averaging of 4, and pinhole of 1 airy unit (1.3 476 

µM). Image analysis (18-24 images per treatment collected in three independent experiments) 477 

was conducted with Fiji‐ImageJ using the raw images and the 3D object counter tool and 478 

measurement analysis tool (Schindelin et al., 2012). Endosome density and size were calculated 479 

automatically by the software tool considering 1.3 µM depth, based on single optical sections. 480 

Budding (Saccharomyces cerevisiae) and fission (Schizosaccharomyces pombe) yeast growth 481 
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Wild-type haploid yeast strains were grown over night at 30°C. S. cerevisiae cells were grown in 482 

synthetic defined (SD) medium and S. pombe cells were grown in Edinburgh minimal medium 483 

(EMM), without (mock) or with the addition of indicated concentrations of CK (6-BAP). S. 484 

cerevisiae and S. pombe were diluted to an OD600 of 0.01. 200 µL of cells were plated in 96 well 485 

plates and incubated at 30°C for 25h (S. cerevisiae ) or 45h (S. pombe), with continuous shaking. 486 

OD600 was measured using a TecanTM SPARK 10M plate reader. Experiment was repeated three 487 

times with similar results. WT strains of S. cerevisiae and S. pombe were kind gifts from Martin 488 

Kupiec and Ronit Weisman. 489 

Budding (S. cerevisiae) and fission (S. pombe) yeast endocytosis 490 

Saccharomyces cerevisiae was grown overnight in YPD media, then the culture was diluted 491 

(OD600 = 0.2) and incubated for 6 hours in YPD (mock) or YPD supplemented with 300 µM 6-492 

BAP. Saccharomyces pombe was grown overnight in YE. The cultures were then diluted (OD600 493 

= 0.2) and incubated for 6 hours in YE media (mock) or media supplemented with 100 µM 6-494 

BAP. Cell cultures were collected by centrifugation at 5,000 rpm for 4 minutes, and re-suspended 495 

in fresh growth medium. FM4-64 staining was performed as described (Vásquez-Soto et al., 496 

2015). Cells were incubated with 24 μM FM4-64 (Invitrogen) for 30 min at 4°C. Subsequently, 497 

the FM4-64 containing medium was replaced with fresh medium, and cultures was incubated for 498 

15 minutes at 28°C. To observe FM4-64 distribution, 5 µl of the suspensions were placed on a 499 

slide and live confocal imaging was performed. Confocal microscopy images were acquired 500 

using a Zeiss LSM780 confocal microscope equipped with Objective LD C-Apochromat 501 

63×/1.15 Corr. Acquisition settings were designed using an excitation laser wavelength of 514 502 

nm (4% power). The emission was then collected in the range of 592–768 nm. Images of 8 bits 503 

and 1024 × 1024 were acquired using a pixel dwell time of 1.27, pixel averaging of 4 and pinhole 504 

of 1 airy unit. Bright field was acquired using the T-PMT (transmitted light detector). Image 505 

analysis was performed using Fiji-ImageJ with the raw images (Schindelin et al., 2012), 506 
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endosome count and size measurements were performed with the 3D Object counter tool and 507 

pixel intensity was measured using the measurement analysis tool. 508 

Construction of budding yeast mutant strains 509 

The YPT31, SSA1, VPS1 and SPO14 genes were disrupted in wild-type yeast strain (BY4741) 510 

via homologous recombination using PCR fragments amplified from the plasmid pFA6a-511 

KanMX6 as a template with suitable primers. Gene replacement was validated by PCR with 512 

suitable primers. Primer sequences are provided in Supplemental Table 3. 513 

Data analysis 514 

All data is presented as the average ±SEM. We analyzed the statistical significance of differences 515 

between two groups using a two-tailed t-test, with additional post hoc correction where 516 

appropriate, such as FDR calculation with Holm-Sidak correction, and Welch's correction for t-517 

tests between samples with unequal variance. We analyzed the statistical significance of 518 

differences among three or more groups using analysis of variance (ANOVA). Regular ANOVA 519 

was used for groups with equal variances, and Welch's ANOVA for groups with unequal 520 

variances. Significance in differences between the means of different samples in a group of 3 or 521 

more samples was assessed using a post-hoc test. The Tukey post-hoc test was used for samples 522 

with equal variances, when the mean of each sample was compared to the mean of every other 523 

sample. The Bonferroni post-hoc test was used for samples with equal variances, when the mean 524 

of each sample was compared to the mean of a control sample. The Dunnett post-hoc test was 525 

used for samples with unequal variances. Statistical analyses were conducted using Prism8TM. 526 

 527 
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Figure legends 

 787 

Fig. 1. Direct effect of cytokinin on fungal growth and disease.  788 

(a)-(c) S. lycopersicum cv M82 leaves were treated with 100 µM CK (6-BAP; 6-789 

Benzylaminopurine) and inoculated with indicated pathogens 24 hours later. Plant disease was 790 

quantified as indicated in the material and methods section, disease in the mock treatment was set 791 

to 1. Graphs represent results from 4-6 biological repeats ±SE, N>40. Asterisks represent significant 792 

difference among means in a two-tailed t-test, ****p<0.0001, ns-non-significant. All individual 793 

values plotted, purple bar represents mean ±SE. 794 

(d)-(i) B. cinerea, S. rolfsii and F. oxysporum were cultured on potato dextrose agar (PDA) plates 795 

in the presence of 100 µM 6-BAP. (j) Quantification of results from 4-6 biological repeats ±SE, 796 

including adenine (100 µM) as a control, N>20. Asterisks (differences between Mock and CK) and 797 

letters (differences between the level of CK growth inhibition in the different fungi) indicate 798 

significance in one-way ANOVA with a Bonferroni post hoc test, *p<0.05, **p<0.01, 799 

