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Crop yield is largely affected by global climate change. Especially periods of heat and drought limit crop productivity worldwide. According to current models of future climate scenarios, heatwaves and periods of drought are likely to increase. Potato, as an important food crop of temperate latitudes, is very sensitive to heat and drought which impact tuber yield and quality. To improve abiotic stress resilience of potato plants, we aimed at co-expressing hexokinase 1 from Arabidopsis thaliana (AtHXK1) in guard cells and SELF-PRUNING 6A (SP6A) using the leaf/stem-specific StLS1 promoter in order to increase water use efficiency as well as tuberization under drought and heat stress. Guard cell-specific expression of AtHXK1 decreased stomatal conductance and improved water use efficiency of transgenic potato plants as has been shown for other crop plants. Additionally, co-expression with the FT-homolog SP6A stimulated tuberization and improved assimilate allocation to developing tubers under control as well as under single and combined drought and heat stress conditions. Thus, co-expression of both proteins provides a novel strategy to improve abiotic stress tolerance of potato plants.
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INTRODUCTION

Global climate change has become a huge threat for food security worldwide (Birch et al., 2012; Mittler et al., 2012; Fahad et al., 2017; George et al., 2017; Lamaoui et al., 2018; Dahal et al., 2019). In particular rising temperatures and reduced water availability are challenging agriculture worldwide, especially in the northern hemisphere where most cultivated plants are not adapted to such conditions (Lafta and Lorenzen, 1995; Monneveux et al., 2013; George et al., 2017). One of them is the important and widely used crop potato (Solanum tuberosum L.). Potato plants are very sensitive to elevated temperatures (Lafta and Lorenzen, 1995; Levy and Veilleux, 2007; Hastilestari et al., 2018; Trapero-Mozos et al., 2018), but also drought susceptible (Deblonde and Ledent, 2001). They originate from relatively cool regions in the Andes of South America and produce starchy storage organs, the tubers, which form from underground stems, the stolons. Formation of tubers naturally occurs at the end of summer under SD conditions. This process has been described previously (Hannapel et al., 2017), and is amongst various other regulators mainly controlled by a FLOWERING LOCUS T homolog (Navarro et al., 2011). In potato, this is referred to as SELF-PRUNING 6A (SP6A) and its expression correlates with tuber formation (Abelenda et al., 2011, 2014; Navarro et al., 2011, 2015; Teo et al., 2017; Lehretz et al., 2019). Besides the day length-dependent accumulation of SP6A, its expression is also under temperature control. Elevated temperatures result in down-regulation of SP6A expression, which correlates with decreased tuber yield (Hancock et al., 2014; Hastilestari et al., 2018). Recently a small RNA induced under heat and targeting SP6A was discovered as the underlying molecular mechanism (Lehretz et al., 2019).

Moreover, drought is an abiotic stress predicted to rise in the near future and thus harming yields (Monneveux et al., 2013). In potato, drought negatively affects plant growth, tuber number, tuber size and tuber bulking (Deblonde and Ledent, 2001; Schafleitner et al., 2007). Drought is often accompanied by heat and both together strongly decrease tuber yield (Schafleitner et al., 2007). However, even under ambient conditions lower transpiration and thus lower water consumption would be desirable to save water expenses. Previous work showed that guard cell specific overexpression of hexokinase 1 from Arabidopsis thaliana (AtHXK1) using the KST1 promoter from potato efficiently reduces transpiration and increases water use efficiency (WUE) in several crop plants including tomato and citrus (Kelly et al., 2013, 2017; Lugassi et al., 2015).

However, up to now only few reports show an improved tuber yield under heat or drought stress in potato. For example repression of TOC1 or overexpression of Hsc70 increased heat tolerance (Trapero-Mozos et al., 2018; Morris et al., 2019), whereas overexpression of a MYB or a bZIP transcription factor ameliorated drought tolerance (Shin et al., 2011; Moon et al., 2015). Improved yield under combined drought and heat stress has not been reported so far. Here, we aimed to enhance tuberization and to reduce water loss concurrently by creating transgenic potato plants overexpressing both SP6A and AtHXK1. Thereby, we achieved significant yield improvements under single as well as combined stress conditions. These transgenic plants exhibited reduced transpiration and enhanced tuberization under control conditions, but most importantly, yield reduction was much lower or not present under heat and drought stress. Moreover, the starch content of the tubers was hardly affected by stress treatments. Together, we provide a novel strategy to adopt potato plants to withstand expected climate changes and help to secure future carbohydrate food production while saving water resources at the same time.



