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ABSTRACT

Of the 61 kinesins annotated in Arabidopsis thaliana, many are still without assigned function. Here, we have screened an inser-

tional mutant library of Arabidopsis pollen-expressed kinesins for fertility defects. Insertional mutants for three kinesins showed

a significant reduction in seed set. Among them, we focused on the sole kinesin-4 expressed in pollen (kinesin-4C, here Pollen-
Expressed Kinesin 14, PEK14). We show a seed-set defect in the three independent alleles pek14-1, pek14-2, and pek14-3. This
defect is male-derived and is equally distributed throughout the silique. Mature pek14-1 anthers contain about 10% inviable pollen

grains. pek14-1 pollen tubes grow 20% more slowly and show reduced pollen tube bending. Analysis of the male germ unit (MGU),

as it travels through the pollen tube, demonstrates an aberrant organization of the pek14-1 MGU in 30% of pollen tubes and an

increase in the distance of the MGU to the tip by 24%. Expression of GFP-tagged PEK14 successfully complemented the observed

seed set defect, as well as the growth rate, bending, and MGU organization defects observed in pek14-1. In pollen, PEK14-GFP is

located diffusely at the pollen tube tip. PEK14-GFP is also expressed in the root meristematic zone and is located at the mid-zone

of the phragmoplast, but no apparent root growth phenotype was observed, likely due to redundancy in this organ.

1 | Introduction

Motor proteins are molecular machines that use energy from the
hydrolysis of ATP to move along the cytoskeleton. They function
in a broad range of processes ranging from cell division to vesicle
trafficking. Plants possess two types of motor proteins: kinesins,
which interact with microtubules (MTs), and myosins, which in-
teract with F-actin (Nebenfiihr and Dixit 2018). Only two of the
13 classes of myosins are represented in plants, Class VII and XI,
encompassing 17 individual myosins (Sellers 2000; Reddy and
Day 2001; Lee and Liu 2004; Nebenfiihr and Dixit 2018). The my-
osins of the model plant Arabidopsis thaliana (Arabidopsis) are
well studied, and many of their roles have been identified (Avisar
et al. 2009; Sparkes 2011; Wu and Bezanilla 2014; Haraguchi
et al. 2018).

Kinesins have been classified into 14 separate classes (Lawrence
et al. 2004). Arabidopsis codes for 61 kinesins, which fall into
ten classes: Kinesin-1, -4, -5, -6, -7, -8, -10, -12, -13, and -14. In
addition, there are three kinesins in Arabidopsis (ARK1, 2, and
3), which do not belong to any class (Figure 1A, Richardson
et al. 2006; Zhu and Dixit 2012). The Kinesin-7 and Kinesin-14
classes are particularly well represented, with fifteen Kinesin-7s
and twenty-one Kinesin-14s. The expansion of kinesin gene
families in plants might be related to the absence of dyneins
(Gicking et al. 2018). Thus, in plants, minus-end directed kine-
sins might take on the role of animal and fungal dynein (Yamada
et al. 2017).

While many animal and fungal kinesins have been investigated
at the cellular and molecular level, kinesins in plants remain
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FIGURE 1 | Identification of pollen-expressed kinesins involved in fertility. (A) Phylogenetic tree of Arabidopsis kinesins, with the Pollen-
Expressed Kinesins (PEK) investigated here indicated. Colors indicate kinesin subfamilies, as indicated in the key. Numbers in the phylogenetic tree
indicate boot-strap values. (B-G) Seed set (B, D, F) and silique length (C, E, G) measurements of pek mutants. Mutant lines (Table S2) are grouped by

class: Kinesin-14s (B, C), Kinesin-7s (D, E), and remaining kinesin classes (F, G). N> 100 siliques analyzed for each genotype. Statistics are compared
to Col-0 control and calculated using Student's t-test: P<0.05=%, p<0.005=**, p <0.0005=*** Error bars show standard error (Table S3).

an area of emerging research (Zhu and Dixit 2012). Several ki-
nesins have been assigned roles in cell division and mitosis. A
pair of phragmoplast-orienting Kinesin-12s (POK1 and POK2)
in Arabidopsis is involved in the establishment of the cortical
division zone (Lipka et al. 2014). Several kinesins are involved
in the assembly, maintenance, and cellular positioning of the
spindle apparatus, such as AtKRP125b (PEK15), a Kinesin-5
(Straufi et al. 2021), KINESIN-12E (PEK16), a Kinesin-12
(Herrmann et al. 2021), and ATK1 and ATKS5, two highly sim-
ilar Kinesin-14s (Hotta et al. 2022). Other kinesins have roles
in reproduction, such as MDKIN2, an Arabidopsis Kinesin-2
which plays roles in pollen and seed development (Galindo-
Trigo et al. 2020), and Calponin homology domain-containing
Kinesin-14s, which have been proposed to play a role in the
trafficking of sperm cells through the pollen tube (Schattner
et al. 2021). The latter have also been shown to interact with
actin and are involved in pre-mitotic nuclear migration (Preuss
et al. 2004; Frey et al. 2010). The wealth of these rather recent
discoveries suggests that investigating the currently unchar-
acterized plant kinesins might be fruitful to connect them to
additional biologically relevant processes (Lee and Liu 2004;
Nebenfiihr and Dixit 2018).