****p<0.0001, ns=non-significant. (k) B. cinerea was cultured on potato dextrose agar (PDA) plates 800 

in the presence of 100 µM of the indicated CK compound (TDZ=Thidiazuron). Quantification of 801 

results from 3 biological repeats ±SE, N=12. Asterisks indicate significance in one-way ANOVA 802 

with a Tukey post hoc test, ***p<0.001, ****p<0.0001. (i-k) Dose response of B. cinerea, S. rolfsii 803 

and F. oxysporum to CK- different concentrations of 6-BAP as indicated. Graphs represent 3 804 

biological repeats ±SE, N>6. Letters indicate significance in a one-way ANOVA, ****p<0.0001 in 805 

all cases, with a Tukey post-hoc test. j-k: Box-plot displays minimum to maximum values, with 806 

inner quartile ranges indicated by box and outer-quartile ranges by whiskers. Line indicates median, 807 

dot indicates mean.  808 

  809 
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Fig. 2. Cytokinin inhibits Bc sporulation and spore germination.  810 

(a)-(b) B. cinerea was cultured on PDA plates or PDB liquid broth in the presence of 100 nM or 100 811 

µM 6-Benzylaminopurine (6-BAP). Spore formation is indicated by dark color (a) and quantified in 812 

(b). Spore germination and germ tube elongation are demonstrated in (c) with calcofluor staining 813 

(scale bar = 20 µM), and quantified in (d)-(e). (b,d,e) Quantification of results from 4 biological 814 

repeats ±SE, N>25. Asterisks or letters indicate significance in one-way ANOVA with a Tukey post 815 

hoc test, ***p<0.005, ****p<0.001. Individual values graphed, blue bar represents mean ±SE. 816 

 817 

Fig. 3. Cytokinin inhibits B. cinerea virulence.  818 

(a) Infectivity of spores sporulated from mycelia grown with or without cytokinin (CK; 6-819 

Benzylaminopurine). Spores were harvested in a glucose/potassium media as described in the 820 

materials sections, and diluted to an equal concentration (the CK grown spores were concentrated 821 

as CK grown fungi produce reduced numbers). (b) Infectivity of spores grown in rich media and 822 

harvested from the same plate; half the spores were mixed with CK prior to infection. (c) B. cinerea 823 

was grown in PDB with the addition of 100 µM CK (6-BAP) or without (Mock). qRT-PCR was 824 

carried out on the virulence genes BMP1, PME, PLS1, PLC1, PG1, hex, XynI, Xyn10A and Xyn11C. 825 

Mock was set to 1. Gene expression values were normalized to a geometric mean of the expression 826 

of 3 housekeeping genes: Ubiquitin-conjugating enzyme E2, Iron-transport multicopper oxidase, 827 

and Adenosine deaminase. Graph represents 3 biological repeats, N=9. a-b: individual values 828 

graphed, pink bar represents mean ±SE. Results were analyzed for statistical significance using a 829 

two-tailed t-test, ****p<0.0001; ns-non-significant. c: floating bars, line indicates mean. Results 830 

were analyzed for statistical significance using Welch's Anova with a Dunnett post hoc test, *p<0.05, 831 

**p<0.01, ****p<0.0001.  832 

 833 

Fig. 4. Cytokinin is not toxic to B. cinerea.  834 

B. cinerea (Bc) was cultured in PDB liquid broth, with or without 100 µM CK (6-835 

Benzylaminopurine). After 24 hours, protein leakage (a), nucleic acid leakage (b), and media 836 

conductivity (c) were measured. Graphs represent 3 biological repeats ±SE, N>6. Letters indicate 837 

significance in one-way ANOVA with a Tukey (a) or Bonferroni (b,c) post hoc test; a p=ns; b,c 838 

p<0.0001. Box-plot with 2.5% whiskers; line indicates median, dot indicates mean. No significant 839 

difference between control media containing CK (without Bc) or Bc with CK was observed in any 840 

of the parameters.  841 

 842 

Fig. 5. Transcriptomics reveal fungal pathways affected by CK 843 

Analysis of Illumina Hiseq NGS of Bc samples Mock treated or CK treated (25 uM), 3 biological 844 

repeats each. Gene expression values were computed as FPKM. Differential expression analysis was 845 

completed using the DESeq2 R package. Genes with an adjusted p-value of no more than 0.05 and 846 

log2FC greater than 1 or lesser than -1 were considered differentially expressed. (a) Principle 847 
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component analysis (PCA) of 3 biological repeats from each treatment. PCA was calculated using 848 

the R function prcomp. (b) Heatmap depicting the clustering of the different samples in terms of 849 

differentially expressed genes. Blue= negatively regulated by CK, red= positively regulated by CK. 850 

Color saturation indicates strength of differential expression. Heatmap visualization was performed 851 

using R Bioconductor. See also Supplemental data 1. (c-d) Analysis of statistically enriched 852 

pathways downregulated (c, blue) and upregulated (d, red) by CK. KOBAS 3.0 tool was used to 853 

detect the statistical enrichment of differential expression genes in Kyoto Encyclopedia of Genes 854 

and Genomes (KEGG) pathways and Gene Ontology (GO). Pathways were tested for significant 855 

enrichment using Fisher's exact test, with Benjamini and Hochberg FDR correction. Corrected p-856 

value was deemed significant at p<0.05. See also Supplemental data 2 and 3. In (c-d), the darker the 857 

color the higher the number of DEGs in a pathway, and the bigger the letters, the higher percentage 858 

of the pathway that is differential. 859 

 860 

Fig. 6. Cytokinin reduces B. cinerea cell elongation and DNA replication  861 

B. cinerea was cultured in PDB liquid broth, with or without 100 µM CK (6-Benzylaminopurine). 862 

After 8 (f) or 16 hours (a-e,g), growing hyphae were stained with calcofluor (a,b,d,e,f) or hoechst 863 