RESULTS


Simultaneous Expression of Hexokinase and SP6A in Transgenic Potato Plants Reduces Transpiration and Enhances Tuberization

In previous studies it has been shown that guard cell-specific expression of AtHXK1 improves WUE of several plant species (Kelly et al., 2013, 2017; Lugassi et al., 2015). To verify that guard cell-specific expression of AtHXK1 in potato leads to reduced stomatal conductance and transpiration rates, transgenic potato lines overexpressing AtHXK1 under the guard cell-specific KST1 promoter (GCHXK) were created. Transgene expression was verified by qPCR in two independent lines (Supplementary Figure S1A). Next, gas exchange parameters were measured in these transgenic lines which confirmed reduced stomatal conductance (Supplementary Figure S1B) and transpiration rates (Supplementary Figure S1C). Concurrently, no clear negative effect on CO2 assimilation (Supplementary Figure S1D) was detected in these lines resulting in an enhanced WUE (Supplementary Figure S1E). Additionally, tuber yield of the highest expressing line was increased which can be attributed to a higher tuber weight rather than an increased tuber number (Supplementary Figures S1H,G).

Next, we attempted to co-express both, AtHXK1 and SP6A, in transgenic potato plants. Therefore both constructs were assembled into one expression vector using the Golden Gate cloning system (Weber et al., 2011; Figure 1A). AtHXK1 was expressed under the KST1 promoter (Müller-Röber et al., 1995), whereas SP6A was expressed under the StLS1 promoter (Stockhaus et al., 1987). Four transgenic lines were selected expressing both genes at high levels in source leaves (Figures 1B,C). Compared to untransformed control plants all transgenic plants showed a bushy habitus with reduced plant height (Supplementary Figure S2A). To investigate this further, several morphological parameters were measured (Supplementary Figures S2B–D), which indicate that the lower shoot length was accompanied by a higher number of leaves. Even though the individual leaves were smaller, the total leaf area per plant was slightly, but significantly, increased in all transgenic lines.
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FIGURE 1. Characterisation of HXK+SP6A potato plants under ambient conditions (A) schematic depiction of gene constructs (B) expression of AtHXK1 in source leaves, (C) expression of SP6A in source leaves, (D) transpiration (E) assimilation, (F) water use efficiency (WUE) at 28 days; values are the mean of four biological replicates ± SD, *p ≤ 0.05.


Following the molecular and morphological characterization, we investigated physiological changes in AtHXK1+SP6A plants. As shown in Figure 1D, transpiration rate of the double transgenic lines was reduced compared to the wild type. The lower transpiration was most likely caused by less opened stomata due to AtHXK1 expression which was confirmed by measuring the stomata width and length (Supplementary Figure S3A). The ratio between both parameters was significantly reduced in the transgenic lines, while the number of stomata per leaf area was similar to the wild type (Supplementary Figure S3B). Thus, the less opened stomata led to an about 30% lower transpiration, but at the same time the CO2 assimilation was only slightly negatively influenced (reduction by 10%) (Figure 1E) leading to an approximately 30% increased WUE in the transgenic lines (Figure 1F).



Transgenic AtHXK1+SP6A Potato Plants Show High Yield Stability Under Heat and Drought Stress

In further studies we investigated whether these transgenic plants are more resilient to abiotic stress factors and examined physiological and biochemical responses to heat and drought stress and a combination thereof. We designed an experimental setup (Figure 2A) in which all plants were first grown for 4 weeks under well-watered control conditions (approx. 65% relative water content (RWC) in the soil). Then, half of the population was adapted to drought conditions (approx. 35% RWC) for 1 week. Soil humidity was adjusted by daily watering. Thereafter, one half of each group was shifted to elevated temperatures in order to investigate heat effects. All plants were grown for two more weeks under these conditions until harvest (Figure 2A).
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FIGURE 2. Photosynthesis of HXK+SP6A potato plants under different stress treatments at the age of 5–6 weeks. (A) Experimental setup, (B) transpiration, (C) assimliation, (D) WUE, values are the mean of 8–12 biological replicates ± SD, *p ≤ 0.05 compared to respective WT.