The Kinesin-4 family is further broken down into five subfami-
lies: KIF4, KIF7, KIF21, NcKIF21A, and KIF27. The KIF4 sub-
family is named for the mammalian KIF4 gene, which was first
discovered in 1992, when it was shown to be involved in trans-
port within mice neuronal cells (Aizawa et al. 1992). Shortly
thereafter, it was identified as a chromatin interactor during mi-
tosis (Wang and Adler 1995). Humans have two KIF4 subfamily
members, KIF4 and KIF4B, that are likely functionally redundant
(Miki et al. 2001). KIF4 is the only Kinesin-4 subfamily pres-
ent in Arabidopsis, where it accounts for the three Arabidopsis
Kinesin-4 members AtKN4A (KINESIN-4A, FRA1l), AtKN4B
(KINESIN-4B), and AtKN4C (KINESIN-4C, PEK14) (Richardson
et al. 2006; Kong et al. 2015; Zhu et al. 2015; Yue et al. 2018).
FRA1 (FRAGILE FIBER 1) and KINESIN-4B are more closely
related to each other than to PEK14 (Kong et al. 2015; Zhu
et al. 2015). Only FRA1 has been studied in detail.

Human KIF4, together with the microtubule-bundling protein
PRCI1, plays an essential role in the spindle midzone/midbody
organization in vertebrate cytokinesis (Kurasawa et al. 2004; Zhu
and Jiang 2005). In vitro experiments with Xenopus homologs
showed that KIF4 and PRCI1 are sufficient to shorten the MT
overlap region, with KIF4 being recruited to the antiparallel MT
region by autonomously binding PRC1 (Bieling et al. 2010).

In Arabidopsis, FRA1 was first identified as a factor in secondary
cell wall deposition. In a fral mutant, the mechanical strength of
fibers in the inflorescence stem of Arabidopsis was dramatically
reduced. While this was originally considered a defect in cellu-
lose microfibril orientation (Zhong et al. 2002), this hypothesis

could later not be confirmed (Zhu et al. 2015). FRA1 is associ-
ated with vesicles most likely involved in the transport of non-
cellulosic cell-wall material along cortical microtubules (Kong
et al. 2015; Zhu et al. 2015). In addition, FRA1 stabilizes cor-
tical microtubules and binds to cellulose-synthase-microtubule
uncoupling protein (Ganguly et al. 2020). Disruption of FRA1
resulted in several defects in growth and development. Mutant
plants were stunted due to a lack of cell elongation and axial
growth. This stunting indirectly impacted fertility, resulting
in shorter siliques filled with fewer seeds (Kong et al. 2015).
Interestingly, double mutants of fral and kinesin-4c (pek14-1)
resulted in a more severe phenotype across all these defects, in-
cluding a dramatic reduction in the number of seeds per silique
(Kong et al. 2015). To our knowledge, this finding is the only
currently published data examining AfKN4C/PEK14.

While one of the earliest pieces of evidence for the existence of
kinesins in plants stemmed from work on pollen tubes (Tiezzi
et al. 1992), the role of MTs and kinesins in pollen tubes has
thereafter been long debated (Romagnoli et al. 2001; Cai and
Cresti 2010; Chebli et al. 2013; Cai 2022). While there is a consid-
erable amount of knowledge on the role of actin and myosins, it
is still rather unclear what role MTs, and by extension kinesins,
play in the transport of organelles and vesicles in conjunction
with pollen tube elongation, change of growth direction, cell-
wall composition, and sperm cell delivery.

Here, a targeted screen was performed in Arabidopsis with the
goal to identify kinesin mutants that negatively affect male fer-
tility. Homozygous insertional mutants for 16 pollen-expressed
kinesins (PEKs) were tested for seed set defects. Insertional mu-
tants of three kinesins displayed a significant reduction in seed
set. The most severe defect was observed when mutating AtKN4C
(PEK14). We demonstrate here that PEK14 is located at the tip
of elongating pollen tubes. Lack of PEK14 results in small but
significant defects in pollen tube elongation, pollen tube tip flex-
ibility, MGU movement, and MGU positioning. Taken together,
these phenotypes—possibly additive to still unknown effects—
likely contribute to the observed seed-set defect and demonstrate
a formerly unknown role for a plant kinesin in MGU transport
and pollen tube tip organization. In addition, PEK14 is associated
with the cell-plate-adjacent side of the phragmoplast throughout
root cell division.

2 | Material and Methods

2.1 | Selection of Pollen-Expressed Kinesins

To identify Arabidopsis kinesins highly or preferentially ex-
pressed in pollen, we utilized the list of 61 putative Arabidopsis

kinesins previously reported (Lee and Liu 2004; Zhu et al. 2015).
The Arabidopsis kinesin evolutionary history was inferred by
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using the Maximum Likelihood method and JTT matrix-based
model (Jones et al. 1992). Initial tree(s) for the heuristic search
were obtained automatically by applying Neighbor-Joining
and BioNJ algorithms to a matrix of pairwise distances esti-
mated using the JTT model and then selecting the topology
with superior log likelihood value. Evolutionary analyses were
conducted in MEGA11 (Tamura et al. 2021). Expression data
for each kinesin were visualized using the Arabidopsis eFP
browser (https://bar.utoronto.ca/efp2/) (Winter et al. 2007).
The “Developmental Map” source data were used, a snapshot
of gene expression in a variety of tissues over the course of de-
velopment. For each individual gene, the relative expression
level was color-coded in each tissue and stage, with red indi-
cating the 80th percentile and yellow indicating the 40th per-
centile or lower. The expression values of the program output
for each gene were compared between mature pollen and all
other samples. Kinesins were deemed to be enriched in pol-
len if expression was in the 80th percentile or higher in pollen
and/or stage 15 flowers and in the 40th percentile or lower in
the remaining developmental tissues. The kinesins that fit this
criterium were named “pollen-expressed kinesins” (PEKs) and
numbered from 1 to 13.