(c,g), and imaged on an Olympus IX 81 confocal laser scanning microscope using a 405nm diode 864 

laser (1% power), under identical imaging conditions. a-c: bar=50 µM; b: bar=20 µM. Cell area (d), 865 

distance between septa (e), No. of septa in individual germinated hyphae (f) and DNA staining (g) 866 

were measured using Fiji-ImageJ. Graphs represent 3-6 biological repeats, N>120 (d,e), N>30 (f), 867 

N=170 (g). Statistically significant differences between Mock and CK samples were assessed using 868 

a two-tailed t-test, ****p<0.0001. Individual values graphed, blue bar represents mean ±SE. 869 

 870 

Fig. 7. Cytokinin inhibits the fungal cytoskeleton 871 

(a) Cytoskeleton related B. cinerea genes found to be differentially regulated in the RNAseq. See 872 

Supplemental data 4 for full list. (b) qRT-PCR validation of expression levels of 5 cytoskeleton 873 

related genes upon CK treatment. B. cinerea was grown in PDB with the addition of 100 µM CK 874 

(6-BAP) or without (Mock). Mock was set to 1. Gene expression values were normalized to a 875 

geometric mean of the expression of 3 housekeeping genes: Ubiquitin-conjugating enzyme E2, Iron-876 

transport multicopper oxidase, and Adenosine deaminase. Floating bars represent minimum to 877 

maximum values of 3 biological repeats, line represents mean. Asterisks indicate significance in a 878 

two-tailed t-test with Welch's correction, *p<0.05; ***p<0.001. (c-d) B. cinerea was transformed 879 

with lifeactin-GFP. Germinated spores were treated with Mock or CK and grown for 6 h prior to 880 

confocal visualization. (c) Representative images, bar=10 uM. (d) Analysis of corrected total 881 

fluorescence (CTF) of the ratio between life-actin at the tip of the cell and the total cell in Mock and 882 

CK treated cells. Three independent experiments were conducted with a total of 30 images analyzed, 883 

N>80 growing hyphae tips. Asterisks indicate significance in a two-tailed t-test with Welch's 884 

correction, ****p<0.0001. 885 
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Fig. 8. Cytokinin inhibits FM-4-64 endocytosis in growing B. cinerea hyphae.  886 

B. cinerea (Bc) was cultured in PDB liquid broth in the presence of 100 nM or 100 µM CK (6-887 

Benzylaminiopurine) for 16 hours. (a) FM-4-64 endocytic vesicles in Bc hyphae. (b) quantification 888 

of the amount of endocytic vesicles; (c) quantification of the average size of vesicles. Measurements 889 

were done using the counting tool of Fiji. Quantification of results from 7 biological repeats. b: 890 

N>45, box-plot with all values displayed, box indicates inner-quartile ranges with line indicating 891 

median, whiskers indicate outer-quartile ranges. c: N>450, all values displayed, line indicates 892 

median ±SE. Asterisks indicate significance in one-way ANOVA with a Tukey post hoc test, 893 

*p<0.05; **p<0.01; ****p<0.0001; ns- non-significant.  894 

 895 

Fig. 9. Cytokinin inhibits growth and endocytosis in budding yeast.  896 

(a) Wild-type Saccharomyces  cerevisiae were grown over night at 30°C in minimal synthetic 897 

defined medium, treated with either 10uM NaOH (Mock) or with the addition of indicated 898 

concentrations of CK (6-Benzylaminopurine). Cells were incubated at 30°C for 25h, with continuous 899 

shaking. Average growth per time point for 3 experiments is presented, N=9. Blue color represents 900 

statistical significance from Mock treatment in a two-tailed t-test with Holm-Sidak correction, 901 

p<0.05. (b) Average growth (OD) at mid log phase (15h) in three independent experiments. Letters 902 

indicate significance in a one-way ANOVA with a post hoc Tukey test; p<0.0001. All points 903 

displayed; red lines indicate mean ±SE.  904 

(c-f) S.cerevisiae yeast cells were grown overnight at 30°C in YPD medium, diluted (OD600 = 0.2) 905 

and incubated for 6 hours in YPD media (Mock) or media supplemented with 300 µM CK (6-906 

Benzylaminopurine). Cells were incubated with 24 μM FM4-64 (Invitrogen) at 4°C for 30 min. 907 

Subsequently, the FM4-64 containing medium was replaced with fresh medium and cultures was 908 

incubated at 28°C for 15 minutes. Confocal microscopy images were acquired using a Zeiss 909 

LSM780 confocal microscope. (c) cell size; (d) total internalized FM4-64 per cell represented by 910 

pixel intensity; (e) endosome density. (f) Representative images, Bar, 10 µm. Box-plots with all 911 

values displayed; line indicates median. c-e: N>160. Image analysis was performed using Fiji-912 

ImageJ with raw images collected from 3 independent biological experiments. Endosome count 913 

measurements were done with the 3D Object counter tool and pixel intensity was measured using 914 

the measurement analysis tool. Asterisks represent statistical significance in a two-tailed t-test with 915 

a Mann-Whitney post hoc test, *p<0.05, ****p<0.0001.  916 

 917 

Fig. 10. Cytokinin mediated growth inhibition is partially rescued in budding yeast endocytic 918 

mutants.  919 

S. cerevisiae Wild-type (WT, a-f), ypt31Δ (a,e,f), ssa1Δ (b,e,f), vps1Δ (c,e,f) and spo14Δ (d,e,f) 920 

were grown over night at 30°C for 25 h, in minimal synthetic defined medium, treated with either 921 