The transpiration rate of the plants was determined under each condition. Similar to the first experiments, the transpiration rates were reduced in all AtHXK1+SP6A lines as compared to wild-type plants grown under control conditions (WC = water control) (Figure 2B). The transpiration rates of both wild type and AtHXK1+SP6A lines decreased in response to drought (DC = drought control), but total evaporation was lower in the transgenic plants (Figure 2B) consistent with the reduced stomatal aperture. Under elevated temperatures (WH = water heat), wild-type plants increased transpiration. A similar response was seen in AtHXK1+SP6A lines, but the absolute values were about 35% less than in wild-type plants (Figure 2B). Under combined stress conditions, i.e., drought and heat (DH), again the transpiration rate of transgenic lines was lower compared to wild-type plants.

CO2 assimilation was, if at all, only mildly reduced in AtHXK1+SP6A lines under all growth conditions as compared to wild-type plants (Figure 2C). Consequently, WUE was improved by about 30–50% in the AtHXK1+SP6A lines under well-watered control (WC), drought (DC), heat (WH) as well as double stress (DH) conditions (Figure 2D). This effect was mainly driven by the lower transpiration rate caused by expression of AtHXK1.

As the focus of our research was a biotechnological improvement of the tuber crop potato, we were especially interested in tuber yield which was determined together with other growth parameters at the end of the experiments. As observed before, all transgenic plants exhibited a reduced shoot growth compared to wild-type plants under control conditions that persisted also under all stress treatments (Figure 3A). Under drought conditions, plant height as well as green biomass (e.g., leaves and stem) decreased in the wild type, while both parameters were less affected in the transgenic lines (Figures 3A,B). The increase in plant height under heat (WH), known as shade avoidance phenotype, was observed in all genotypes, but it was less pronounced in the transgenics. The heat-mediated shoot elongation was abolished by simultaneous drought and heat stress (DH) in wild-type plants. Under combined stress the transgenic lines were slightly smaller than their respective controls (Figure 3A). The green biomass accumulation seemed less impaired by drought stress in the transgenics compared to wild type. Most importantly, despite a lower green biomass, tuber yield of all transgenic lines was 30–70% higher under control conditions. Tuber yield of transgenic plants was hardly affected by stress applications, indicating that they maintain high tuber yields even under stress conditions (Figure 3C and Supplementary Figure S4). In contrast, double stress application (DH) led to a severe yield reduction of roughly 70% in wild-type plants (Figure 3C). Under these conditions, the overall tuber yield of the transgenic plants was 4–5 times higher as compared to wild-type plants (Figure 3C). Even though tubers of transgenic plants were smaller (Figure 3D), a massive increase in tuber number more than compensated for this (Figure 3E) and contributed to higher yields. Finally, the harvest index of the transgenic plants was 2–8 times higher under all conditions (Figure 3F). The positive effects of AtHXK1 and SP6A co-expression especially on tuber yield were observed in three independent experiments using four plants per treatment and independent transgenic lines underlining the high reproducibility (Figure 3 and Supplementary Figures S5, S6).
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FIGURE 3. Yields data for HXK+SP6A potato plants harvested at 49 days. (A) Plant height, (B) green biomass, (C) yield, (D) mean tuber weight, (E) tuber number, (F) harvest index; plants were harvested at the age of 7 weeks; values are the mean of 4 plants ± SD, *p ≤ 0.05 compared to respective WT.


As a most likely reason for the yield reduction in the wild type, we reasoned a decreased SP6A expression in leaves and performed a quantitative RT-PCR. In fact, SP6A expression decreased upon both drought and heat in the wild type (Supplementary Figure S7A). However, the strongest downregulation of SP6A was detected under combined stress conditions. Overall, the pattern of yield reduction fitted well with SP6A expression level (Pearson correlation 0.91). In contrast, higher SP6A mRNA levels were measured in all transgenic lines under all conditions (Supplementary Figure S7A). In addition, expression levels of the small RNA (SES) described previously to repress SP6A under heat (Lehretz et al., 2019), was measured in wild type. The results confirmed its heat-mediated induction in wild type, while drought stress resulted in a down-regulation of SES (Supplementary Figure S7B).