An additional screen was conducted using a secondary database
for expression data, Arabidopsis Heat Tree Viewer (http://pheat
treecit.services.brown.edu/). Through this database, the expres-
sion of kinesins in reproductive tissues was compared with the
expression in somatic tissues. Similar to above, kinesins that dis-
played expression in the 80th percentile or above for a reproduc-
tive tissue and 40th percentile or below for developmental tissues
were selected for further study. PEKs 14-16 were identified using
this method (Table S1).

2.2 | Plant Material

Columbia-0 (Col-0) ecotype Arabidopsis thaliana wild-type
seeds and T-DNA insertion mutant lines were obtained
from the Arabidopsis Biological Resource Center (ABRC)
(Table S2). PCR utilizing gene-specific primers was performed
following protocols appropriate for the corresponding T-DNA
insertional mutant (SALK, SAIL, GABI-Kat, or WiscDsLox)
to either confirm homozygosity or genotype segregating pop-
ulations and develop homozygous seed stocks (Table S3)
(McElver et al. 2001; Sessions et al. 2002; Alonso et al. 2003).
Heterozygous male sterility-1 (mslI) used for semi-in vivo pol-
len tube growth was also obtained from the ABRC (Wilson
et al. 2001; Yang et al. 2007).

Arabidopsis seeds were surface sterilized using 70% (v/v) eth-
anol, then allowed to dry on autoclaved Whatman 3 MM filter
paper. Sterilized seeds were plated on Murashige and Skoog
(MS) medium plates (Caisson Laboratories) containing 1%
sucrose and were vernalized in the dark at 4°C for 48h be-
fore transfer to a 21°C growth chamber under constant light.
Seedlings were grown on plates until the four-leaf stage (ap-
proximately 10 days after vernalization) and then transplanted
to soil where they were grown under 16h light / 8 h darkness
conditions.

2.3 | Seed Set and Silique Length Measurements

Plants were grown in 4” pots until maturity, with one pek mu-
tant per flat. Wild type Col-0 plants were either grown in the
same flat or alongside experimental flats. Plants were grown
until siliques began to yellow. Yellowed siliques were collected
prior to senescence and cleared using 70% ethanol, with at least
100 siliques collected for each genetic background. Silique
images were taken using a Nikon SMZ1270 stereo micro-
scope with 3.15x magnification. Data analysis was performed
in Fiji (https://fiji.sc/), where the length of each silique was
measured and the number of seeds was counted (Schindelin
et al. 2012). To determine statistical significance, Student's ¢-
test was utilized.

2.4 | Reciprocal Crosses

Reciprocal crosses were performed between Arabidopsis wild
type (WT; Col-0 ecotype) plants and pekil4-1 (SALK_124215).
As a control, Col-0 pollen was used to pollinate Col-0 flowers.
Three experimental crosses were performed, with pek14-1 pol-
len used to pollinate Col-0 flowers, Col-0 pollen being used to
pollinate pek14-1 flowers, and pek14-1 pollen being used to pol-
linate pek14-1 flowers. Plants were monitored as siliques devel-
oped, and when siliques turned yellow, they were removed from
crossed flowers and cleared in 70% ethanol at room temperature
for two weeks. Silique images were taken using a Nikon SMZ1270
stereo microscope with a 3.15x magnification. Data analysis was
performed in Fiji (https://fiji.sc/). The number of seeds in each
silique were counted.

Siliques for quadrant analysis were cleared and imaged as de-
scribed above. The length of each silique was taken by measuring
from the stigma-end of a valve to the pedicel-end of the same valve
and was divided by four to give four equal length quadrants per
silique. The number of seeds per quadrant was counted. If a seed
rested at the division line between quadrants, it was included in
the count of the quadrant that contained most of its surface area.

2.5 | Ovary Dissection and Ovule Counting

Stage 15 flowers (Alvarez-Buylla et al. 2010) were removed
from the plant, and sepals, petals, and anthers were removed. A
dissection needle was used to dissect the female tissue. Ovules
were removed one at a time from the ovary using a dissecting
pin and counted using a Fisherbrand hand tally counter.

2.6 | Dual Viability Staining of Mature
Pollen Grains

Pollen viability was quantified using a fluorescein diacetate
(FDA, Sigma-Aldrich) and propidium iodide (PI, Sigma-
Aldrich) dual viability stain (Hamilton et al. 2015). Briefly,
the PI/FDA stain was created by adding 1ug/mL FDA and
0.5pug/mL propidium iodide to pollen germination medium
(5mM KCI, 5mM CaCl,, 1mM Ca(NO,),, 1 mM MgSO,, 10%
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sucrose, 0.01% boric acid, in ddH,0, pH7.5). Stage 14 flow-
ers were dissected, and anthers were rubbed against slides
to release mature pollen. The PI/FDA stain was added to the
slide and incubated at room temperature for 20 min before
imaging. Viable pollen grains fluoresced green while inviable
pollen grains fluoresced red. Samples were excited at 488 nm
and 516 nm, and the detector range was set to 490-470 nm and
566-610 nm, respectively.