10 µM NaOH (Mock) or with the addition of 300 µM (a-e) or 500 µM (f) CK (6-922 

Benzylaminopurine).  923 
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(a-d) Average growth per time point for three experiments is presented, N=9. Asterisks indicate 924 

statistical significance of each mutant with CK compared to WT with CK, in a two-tailed t-test with 925 

Holm-Sidak correction, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  926 

(e-f) Percentage of growth inhibition of each strain with 300µM CK (e) and 500 µM CK (f) as 927 

compared to mock treatment, at 13 h, in three independent experiments, N=9. Boxplots are shown 928 

with inter-quartile-ranges (box), medians (black line in box), and outer quartile whiskers, minimum 929 

to maximum values. Asterisks indicate significance in a one-way ANOVA with a post hoc Tukey 930 

test; *p<0.05; **p<0.01; ***p<0.001; ns (non-significant).  931 

 

 

 

  932 
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Fig. 1. Direct effect of cytokinin on fungal growth and disease.  

(a)-(c) S. lycopersicum cv M82 leaves were treated with 100 µM CK (6-BAP; 6-Benzylaminopurine) 

and inoculated with indicated pathogens 24 hours later. Plant disease was quantified as indicated in the 

material and methods section, disease in the mock treatment was set to 1. Graphs represent results from 

4-6 biological repeats ±SE, N>40. Asterisks represent significant difference among means in a two-

tailed t-test, ****p<0.0001, ns-non-significant. All individual values plotted, purple bar represents 

mean ±SE. 

(d)-(i) B. cinerea, S. rolfsii and F. oxysporum were cultured on potato dextrose agar (PDA) plates in 

the presence of 100 µM 6-BAP. (j) Quantification of results from 4-6 biological repeats ±SE, including 

adenine (100 µM) as a control, N>20. Asterisks (differences between Mock and CK) and letters 

(differences between the level of CK growth inhibition in the different fungi) indicate significance in 

one-way ANOVA with a Bonferroni post hoc test, *p<0.05, **p<0.01, ****p<0.0001, ns=non-

significant. (k) B. cinerea was cultured on potato dextrose agar (PDA) plates in the presence of 100 

µM of the indicated CK compound (TDZ=Thidiazuron). Quantification of results from 3 biological 

repeats ±SE, N=12. Asterisks indicate significance in one-way ANOVA with a Tukey post hoc test, 

***p<0.001, ****p<0.0001. (i-k) Dose response of B. cinerea, S. rolfsii and F. oxysporum to CK- 

different concentrations of 6-BAP as indicated. Graphs represent 3 biological repeats ±SE, N>6. Letters 
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indicate significance in a one-way ANOVA, ****p<0.0001 in all cases, with a Tukey post-hoc test. j-

k: Box-plot displays minimum to maximum values, with inner quartile ranges indicated by box and 

outer-quartile ranges by whiskers. Line indicates median, dot indicates mean.  

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 16, 2021. ; https://doi.org/10.1101/2020.11.04.369215doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.04.369215
http://creativecommons.org/licenses/by-nc-nd/4.0/


42 
 

 

Fig. 2. Cytokinin inhibits Bc sporulation and spore germination.  

(a)-(b) B. cinerea was cultured on PDA plates or PDB liquid broth in the presence of 100 nM or 100 

µM 6-Benzylaminopurine (6-BAP). Spore formation is indicated by dark color (a) and quantified in 

(b). Spore germination and germ tube elongation are demonstrated in (c) with calcofluor staining (scale 

bar = 20 µM), and quantified in (d)-(e). (b,d,e) Quantification of results from 4 biological repeats ±SE, 

N>25. Asterisks or letters indicate significance in one-way ANOVA with a Tukey post hoc test, 

***p<0.005, ****p<0.001. Individual values graphed, blue bar represents mean ±SE. 
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Fig. 3. Cytokinin inhibits B. cinerea virulence.  

(a) Infectivity of spores sporulated from mycelia grown with or without cytokinin (CK; 6-
Benzylaminopurine). Spores were harvested in a glucose/potassium media as described in the materials 

sections, and diluted to an equal concentration (the CK grown spores were concentrated as CK grown 

fungi produce reduced numbers). (b) Infectivity of spores grown in rich media and harvested from the 

same plate; half the spores were mixed with CK prior to infection. (c) B. cinerea was grown in PDB 

with the addition of 100 µM CK (6-BAP) or without (Mock). qRT-PCR was carried out on the virulence 

genes BMP1, PME, PLS1, PLC1, PG1, hex, XynI, Xyn10A and Xyn11C. Mock was set to 1. Gene 

expression values were normalized to a geometric mean of the expression of 3 housekeeping genes: 

Ubiquitin-conjugating enzyme E2, Iron-transport multicopper oxidase, and Adenosine deaminase. 

Graph represents 3 biological repeats, N=9. a-b: individual values graphed, pink bar represents mean 

±SE. Results were analyzed for statistical significance using a two-tailed t-test, ****p<0.0001; ns-non-

significant. c: floating bars, line indicates mean. Results were analyzed for statistical significance using 

Welch's Anova with a Dunnett post hoc test, *p<0.05, **p<0.01, ****p<0.0001.   
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Fig. 4. Cytokinin is not toxic to B. cinerea.  

B. cinerea (Bc) was cultured in PDB liquid broth, with or without 100 µM CK (6-Benzylaminopurine). 

After 24 hours, protein leakage (a), nucleic acid leakage (b), and media conductivity (c) were measured. 