Since more tubers per plant would have no agricultural value with reduced dry matter, we measured the tuber starch content. Under control conditions, no clear changes between tubers from wild type or transgenic plants were detected. Upon drought stress, no significant reduction in the starch content was seen in wild-type tubers. However, starch levels clearly decreased in wild type in response to heat and even further by combined heat and drought stress (Figure 4). Remarkably, starch contents were not significantly altered by stress treatments in most of the transgenic tubers and higher amounts of starch than in the corresponding wild-type tubers were observed under stress conditions (Figure 4).
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FIGURE 4. Starch content of tubers of HXK+SP6A potato plants under different stress treatments. Bars show mean of four biological replicates ± SD, *p ≤ 0.05 compared to respective WT.




DISCUSSION

Since global average temperatures are expected to rise further in the near future designing crop plants which can withstand heat stress is of utmost importance to secure food production (Birch et al., 2012; George et al., 2017; Lamaoui et al., 2018). Additionally, heat is often accompanied by drought, especially in tepid climate. Therefore, reduction of transpiration is a very desirable trait as it stabilizes yield and unleashes resources, allowing to be used elsewhere. With this goal in mind, transgenic potato plants were created that co-express two target genes, AtHXK1 and SP6A, and were tested for improved stress tolerance toward heat, drought and combined stress conditions.

The water consumption of crop plants is an important topic. Even though potato is rather efficient in water usage compared to other crops it is still vulnerable to drought conditions. Decreased transpiration rates might solve this agricultural problem. AtHXK1 was shown to reduce transpiration when expressed in guard cells of A. thaliana, citrus and tomato without a negative effect on plant growth and CO2 assimilation (Kelly et al., 2013, 2019; Lugassi et al., 2015). Although the molecular mechanism is not completely understood, it is assumed that AtHXK1 controls stomatal aperture to coordinate photosynthesis with transpiration through sugar signaling pathways (Kottapalli et al., 2018; Granot and Kelly, 2019) as it has been described as a sugar sensor before (Moore et al., 2003). According to a current model, it is supposed that a surplus of sucrose that is not transported by the phloem during high photosynthetic activity is carried with the transpiration stream toward the guard cells where it serves as a signal to close the stomata and thereby prevents unnecessary water loss (Kelly et al., 2013; Lugassi et al., 2015; Kottapalli et al., 2018).

We expressed the KST::AtHXK1 construct alone and together with SP6A in potato and provided clear evidence that the desired effect of AtHXK1 expression (e.g., reduced transpiration) is also present in this crop plant under control conditions as shown for Arabidopsis (Kelly et al., 2013), citrus (Lugassi et al., 2015) and tomato (Kelly et al., 2019). Concurrently, stomata-specific expression of AtHXK1 slightly affected photosynthetic CO2 assimilation in potato. In concert, both effects led to a significantly increased water use efficiency. Although CO2 assimilation per leaf area was negatively affected in the HXK+SP6A plants, the bushy growth phenotype, caused by SP6A overexpression, with more (smaller) leaves might counteract for this.

One common response to drought is stomatal closure (Liu et al., 2006). Therefore, we reasoned that plants with already lower stomatal conductance may have an advantage under limited water availability. Accordingly, transpiration decreased under drought stress in wild-type plants as well as in AtHXK1+SP6A lines with the transgenic lines exhibiting a lower transpiration rate as compared to wild-type plants. The same effect was seen in heat and drought combination, while heat alone resulted overall in increased transpiration rates as described before (Hancock et al., 2014; Hastilestari et al., 2018). Thus, we conclude that reduced stomatal conductance helps to safe water under drought stress, but a lower transpiration is also advantageous under mild heat stress and combined heat and drought stress.

In order to stimulate tuberization the FLOWERING LOCUS T homologue SP6A was selected for overexpression. This gene was identified as a positive key regulator of tuberization that is controlled by the photoperiod pathway (Navarro et al., 2011). Hence, overexpression of SP6A in potato promoted tuberization in the short day-dependent S. andigena in a day length independent manner (Navarro et al., 2011) and also in modern day-length insensitive cultivars (Teo et al., 2017). We recently showed that overexpression of a codon optimized SP6A version in the tetraploid variety Solara was accompanied by a severely altered source-sink balance (Lehretz et al., 2019).