2.7 | Aniline Blue Staining of Pistils

Aniline blue staining was performed as described previously
(Mori et al. 2006). Briefly, Arabidopsis ms-1 pistils were polli-
nated with WT pollen, pek14-1 pollen, or left unfertilized and
allowed to develop for 24 h, at which time they were dissected
and placed into a 1.7mL Eppendorf tube with a 1:3 solution
of acetic acid to 100% ethanol. Pistils were fixed in this solu-
tion for 2h at room temperature, then washed in consecutive
70%, 50%, and 30% ethanol washes, followed by a ddH,0 wash.
Each wash lasted 10 min. Pistils were transferred to a small
petri dish and placed in 8 M NaOH overnight at room tempera-
ture. The pistils were then washed with ddH,0 and stained
with decolorized aniline blue solution (0.1% w/v aniline blue
in 108 mM K,PO, at pH ~11). Pistils were then transferred to
slides and imaged using a Nikon Eclipse C90i confocal micro-
scope. Samples were excited at 405nm and the detector range
was set to 410-470 nm.

2.8 | Semi-In Vivo Pollen Tube Growth

Semi-in vivo pollen tube growth was performed essentially
as described previously (Zhou and Meier 2014; Dickinson
et al. 2018). Briefly, stigmas of male sterility-1 plants (msl)
(Wilson et al. 2001; Yang et al. 2007) were pollinated with
experimental pollen and allowed to begin germination (Yang
et al. 2007). After 2h, stigmas were dissected and placed into
pollen germination media (5mM KCI, 5mM CaClz, 1 mM
Ca(NO,),, 1mM MgSO,, 10% sucrose, 0.01% boric acid, in
ddH,0, pH7.5) on slides. After 5h of pollen tube germination
(7h post-pollination), pollen tubes were imaged using a Nikon
Eclipse C90i confocal microscope.

2.9 | Pollen Tube Straightness Assay

Pollen tube straightness analysis was performed as previously de-
scribed (de Keijzer et al. 2023) on images collected from semi-in
vivo pollen tubes grown as described above. Image analysis was
done using Fiji (https://fiji.sc/). Briefly, the segmented line tool
was used to measure a straight line from the pollen tube tip
100 um back up the pollen tube. Then, a segmented line was used
to trace the distance from the identified point to the pollen tube
tip, following the curvature of the pollen tube. The ratio between
the linear path distance and the curved path distance was used
as a measure of straightness, with a value of one indicating a
straight pollen tube and values less than one indicating a curved
or meandering pollen tube.

2.10 | MGU Order and Distance to Tip
Measurements

Semi-in vivo pollen tube growth was performed as described
above with the following change: SYBR green (ThermoFisher
Scientific, catalog number: S7563) was added to the pollen ger-
mination media as a 1:4000 dilution of the 10,000 x concen-
trate stock, as described previously (Motomura et al. 2021). The
pollen tube germination time was reduced from 5h (7h post-
pollination) to 3h (5h post-pollination). Pollen tubes were im-
aged on a Nikon Eclipse C90i confocal microscope. Images were
analyzed using Fiji (https://fiji.sc/).

MGU order was determined by observing sperm cells and the veg-
etative nucleus within the pollen tube and categorizing the MGU
organization into one of seven types: “SC Only”, “SC Ahead”,
“SC Far Ahead”, “Overlapped”, “VN Only”, “VN Far Ahead”,
and “VN Ahead” - which were categorized as follows. SC Ahead:
The sperm cells were ahead of the VN, but not more than two
lengths of the VN ahead of the VN. SC Far Ahead: The SCs were
more than two VN lengths ahead of the VN. Overlapped: The SCs
and VN were alongside one another. VN Only: Only the VN was
visible within 100 um of the pollen tube tip. VN Far Ahead: The
VN was more than two lengths of the VN ahead of the SCs. VN
Ahead: The VN was ahead of the SCs, but less than two lengths of
the VN ahead of the SCs.

To measure the distance to the tip for the MGU components, Fiji
(https://fiji.sc/) was used. The segmented line tool was used to
trace the path from the leading edge of the vegetative nucleus and
the leading sperm cell along the path of the pollen tube growth to
the pollen tube tip. The length of this path was measured.

2.11 | Cloning and Plasmid Construction

To clone the PEKI14 coding sequence, anther cDNA was used,
due to low PEK14 expression in other tissue types. To generate
anther cDNA, anthers from 12 Arabidopsis plants were harvested
and used for cDNA synthesis. RNA isolation from the anther tis-
sue was performed either by a Nucleospin RNA Plant Kit (item
number 740949.50 from Macherey-Nagel) or by RNA extraction
with TRIzol (TRIzol Reagent, catalog number 15596026 from
ThermoFisher Scientific); (Shi and Bressan 2006). RNA was then
used in RT-PCR to create anther cDNA, using Oligo d(T) primers
(Invitrogen SuperScript II First-Strand Synthesis System kit, cata-
log number 18080051 from ThermoFisher Scientific).