Graphs represent 3 biological repeats ±SE, N>6. Letters indicate significance in one-way ANOVA with 

a Tukey (a) or Bonferroni (b,c) post hoc test; a p=ns; b,c p<0.0001. Box-plot with 2.5% whiskers; line 

indicates median, dot indicates mean. No significant difference between control media containing CK 

(without Bc) or Bc with CK was observed in any of the parameters.  
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Fig. 5. Transcriptomics reveal fungal pathways affected by CK 

Analysis of Illumina Hiseq NGS of Bc samples Mock treated or CK treated (25 uM), 3 biological 

repeats each. Gene expression values were computed as FPKM. Differential expression analysis was 

completed using the DESeq2 R package. Genes with an adjusted p-value of no more than 0.05 and 

log2FC greater than 1 or lesser than -1 were considered differentially expressed. (a) Principle 

component analysis (PCA) of 3 biological repeats from each treatment. PCA was calculated using the 

R function prcomp. (b) Heatmap depicting the clustering of the different samples in terms of 

differentially expressed genes. Blue= negatively regulated by CK, red= positively regulated by CK. 

Color saturation indicates strength of differential expression. Heatmap visualization was performed 

using R Bioconductor. See also Supplemental data 1. (c-d) Analysis of statistically enriched pathways 

downregulated (c, blue) and upregulated (d, red) by CK. KOBAS 3.0 tool was used to detect the 

statistical enrichment of differential expression genes in Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways and Gene Ontology (GO). Pathways were tested for significant enrichment using 

Fisher's exact test, with Benjamini and Hochberg FDR correction. Corrected p-value was deemed 
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significant at p<0.05. See also Supplemental data 2 and 3. In (c-d), the darker the color the higher the 

number of DEGs in a pathway, and the bigger the letters, the higher percentage of the pathway that is 

differential. 
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Fig. 6. Cytokinin reduces B. cinerea cell elongation and DNA replication  

B. cinerea was cultured in PDB liquid broth, with or without 100 µM CK (6-Benzylaminopurine). After 

8 (f) or 16 hours (a-e,g), growing hyphae were stained with calcofluor (a,b,d,e,f) or hoechst (c,g), and 

imaged on an Olympus IX 81 confocal laser scanning microscope using a 405nm diode laser (1% 

power), under identical imaging conditions. a-c: bar=50 µM; b: bar=20 µM. Cell area (d), distance 

between septa (e), No. of septa in individual germinated hyphae (f) and DNA staining (g) were 

measured using Fiji-ImageJ. Graphs represent 3-6 biological repeats, N>120 (d,e), N>30 (f), N=170 

(g). Statistically significant differences between Mock and CK samples were assessed using a two-

tailed t-test, ****p<0.0001. Individual values graphed, blue bar represents mean ±SE. 
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Fig. 7. Cytokinin inhibits the fungal cytoskeleton 

(a) Cytoskeleton related B. cinerea genes found to be differentially regulated in the RNAseq. See 

Supplemental data 4 for full list. (b) qRT-PCR validation of expression levels of 5 cytoskeleton related 

genes upon CK treatment. B. cinerea was grown in PDB with the addition of 100 µM CK (6-BAP) or 

without (Mock). Mock was set to 1. Gene expression values were normalized to a geometric mean of 

the expression of 3 housekeeping genes: Ubiquitin-conjugating enzyme E2, Iron-transport multicopper 

oxidase, and Adenosine deaminase. Floating bars represent minimum to maximum values of 3 

biological repeats, line represents mean. Asterisks indicate significance in a two-tailed t-test with 

Welch's correction, *p<0.05; ***p<0.001. (c-d) B. cinerea was transformed with lifeactin-GFP. 

Germinated spores were treated with Mock or CK and grown for 6 h prior to confocal visualization. (c) 

Representative images, bar=10 uM. (d) Analysis of corrected total fluorescence (CTF) of the ratio 

between life-actin at the tip of the cell and the total cell in Mock and CK treated cells. Three independent 

experiments were conducted with a total of 30 images analyzed, N>80 growing hyphae tips. Asterisks 

indicate significance in a two-tailed t-test with Welch's correction, ****p<0.0001. 
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Fig. 8. Cytokinin inhibits FM-4-64 endocytosis in growing B. cinerea hyphae.  

B. cinerea (Bc) was cultured in PDB liquid broth in the presence of 100 nM or 100 µM CK (6-

Benzylaminiopurine) for 16 hours. (a) FM-4-64 endocytic vesicles in Bc hyphae. (b) quantification of 

the amount of endocytic vesicles; (c) quantification of the average size of vesicles. Measurements were 

done using the counting tool of Fiji. Quantification of results from 7 biological repeats. b: N>45, box-

plot with all values displayed, box indicates inner-quartile ranges with line indicating median, whiskers 

indicate outer-quartile ranges. c: N>450, all values displayed, line indicates median ±SE. Asterisks 

indicate significance in one-way ANOVA with a Tukey post hoc test, *p<0.05; **p<0.01; 

****p<0.0001; ns- non-significant.  

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 16, 2021. ; https://doi.org/10.1101/2020.11.04.369215doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.04.369215
http://creativecommons.org/licenses/by-nc-nd/4.0/


50 
 

 

Fig. 9. Cytokinin inhibits growth and endocytosis in budding yeast.  

(a) Wild-type Saccharomyces  cerevisiae were grown over night at 30°C in minimal synthetic defined 

medium, treated with either 10uM NaOH (Mock) or with the addition of indicated concentrations of 

CK (6-Benzylaminopurine). Cells were incubated at 30°C for 25h, with continuous shaking. Average 

growth per time point for 3 experiments is presented, N=9. Blue color represents statistical significance 

from Mock treatment in a two-tailed t-test with Holm-Sidak correction, p<0.05. (b) Average growth 

(OD) at mid log phase (15h) in three independent experiments. Letters indicate significance in a one-

way ANOVA with a post hoc Tukey test; p<0.0001. All points displayed; red lines indicate mean ±SE.  