Furthermore, the downregulation in SP6A expression is seen as a cause for the heat-mediated inhibition of tuber formation (Hancock et al., 2014; Hastilestari et al., 2018). This occurs via transcriptional and post-transcriptional regulation. A small RNA was identified which targets the SP6A transcript for post-transcriptional degradation. Importantly, the expression of this small RNA was strongly induced under elevated temperatures and using a target mimicry approach the functional relevance of the small RNA for the regulation of SP6A under heat was demonstrated (Lehretz et al., 2019).

Our approach described here led to elevated SP6A levels and stimulated tuber formation under control conditions. By using the StLS1 promoter SP6A levels were only moderately increased (five to sevenfold) in chloroplast-containing cells and consequently the development of the shoot was not as strongly affected as compared to our previous approach using a codon-optimized SP6A transcript driven by the constitutive CaMV 35S promoter. Nevertheless, AtHXK1+SP6A overexpressing plants were smaller and accumulated less aboveground biomass than wild-type plants, but tuber number and yield increased significantly.

Under elevated temperatures as well as under drought stress tuber number and yield of wild-type potato plants were significantly decreased as reported in previous studies (Dahal et al., 2019). The heat-mediated decline in tuber yield is associated with a strong decrease in SP6A expression. For drought, this correlation has not been shown yet. In our study, we found that SP6A expression is inhibited by drought and most significantly by a combination of drought and heat stress. The strong correlation between SP6A expression and yield further supports the idea that SP6A is an important target for ensuring stable yields under changing environmental conditions.

Under heat conditions, the small RNA SES inhibits SP6A expression and is responsible for the observed yield decrease. Under drought conditions, we did not find increased SES expression levels. Therefore, we conclude that SES is not responsible for downregulation of SP6A under drought stress conditions. Instead, other mechanisms, such as posttranslational repression of members in the CDF/CO pathway or other miRNAs will be responsible for the observed SP6A regulation. Further studies are needed to unravel the molecular mechanisms responsible for the observed drought-mediated downregulation of SP6A expression. Taken together, high SP6A expression levels under conditions of water scarcity and elevated temperatures will be crucial to maintain high tuber yield under conditions of expected climate change.

Tuber fresh weight and tuber number of the transgenic HXK+SP6A lines were only slightly affected by the applied stress conditions. Even though SP6A transcript levels decreased in some transgenic lines under stress conditions, the remaining transcript level was three to fourfold higher compared to wild type under control conditions and therefore most likely sufficient to maintain tuberization and to further support assimilate translocation into growing tubers. SP6A was recently shown to interact with the sucrose efflux carrier SWEET11 and thereby prevents leakage of sucrose into the apoplast. It is assumed that this enhances assimilate allocation and promotes symplasmic unloading of sucrose into developing tubers (Abelenda et al., 2019). During tuber development the mode of sucrose unloading switches from apoplasmic to symplasmic (Viola et al., 2007). Thus, the interaction of SP6A with SWEET11 provides a functional link between photoperiodic control and assimilate unloading into developing tubers.

Consistent with this hypothesis, the starch content of the transgenic tubers was largely unaffected, under single and double stress, while it decreased with the severity of stress in the wild type. Together these results further support the assumption that SP6A plays a major role in development of potato tubers and maintenance of their sink strength.

Together, AtHXK1+SP6A co-expression combines a sustainable use of limited water resources with a high tuberization capacity under greenhouse conditions and thereby helps to maintain tuber formation and growth under heat, drought and combined stress conditions. Whether this positive effect is maintained under open field conditions and whether improved abiotic stress tolerance might negatively interfere with biotic stress responses needs to be validated in further studies.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Potato (Solanum tuberosum L. cv. Désirée) was used for the experiments with the GCHXK lines. These plants were grown in a mixture of peat, quartz, and coconut fibers (Green 90, Even Ari, Israel) in a temperature-controlled greenhouse under natural conditions.

For all other experiments, S. tuberosum L. cv. Solara plants were grown under greenhouse conditions in 3.5 l pots (20 cm diameter) with 16 h supplemental lights (250 μE). Plants were maintained and amplified in tissue culture on Murashige and Skoog medium (Murashige and Skoog, 1962) containing 2% sucrose. Walk-in growth chambers were used for controlled ambient and elevated temperature treatments (22 or 29°C during light period and 20 or 27°C during dark period, respectively) with supplemental light (350 μE). Drought stress was applied by stopping watering for 2–3 days and subsequent adjusting the relative water content (RWC) in the soil to 35%, while in control condition RWC was 65%. This was achieved through measurement of soil conductivity using the EM50 soil moisture sensor (Decagon, United States) and calibration of pot weight. Leaf area was measured using a LI-3100 area meter (LI-COR, United States). Plant height was measured from soil surface to apical meristem. Harvest index was calculated as ratio of tuber fresh weight per plant over green fresh weight per plant.