PCR was performed from cDNA using a Phusion High-Fidelity
DNA Polymerase kit (Catalog number M0530S from New England
Biolabs). Attempts to clone the entire PEK14 cDNA in one fragment
were unsuccessful, so the cDNA was amplified in two fragments: a
DNA fragment representing the motor protein without the motor
domain (the “delta-motor” portion of the protein; Amotor portion),
and the motor portion including a 50 nucleotide overlap with the
Amotor portion (for primers used see Table S3). They were then
combined into a single full-length coding sequence fragment by
assembly PCR. The full-length PEK14 coding sequence from as-
sembly PCR was purified using the Monarch DNA Gel Extraction
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Kit (catalog number T1020S, New England Biolabs) and recom-
bined into D-Topo, then transformed into E. coli (pENTR/D-Topo
Cloning Kit, ThermoFisher #K240020).

A region 580bp upstream from the PEKI4 ATG was selected
to represent the promoter region, representing the intergenic
region between PEKI4 and At5g60940 (CSTF50). Gibson as-
sembly cloning (Gibson Assembly Cloning Kit, catalog num-
ber E5510S from New England Biolabs) was used to create a
pCR8 vector (obtained from pCR8/GW/TOPO TA Cloning
Kit with One Shot TOP10 E. coli, catalogue number K250020
from ThermoFisher Scientific) containing C-terminally GFP-
tagged versions of full-length PEK14 under the native PEK14
promoter (PEK14 :PEK14-GFP). A LR reaction was used
to transfer the PEK14pm::PEK14—GFP into the pB7GW vector
(Gateway LR Clonase II Enzyme mix, catalog number 11791020,
ThermoFisher Scientific). Arabidopsis pekl4-1 was trans-
formed with the PEK14  :PEK14-GFP using Agrobacterium
tumefaciens-mediated floral dip (Clough and Bent 1998).

T, seedlings were grown on Murashige and Skoog (Caisson
Laboratories) plates containing the antibiotic BASTA at a con-
centration of 10 ug/mL to select for the T-DNA insertion. T, seed-
lings were grown, bulked, and T, progeny were grown on Basta
plates again to identify homozygous lines. If all the T, progeny
from a single T, plant grew on the Basta plate, that T, lineage was
considered homozygous for the T-DNA insertion.

2.12 | RootImaging and FM4-64 Staining

PEK14  ::PEK14-GFP in pekl4-1 was germinated on
Murashige and Skoog (Caisson Laboratories) plates, with 1%
sucrose, under constant light. 9-day-old seedlings were re-
moved from plates and placed onto slides. A Nikon Eclipse
C90i confocal microscope was used to image roots. FM4-
64 staining was performed as previously described (Rigal
et al. 2015). FM4-64 fluorescence was excited at 488 nm and
detected at 699-720 nm.

3 | Results
3.1 | Identification of Pollen-Expressed Kinesins

A list of 61 Arabidopsis putative kinesins, belonging to ten ki-
nesin families, has been previously identified (Figure 1A) (Lee
and Liu 2004; Zhu and Dixit 2012). To narrow down Kinesins
with a possible function in pollen, we reviewed their expression
levels during development and across a variety of tissue types
from publicly available expression profile browsers (Table S1).
16 kinesins were identified as enriched in pollen and named
pollen-expressed kinesins (PEK1-16). They included previ-
ously characterized as well as functionally unknown kinesins
(Table S2). A total of 6 kinesin classes were identified to include
PEKs: Eight Kinesin-14s, one Kinesin-5, one Kinesin-12, one
Kinesin-4, one Kinesin-10, and four Kinesin-7s (Figure 1A).

T-DNA insertional mutant alleles from the SALK, SAIL, GABI-
Kat, and WiscDsLox mutant collections were obtained from
the ABRC. T-DNA insertions in exons near the start of the gene

were preferred because they are more likely to be knock-out or
severe knock-down alleles. In total, 27 insertional mutant lines
were selected, 23 of which were SALK lines (Figure S1 and
Table S2).

3.2 | Screening of PEK Mutants for Seed Loss

To identify pollen-expressed kinesins potentially involved in
male fertility, siliques from each homozygous T-DNA insertion
line were analyzed for silique length and number of seeds. The
27 lines were screened in several rounds and always compared to
Col-0. Figure 1B-G show the combined results grouped by kine-
sin classes, with Figure 1B,C, showing kinesin-14s, Figure 1D,E,
kinesin-7s and Figure 1F,G, showing all other kinesins.

Several lines showed seed-set reductions, typically accompanied
by a reduced silique length. The largest seed set reductions were
observed for pek14-1, pek14-2, peki14-3, pek3-1, pek9-1, and pek9-
2 (Figure 1B,F). Because disrupting PEK14 showed the strongest
defect, it is one of only three members of the Kinesin-4 clade and
the only one expressed in pollen, and because it is represented by
three independent T-DNA insertion mutants, we focused on its
characterization in this study.

3.3 | Loss of PEK14 Leads to Random Seed Loss
Based on a Paternal Effect

Figure S2 shows the position of the T-DNA insertions in the
three PEK14 mutant alleles pek14-1, pek14-2, and pek14-3. RT-
PCR was performed on anthers, with primers flanking both the
5" and 3’ end of the gene, as well as primers flanking the inser-
tion site. In none of the three PEK14 insertional mutants was a
PCR product detected that spanned the insertion site, indicating
that no full-length mRNA accumulates in the three PEK14 mu-
tant lines (Figure S2).