(c-f) S.cerevisiae yeast cells were grown overnight at 30°C in YPD medium, diluted (OD600 = 0.2) and 

incubated for 6 hours in YPD media (Mock) or media supplemented with 300 µM CK (6-

Benzylaminopurine). Cells were incubated with 24 μM FM4-64 (Invitrogen) at 4°C for 30 min. 

Subsequently, the FM4-64 containing medium was replaced with fresh medium and cultures was 

incubated at 28°C for 15 minutes. Confocal microscopy images were acquired using a Zeiss LSM780 

confocal microscope. (c) cell size; (d) total internalized FM4-64 per cell represented by pixel intensity; 

(e) endosome density. (f) Representative images, Bar, 10 µm. Box-plots with all values displayed; line 

indicates median. c-e: N>160. Image analysis was performed using Fiji-ImageJ with raw images 

collected from 3 independent biological experiments. Endosome count measurements were done with 

the 3D Object counter tool and pixel intensity was measured using the measurement analysis tool. 

Asterisks represent statistical significance in a two-tailed t-test with a Mann-Whitney post hoc test, 

*p<0.05, ****p<0.0001.  
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Fig. 10. Cytokinin mediated growth inhibition is partially rescued in budding yeast endocytic 

mutants.  

S. cerevisiae Wild-type (WT, a-f), ypt31Δ (a,e,f), ssa1Δ (b,e,f), vps1Δ (c,e,f) and spo14Δ (d,e,f) were 

grown over night at 30°C for 25 h, in minimal synthetic defined medium, treated with either 10 µM 

NaOH (Mock) or with the addition of 300 µM (a-e) or 500 µM (f) CK (6-Benzylaminopurine).  

(a-d) Average growth per time point for three experiments is presented, N=9. Asterisks indicate 

statistical significance of each mutant with CK compared to WT with CK, in a two-tailed t-test with 

Holm-Sidak correction, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

(e-f) Percentage of growth inhibition of each strain with 300µM CK (e) and 500 µM CK (f) as compared 

to mock treatment, at 13 h, in three independent experiments, N=9. Boxplots are shown with inter-

quartile-ranges (box), medians (black line in box), and outer quartile whiskers, minimum to maximum 

values. Asterisks indicate significance in a one-way ANOVA with a post hoc Tukey test; *p<0.05; 

**p<0.01; ***p<0.001; ns (non-significant).  
  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 16, 2021. ; https://doi.org/10.1101/2020.11.04.369215doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.04.369215
http://creativecommons.org/licenses/by-nc-nd/4.0/


52 
 

Cytokinin inhibits fungal development and virulence by targeting the cellular cytoskeleton and 

trafficking  

 

Supplemental Information 

 

 

Fig. S1. Direct effect of cytokinin on mycelial growth of phytopathogenic fungi: 6-BAP 

dose response 

 

Dose response of B. cinerea (a), S. rolfsii (b) and F. oxysporum (c) to CK- different 

concentrations of 6-Benzylaminopurine as indicated. Graphs represent 3 biological repeats 

±SE, N>6. Letters indicate significance in a one-way ANOVA, ****p<0.0001 in all cases, with 

a Tukey post-hoc test. Box-plot displays minimum to maximum values, with inner quartile 

ranges indicated by box and outer-quartile ranges by whiskers. Line indicates median, dot 

indicates mean.   
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Fig. S2. Cytokinin inhibits fungal growth.  

(a) Growth of different fungi cultured on potato dextrose agar (PDA) plates in the presence 

of 100 µM CK (6-Benzylaminopurine), or the control Adenine (Ade). Quantification of 

results from 4-6 biological repeats ±SE, N>12. Asterisks indicate significance in one-way 

ANOVA with a Tukey post hoc test, *p<0.05, **p<0.01, ***p<0.001; ****p<0.0001; ns 

(non-significant). (b) Comparison of the inhibition level of CK for different fungi. Letters 

indicate significance in a two-tailed t-test, p<0.004. The phylogeny is detailed in (c). a-b: 

Box plots with all individual values shown, line indicates median. 
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Fig. S3. Quantification of active CKs in tomato leaves using LC–MS-MS. 

 

Fresh ground tissue powder was iso-propanol/methanol extracted in the presence of deuterium-

labelled internal standards. LC–MS-MS analyses were conducted using a UPLC-Triple 

Quadrupole MS (WatersXevo TQMS). Acquisition of LC–MS data was performed using Mass 

Lynx V4.1 software (Waters). Quantification of CKs (tZ, trans zeatin, iP, isopentenyladenine 

and iPR, iP riboside) was done using isotope-labeled internal standards (IS), as described in the 

methods section. Quantification of results from 3 biological replicas ±SE. Bars represent 

minimum-maximum values range, with line indicating mean.  
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Fig. S4. Inhibition of endocytosis abolishes B. cinerea cytokinin sensitivity  

B. cinerea was cultured on 1/2 PDA plates (a) or in PDB liquid broth (b) in the presence or 

absence of 100 µM CK (6-Benzylaminopurine), the endocytosis inhibitor 1-butanol (v/v%), 

or control compound 2-butanol (v/v%) for 48 (a) or 96 (b) hours. (a) Mycelium area; 

measurements were done using Fiji. (b) Dry weight %. Quantification of results from 4 

biological repeats ±SE, a: N>6, b: N>9. Boxplots are shown with inter-quartile-ranges (box), 

medians (black line in box), means (dot) and outer quartile whiskers, minimum to maximum 

values. Asterisks indicate significance in one-way ANOVA with a Dunnett post hoc test, 