Plasmid Construction and Generation of Transgenic Plants

The GCHXK lines were generated by transforming the KSTpro::AtHXK1 constructs described previously (Kelly et al., 2013) in potato plants (cv. Désirée) using the Agrobacterium tumefaciens strain EHA105. Following the screening on Kanamycin selection media, PCR with KST specific primers was used to distinguish between transgenic and non-transgenic plants. Twenty positive plants were identified. Positive plants were then checked for their gas exchange parameters, and two lines with significant reduction in transpiration, GCHXK3 and GCHXK12 were selected for further analysis.

The stacked construct was generated using the GoldenGate cloning system (Engler et al., 2008, 2009; Weber et al., 2011). Synthetic or PCR amplified gene sequences (Thermo Fisher Scientific GeneArt GmbH) and modules available from MoClo plant part kits1 (Werner et al., 2012) were assembled into level 0 and subsequently level 1 vectors to generate the plasmids St-LS1::StSP6A and KST1::AtHXK1. Both plasmids were combined with a kanamycin-resistance cassette (pICSL70004) into a level 2 vector (pAGM4237, Addgene) which was transformed into potato cv. Solara by Agrobacterium-mediated gene transfer to generate the AtHXK1+SP6A lines (Rocha-Sosa et al., 1989). An overview of modules used to generate the plasmid is provided in Supplementary Table S2. Thirty-four transgenic lines were obtained and screened for the presence of both genes by qPCR. Four lines (# 3, 17, 27, 28) were selected for further studies that express both targets.



RNA Isolation, cDNA Synthesis, and Quantitative RT-PCR Analysis

Samples of source leaves were taken during the first half of the light period, 4 h after dawn. Total RNA was isolated from ca. 100 mg of frozen leaf material by grinding on 8M guanidiumchloride and 0.7% β-ME (Logemann et al., 1987). RNA quantity was measured with ND-1000 Spectrophotometer (NanoDrop Technologies). Complementary DNA synthesis and quantitative real time PCR (qPCR) analyses were conducted as described previously (Ferreira and Sonnewald, 2012). Quantitative Real-Time PCR (qPCR) was conducted on AriaMx (Agilent Technologies) and analyzed as described by Livak and Schmittgen (2001). Alternatively, RNA extraction, cDNA preparation, and quantitative real-time PCR analysis were performed as described before (Lugassi et al., 2015). Data were normalized using NAC (XM_006339185) or Ubi 3 (L22576) as reference genes. The primers used for amplification are listed in Supplementary Table S1.



Sugar Measurements

Starch was extracted using ca. 50 mg of tuber FW grinded in 80% Ethanol, incubated with 0.2 M KOH overnight, heated at 95°C for 90 min and neutralized with 1 N acidic acid. After amyloglucosidase digestion glucose contents were determined using a coupled optical assay as described previously (Hastilestari et al., 2018).



Photosynthesis Measurements

Photosynthesis, transpiration rates and stomatal conductance were measured on fully developed source leaves on the upper middle stem (5th–8th from top) under greenhouse conditions using a LI-COR 6800 or LI-COR 6400 device. All measurements were conducted between 3 and 6 h after dawn (09:00–12:00 a.m.) under the respective greenhouse conditions (400–600 μmol m–2 s–2 light, 400–500 μmol mol–1 CO2, 50% relative humidity). WUE was calculated as assimilation/transpiration. Temperature was also adjusted according to the treatment in the greenhouse (22 and 29°C, respectively).



Microscopic Analysis of Stomata

In order to measure the length to width ratio of stomata source leaves were coated with transparent quick dry nail polish by brushing the abaxial side of fully developed source leaves 4 h after dawn. The coatings were immediately removed after drying and photographed with a Leica DMR Microscope. Lengths were measured using the FIJI software.



Statistical Analysis

Statistical analyses were done by Student’s t-test. Specific details of the statistical test used, number of biological and technical replicates, and the description of error bars are included in the figure legends.
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