The seed counts were repeated separately for the three PEK14
mutants, confirming that the seed loss was significant in all three
mutants (Figure 2B). The distribution of missing seeds within
the silique can provide insight into potential sources of the de-
fect. For example, a preferential loss of seeds near the base of the
silique typically indicates an inability of pollen tubes to grow to
full length through the carpel. When the number of seeds per
quadrant in pek14-1, pek14-2, and pek14-3 was counted, the dis-
tribution of seeds among the four quadrants did not differ from
Col-0. This suggests that the observed seed loss was not likely
caused by a defect in pollen tube elongation (Figure 2C). For
further analysis, we chose pek14-1 as the most 5’ located exon
insertion mutation.

To determine if the PEK14 mutant defect was based on a ma-
ternal or paternal effect, reciprocal crosses between pek14-1 and
Col-0 were performed. With Col-0 as the male and peki4-1 as
the female parent, only a slight reduction in seed numbers was
observed. With pek14-1 as the male and either Col-0 or peki14-1
as the female parent, seed set was severely reduced (Figure 2D).
This suggests that the seed set defect is predominantly male-
derived. In addition, the number of ovules per ovary in pek14-1
pistils was counted and did not differ from those of Col-0,
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FIGURE 2 | The seed set defect in pek14 mutants is random and derived from the male parent. (A) Gene diagram showing the position of the

three T-DNA insertional mutants in PEK14. Red bars indicate exons coding for the motor domain of PEK14. Grey bars indicate exons with non-motor

domain coding sequence. White bar, exon containing 5’ UTR. The position of each T-DNA insertion is indicated by triangles above the diagram. (B)

Seed set in pek14 mutant alleles. N> 100 siliques per genotype. Statistical significance was determined using Student's ¢-test, in comparison to Col-0.
p<0.0005=*** Error bars show standard error. (C) Quadrant analysis of PEK14 mutant seed-loss phenotypes. N> 100 siliques for all lines. Statistical
analysis of distribution of seeds performed with Fisher's exact test, compared to Col-0. Error bars show standard error. (D) Reciprocal crosses of

Col-0 and pekI4-1 mutant allele. N> 30 siliques for each cross. Statistical significance was determined using Student's ¢-test, in comparison to Col-0.
p<0.05=* p<0.0005="*** Error bars show standard error. (E) Count of ovules per ovary of Col-0 and pek14-1. N> 30 ovaries for each genotype.
Statistical significance compared to Col-0 using Student's ¢-test, p <0.05=*. Error bars show standard error.

suggesting that defective ovule development is not a cause of the
seed loss phenotype (Figure 2E).

3.4 | PEK14 Expression and Localization

The PEK14 cDNA was cloned and a vector was constructed
for expression of a PEK14-GFP-fusion protein under the
control of a 580bp PEKI14 promoter sequence (Figure 3A).
C-terminally tagged GFP fusions of other Arabidopsis kine-
sin-4 proteins have been shown before to be functional (Kong
et al. 2015; Zhu et al. 2015; Ganguly et al. 2017). Two trans-
genic lines—pek14-1PER14#9 (PEK14, ::PEK14-GFP in pek14-1
#9) and pekl4-1PEK14 #10 (PEK14,, ::PEK14-GFP in pekl4-1

#10) complemented the pek14-1 seed-set phenotype to WT lev-
els (Figure 3B).

In addition to being expressed in pollen and anther tissues,
PEKI14 mRNA is also expressed in roots (https://bar.utoronto.
ca/efp2/) (Winter et al. 2007). When imaging 10-day-old seed-
ling roots, PEK14-GFP expression was primarily detected in
the apical meristem, with some minor expression extending
into the basal meristem. In both pekl4-1°EX¥14 #9 and pek14-
IPEKI4 #10 " the brightest PEK14-GFP signal was located in a
pattern resembling the early cell plate and the edges of the
maturing cell plate in cells undergoing division (arrowheads
Figure 3C,D) (Lebecq et al. 2022). In non-dividing cells, the
PEK14-GFP signal was diffusely distributed in the cytoplasm
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FIGURE3 | PEKI14 isdiffusely located at the pollen tube tip and associates with the phragmoplast in the seedling root division zone. (A) Domain
organization of the PEK14-GFP fusion protein. The motor domain is indicated in red, coiled-coil domains are in orange, and GFP is indicated
in green. Numbers above bar indicate amino acid positions. (B) Complementation of the pekI4-1 seed set phenotype by PEK14Pm::PEK14—GFP in
pek14-1. The complementation lines pek14-1PEK14 #9 (PEK14,,::PEK14-GFP in pekl4-1 #9) and pek14-1PEK14 #10 (PEK14,,,:PEK14-GFP in pekl4-1
#10) are shown. N> 100 siliques for each genotype. Statistical groups were determined using a Tukey-Kramer test following an ANOVA. Error bars
show standard error. (C-D) Localization of PEK14-GFP in seedling root tips of pek14-1°EX14#9 (C), and pek14-1PEK14 #10 (D). Images are single se-
lections taken from a z-stack, with localization at the phragmoplast and cell plate indicated by white arrow heads. Roots were counterstained with
FM4-64 (magenta). Scale bar =10 um. (E-J) Localization of PEK14-GFP in semi-in vivo germinated pollen tubes. Images of semi-in vivo pollen tubes,
7h post-pollination, in pek14-1PEX14#9 (E), pek14-1PEK14 #10 (G), and Col-0 (I). Displayed images are maximum intensity projections. Signal intensity
graphs taken along the length of pek14-1PEK14#9 (F), pek14-1PEK14#10 (1), and Col-0 (J) pollen tubes. Pollen tubes measured in F, H, and J are indicated

by white arrow heads in E, G, and I, respectively.

and excluded from the nucleus. 3D reconstructions of dividing
root tip cells revealed that PEK14-GFP localized in a pattern
resembling the cell-plate-adjacent end of the phragmoplast
from early phragmoplast initiation until termination of cyto-
kinesis (Figure S3; Movies 1 and 2) This closely correlates with
the position of the plus ends of the phragmoplast microtubules
(Otegui and Staehelin 2000).