**p<0.01; ****p<0.0001; ns (non-significant). Red letters in (a) indicate significance 

between the different treatments without CK in a one-way ANOVA with a Dunnett post hoc 

test, p<0.01. 
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Fig. S5. Inhibition of the cellular cytoskeleton abolishes B. cinerea cytokinin sensitivity- 

cellular trafficking  

B. cinerea (Bc) was cultured in PDB liquid broth in the presence of 100 µM CK (6-

Benzylaminiopurine) and/ or 1 uM Benomyl (Ben; a,c) or Latrunculin B (LatB; b,d) for 8 

hours. FM-4-64 endocytic vesicles were analyzed in growing hyphae. Measurements were 

done using the counting tool of Fiji. (a,b) Quantification of the average size of vesicles from 

3 biological repeats, N>40 images, the average endosome size per image was used for the 

analysis. All points displayed, mean ±SE is indicated. (c,d) Quantification of the amount of 

endocytic vesicles from 5 biological repeats, N>50 images. Box-plots with all values 

displayed, box indicates inner-quartile ranges with line indicating median, whiskers indicate 

outer-quartile ranges. Different letters indicate significance between samples in a one-way 

ANOVA with a Dunnett post hoc test, a,b: p<0.0059; c,d: p<0.0001. 
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Fig. S6. Inhibition of the cellular cytoskeleton abolishes B. cinerea cytokinin sensitivity- 

cell cycle and growth  

(a-b) B. cinerea (Bc) was cultured in PDB liquid broth in the presence of 100 µM CK (6-

Benzylaminiopurine) and/ or 1 uM Benomyl (Ben; a) or Latrunculin B (LatB; b) for 8 

hours. Cell size was quantified in 3 experiments, N>100. All points displayed, mean ±SE is 

indicated. Different letters indicate significance between samples in a one-way ANOVA 

with a Dunnett post hoc test, p<0.021. 

(c-d) B. cinerea (Bc) was cultured on PDA plates in the presence of 100 µM CK (6-

Benzylaminiopurine) and/ or indicated concentrations of Benomyl (Ben; c) or Latrunculin 

B (LatB; d) for 48 hours. Graph represents mean ±SE, N=3. Asterisks indicate significance 

between samples in a one-way ANOVA with a Bonferroni post hoc test, *p<0.05; 

****p<0.0001; ns=not significant. 
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Fig. S7. Cytokinin inhibits the growth of fission yeast.  

(a) Wild-type Schizosaccharomyces pombe cells were grown over night at 30°C in minimal 

EMM medium, treated with either 10uM NaOH (Mock) or with the addition of indicated 

concentrations of CK (6-Benzylaminopurine). Cells were incubated at 30°C for 45h, with 

continuous shaking. Average growth per time point for three independent experiments is 

presented, N=6. Blue color represents statistical significance in a two-tailed t-test with 

Holm-Sidak correction, p<0.05. (b) Average growth (OD) at mid log phase (32h) in three 

independent experiments. Letters indicate significance in a one-way ANOVA with a post 

hoc Tukey test; p<0.0001. All points displayed; red lines indicate mean ±SE.  
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Fig. S8. Cytokinin inhibits FM-4-64 endocytosis in fission yeast.  

S. pombe were grown overnight at 30°C in YE medium, diluted (OD600 = 0.2) and 

incubated for 6 hours in YE medium (Mock) or medium supplemented with 100 µM CK (6-

Benzylaminopurine). Cells were incubated with 24 μM FM4- 64 (Invitrogen) at 4°C for 30 

min. Subsequently, the FM4-64 containing medium was replaced with fresh medium and 

cultures was incubated at 28°C for 15 minutes. Confocal microscopy images were acquired 

using a Zeiss LSM780 confocal microscope system with Objective LD C-Apochromat 

63×/1.15 Corr. Acquisition settings were designed using an excitation laser wavelength of 

514 nm (4% power). The emission was then collected in the range of 592–768 nm. Bright 

field was acquired using the T-PMT (transmitted light detector). (a) cell size; (b) total 

internalized FM4-64 per cell represented by pixel intensity; (c) endosome density; (d) 

endosome size. (e) Representative images, Bar, 10 µm. Box-plots with all values displayed; 

line indicates median. a-c: N>220; d: N>180. Image analysis was performed using Fiji-

ImageJ with raw images collected from 3 independent biological experiments. Endosome 

count and size measurements were done with the 3D Object counter tool and pixel intensity 

was measured using the measurement analysis tool. Asterisks represent statistical 

significance in a two-tailed t-test with a Mann-Whitney post hoc test, ****p<0.0001.  
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Supplementary Table 1 

Solvent gradients and MS-MS parameters for CK quantification. 

 

Solvent gradient program for cytokinins: 

Time (min)                  Phase A %                         Phase B % 

Initial                           95                               5 

0.5                             95                               5 

14                             50                               50 

15                              5                               95 

18                              5                               95 

19                             95                                5 

22                             95                                5 

 

LC-MS-MS parameters for quantifications: 

 

Analite Retention time Ionization 
MRM 

transition 

Dwell 

time 
Cone Collision 

and IS  (min) Mode (m/z) (msec) (V) (V) 

t-Z 2.34 positive 
220>202 

220>136 
78 26 

14 

18 

2H5-t-Z 2.35 positive 
225>137 

225>207 
78 22 

18 

12 

iP 4.86 positive 
204>136 

204>69 
30 20 

14 

16 

2H6-iP 4.82 positive 
210>137 

210>75 
30 24 

16 

18 
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Supplementary Table 2  

Primers used in RT-qPCR. 

Gene Sequence (5’-3’) Primer 
Efficiency 

PG1 F-GATGTTGGTTCCTCCAGCGATA 

R-CCGGAGTTGATAGCGAGACAGT 

1.03 

BMP1 F-TCTTTCAATGTCAGCGAGCAA 

R-TGCAAAGCTGAGCAGACAACA 

1.03 

PLC1 F-TCCCGCAGGACTCGATAACT 

R-TATGGCTTCCACTCGGGTTT 

0.98 

PLS1 F-CGCCTTCCTCATCTCCATTC 

R-CAACGACGAAGAAGCCATGAA 

1.03 

PME1 F-GCCACCCAGTTCATCGGATA 

R-CCGACGACGAGACATTTAGCA 

0.99 

PutXyn11A F-CTCATCGAATACTACATCGT 

R-GTATTGCTTGAAGGTAGCA 

1.01 

Xyn10A F-GGAAAGATCTATGCATGGGATG 

R-AGGTTGCTGAATCCAGGTTG 

1.03 

Xyn11C F-GAATCCTGGAAGTGCTAAGGC 

R-TGCTCCGTCACTAACCACG 

1.01 

hex F-TCTACTTCAACGAGGCTTC 

R-CACCAGATTGACCGAAAAC 

0.98 

Tubulin alpha F- TCTTGCTTCGAGCCCAAC 

R- ACAGCAGCGTGGACATCA 

0.96 

pfy1 F- ACCGCCGAGACTGTTCAA 

R- CCCACCACACATCATCCA 

0.96 

aft1 F- ATCTGGCTGGTGGCACAT 

R- CCCACCACACATCATCCA 

1.00 

sac6 F-CCTCAACCTGCCTCCTGA 

R-TCGCTCCCTTGTGTAGCC 

1.02 

smt F-AGCACCAAACTCCGTTCG 

R-TAACTGCCAACGCAACGA 

1.02 

Ub (Ubiquitin) F-CATCAACTCCAACGGAAGCA 

R-TCGGTCGGTCTTGTAAACGT 

1.00 

Iron transport multicopper 
oxidase 

F-GTTTTTGGGACCGGCTTT 

R-GCCGCTTTTGAGGGAAAT 

0.99 

Adenosine deaminase F-TGAGTGCCACGACGAAAA 

R-ACTCCACCATTGCCTCCA 

1.02 
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Supplementary Table 3  

Oligonucleotides used for generating and validating Saccharomyces cerevisiae mutant 

strains. 

  

Primer Sequence (5’-3’) 

YPT31_Disruption_Fw GAATAACAATTTGACCTTTATTACAAGGCACTTT
GTTTAGGCCAGCAAAGGGATTCTGACGGCGTCT
GGGGATTTCAACAcggatccccgggttaattaa 

YPT31_Disruption_Rev AAAATTGTAAAAATATAGCACAGAATTAAAGGG
GAGAAGAGTCATTCACATGCAAGTGCGCAACT
GCTGCAAAATATCTCgaattcgagctcgtttaaac 

YPT31_val_Fw GTGCGGGTGCTAAATTAGAGA 

YPT31_val_Rev GATGAAGACGAAGAAGACGATG 

SSA1_Disruption_Fw TCTATTTGTAAGATAAGCACATCAAAAGAAAAG
TAATCAAGTATTACAAGAAACAAAAATTCAAGT
AAATAACAGATAATcggatccccgggttaattaa 

SSA1_Disruption_Rev AAAAACGTTCGGAAAATTCCTCATTATACCCAG
ATCATTAAAAGACATTTTCGTTATTATCAATTGCC
GCACCAATTGGCgaattcgagctcgtttaaac 

SSA1 _val_Fw CTTCGAGAAGGGATTGAGTTG 

SSA1 _val_Rev GTAGCAGTACTTCAACCATTAG 

VPS1_Disruption_Fw 

TAAAAAAGAATTAGAGAGGCCTTTTATAGC 
ACCAAAATAAGGACCGTACGAAAACTGCACATT
TTATATT ATCAGATATCcggatccccgggttaattaa 

VPS1_Disruption_Rev 

CAATATATAAGATTTGCAGTAAATATTAGGGAGA
AATACTCAAAACCAAGCTTGAGTCGACCGGTAT
AGATGAGGAAAACgaattcgagctcgtttaaac 

VPS1_val_Fw CGTCGCTTTGCCATCAAGAGA 

VPS1_val_Rev AGACTAGCTTCCACGTATAC 
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SPO14_Disruption_Fw 

CGACCGGTCACTGATAATTCACACGACGCATTG
AGAGGCACGTACGCAAGAAGAAAAGGTAGGAT
AGATAAACAAGGGTGcggatccccgggttaattaa 

SPO14_Disruption_Rev 

TATGTATCAGCGTCGAATGCTTATAACAGATAAA
AGGAAAATACAGGTAATGGTGTGTTCCTGGTCG
TTTTTATATTCCCgaattcgagctcgtttaaac 

SPO14_val_Fw GCAGGAC ATTATAGGCA CGA 

SPO14_val_Rev GCAATAATGACACTATGGACC 
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Supplementary Table 4 

Oligonucleotides used for generating and validating Botrytis cinerea mutant strains. 

 

Primer Sequence (5’-3’) 

GA 34F CGGGTGAATGGGATTCATTG 

GA 34R GCCCGCATTGGATTAATAATTG 

GA 44F GCCACAGACTCCGCCAGATTCTAATG 

GA 44R CAACCATTTCACGCTGCGACCACC 

GA 31F GCAACTAGTGATATTGAAGG 

GA 31R CATCTACTCTATTCCTTTGC 
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