Next, mature pollen and pollen tubes from adult plants were
imaged. In mature pollen grains, no GFP signal could be de-
tected (data not shown). In pollen tubes at 7h post-pollination,
both peki14-1PFK14 #9 and pek14-1PFK14 #10 showed an above-
background GFP signal at the pollen tube tip, indicating that
PEK14-GFP was expressed in growing pollen tubes and lo-
cated diffusely at the pollen tube tip (Figures 3E,G and S4).
Quantification of the GFP signal indicates that it is clearly dis-
tinguishable from the autofluorescence present in Col-0 pollen
tubes (Figure 31,J) and that it is most concentrated at the termi-
nal 100-200 um (Figure 3F,H).

3.5 | A Small Reduction of Pollen Viability Is
Detected in PEK14 Mutants

To investigate pollen viability in the mutants, pollen was fluores-
cently labeled with FDA and propidium iodide (PI) (Figure 4).
In this assay, live pollen grains will fluoresce green based on
the uptake of FDA, while dead pollen grains will fluoresce ma-
genta, based on the penetration of PI and the exclusion of FDA
(Figure 4A-F). A small but significant pollen viability defect was
detected in both pek14-1 and pek14-2. Pollen viability dropped
from 88% in Col-0 to 78% and 79% in pek14-1 and pek14-2, respec-
tively. 89% of pek14-1PEK14#9 pollen grains were viable, while only
82% of pek14-1PEK14#10 were viable. pek14-1PEK14 #9 viability was
thus statistically identical to Col-0 pollen, while pek14-1PEK14 #10
pollen was reduced in viability (Figure 4G). Because both lines
complement the seed-set phenotype, this—together with the
rather minor effect—suggests that pollen viability is not causal to
the seed-set phenotype of pek14 mutants.

3.6 | pekl4-1Pollen Tubes Can Grow to Full Length
In Vivo and Target Ovules but Show Elongation
and Flexibility Defects When Grown Semi-In Vivo

The ability of pollen tubes to grow and target ovules for
the release of sperm cells is a fundamental requirement of

fertilization. Since sperm cells are not mobile on their own,
they are dependent on the correct growth of the pollen tube
cell to arrive at their destination. Random seed loss suggested
that loss of PEK14 does not impair the ability of the pollen tube
to grow the full distance to the base of the pistil. To further
address whether all steps of the pollen tube's path, including
ovary and ovule targeting, can be executed by pek14-1 pollen,
we imaged pollen tubes in vivo.

Aniline blue staining allows for the visualization of pollen tubes
growing through the stigma and transmitting tract and arriv-
ing at the ovules (Figure 5). As shown in panels A and B, many
pek14-1 pollen tubes grow to the base of the transmitting tract
with no observed defect. When ovules found near the base of the
transmitting tract were examined, there was also evidence that
pollen tubes were capable of ovule targeting and rupturing. The
hazy white signal seen at the tip of each pollen tube suggested
rupture of the tube and release of its content (indicated with
white arrowhead) for Col-0 (Figure 5C) and pek14-1 (Figure 5D).
To distinguish the funiculus from a pollen tube targeting the
ovule—structures that appear visually similar—unfertilized
male sterility-1 (ms1) ovules were also stained with aniline blue.
This enabled clear visualization of the funiculus in the absence
of pollen tubes, allowing for easier differentiation between the
two (Figure 5E). Figure 5F shows a diagram of the ovule to assist
in the interpretation of Figure 5C-E.

With no qualitative defect observed in vivo, we decided to take a
closer look at the growth of the pollen tube itself. Timelapse im-
aging was performed on pollen tubes that were grown for 45 min
from 5h post-pollination (hpp) to 5:45 hpp. From this, the rate of
pollen tube growth was calculated as described in Materials and
Methods and graphed (Figure 5G). While Col-0 pollen tubes grew
at an average rate of 1.5 um/min, this rate was reduced to 1.2 um/
min in pek14-1. The average growth rate of pek14-1PEX14#9 was
around 1.5 pum/min as in Col-0, suggesting that the loss of PEK14
has a small but significant effect on the pollen tube growth rate,
at least under semi-in vivo conditions.

Aside from reaching the appropriate length, the direction of
pollen tube growth, based on chemical signaling, is also cru-
cial for successful fertilization. Live imaging of pollen tubes
growing through female tissue in vivo is difficult (Mizuta
et al. 2024). However, semi-in vivo pollen tube growth can be
used to determine the straightness of pollen tubes as they grow.
Straightness is here used as the measure of how much a pol-
len tube deviates from a straight line as it grows, as described
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FIGURE 4 | Effect of PEKI4 mutations on pollen viability. (A) Cartoon diagram of dual viability staining with FDA (Green) and Propidium
Iodide (Magenta). (B-F) Representative images of Col-0 (B), pek14-1 (C), pek14-2 (D), PEK14__ ::PEK14-GFP in pek14-1 #9 (pek14-1PEX14#9) (E), and
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PEK14_ ::PEK14-GFP in pek14-1 #10 (pek14-1PEX14#10) (F) pollen grains. Scale bars=50um. (G) Quantification of viability stain. N> 1000 pollen

pro”

grains for all lines. Statistical groups were created using a Fisher's Exact test and statistical group letters are indicated at the top of each column.

Columns with the same letter are not significantly different.

in Materials and Methods. We measured the straightness of
the terminal 100um from the pollen tube tip (Figure 5H).
The straightness of pek14-1 pollen tubes was 0.97, while that
of Col-0 was 0.94, indicating that the mutant pollen tube tips
bend and meander less during growth than those of Col-0.
The straightness of pek14-1PEX¥14 # pollen tubes was also ex-
amined and determined to be 0.94—identical to that of Col-0.
Together, these data show that the loss of PEK14 leads to small
but significant changes in both the growth rate and the pliabil-
ity of the pollen tube tip.

3.7 | Trafficking of the Male Germ Unit Is Affected
by the PEK14 Mutation

Several studies have shown that the transport of the sperm cells
together with the vegetative nucleus of the pollen are affected
by MT depolymerization. In untreated pollen tubes, the vegeta-
tive nucleus (VN) and the two sperm cells (SCs) (together called
the “male germ unit” or MGU) are closely connected and are
found in close proximity to the pollen tube tip. After MT depo-
lymerization, the distance to the tip increases and the VN and
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SCs are less closely connected (Astrom et al. 1995; Laitiainen
et al. 2002). Sometimes, they get trapped behind a callose plug,
thus not reaching the pollen tube tip. The proximity of both the
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VN and SCs to the pollen tube tip is essential for robust fertiliza-
tion (Zhou and Meier 2014; Zhang et al. 2017; Moser et al. 2020)
and it has been proposed that kinesins could be involved in MGU
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FIGURE 5 | PEKI4 mutant pollen tubes display defects in growth rate and straightness but can grow to full length and target ovules. (A-E)
Aniline blue-stained pollen tubes growing into ovules in Col-0 and pekI4-1. (A-B) Representative images of whole pistils. White dashed boxes indi-
cate magnified areas shown in A’ and B'. Scale bar =400 um for A-B, and 50 um for A’-B’. (C-D) Representative images showing pollen tube rupture
at ovules. Aniline blue staining using pollen from (C) WT Col and (D) pek14-1. Solid arrow indicates site of pollen tube rupture. Double-chevron
arrow indicates location of funiculus which also fluoresces after aniline blue staining. Scale bar =20um. (E) Aniline blue staining of unpollinated
ms-1. Double-chevron arrow indicates location of funiculus. Scale bar=20um. (F) Diagram of ovule at same scale as (C-E). (G) The rate of pollen
tube growth in wm per minute in a semi-in vivo pollen germination assay. N> 40 pollen tubes for all lines. Statistical analysis compared to Col-0 us-
ing Student's ¢-test: p <0.0005=*** Error bars show standard error. (H) The straightness of Col-0, pek14-1, and PEK14  ::PEK14-GFPin pek14-1#9
(pek14-1PEK14#9) pollen tube tips. N> 40 pollen tubes for all three lines. Statistical analysis compared to Col-0 using Student's t-test: p <0.0005 = ***,

Error bars show standard error.

transport during pollen tube growth (Schattner et al. 2021).
Therefore, we investigated whether the distance of the MGU
from the pollen tube tip and/or the connection of VN and SCs
was altered in pek14 mutants.

To visualize the MGU, pollen tubes were germinated and
grown in the semi-in vivo system, stained with the nuclear stain
SYBR green at 7h post-pollination, and imaged as described
in Materials and Methods. First, we categorized the order of
the MGU, as several mutants with reduced male fertility show
alterations in the normal appearance of VN ahead (closest to
pollen tube tip), SCs following (Zhou and Meier 2014; Goto
et al. 2020). The same alteration of order was also observed
in MT depolymerization experiments (Heslop-Harrison and
Heslop-Harrison 1997).

The MGU order was classified as belonging to one of the fol-
lowing categories: SC Ahead: The sperm cells were ahead of
the VN, but not more than two lengths of the VN ahead of the
VN. SC Far Ahead: The SCs were more than two VN lengths
ahead of the VN. Overlapped: The SCs and VN were along-
side one another. VN Only: Only the VN was visible within
100 um of the pollen tube tip. VN Far Ahead: The VN was more
than two lengths of the VN ahead of the SCs. VN Ahead: The
VN was ahead of the SCs, but less than two lengths of the VN
ahead of the SCs. Both pek14-1 and pek14-2 showed substantial
defects in MGU order and VN-SC association (Figure 6A and
Figure S5). The number of pollen tubes with an aberrant MGU
order increased from 5% in Col-0 to 30% in pek14-1 and 35% in
pek14-2.

The most substantial aberrations were pollen tubes with only
either the VN or the SCs present within the first 100um from
the tip, followed by pollen tubes with SCs positioned ahead of
the VN (Figures 6A and S5). pek14-1PEK14#9 and pek14-1PEK14#10
did not fully rescue the overall percentage of aberrant figures
but notably eliminated the “VN only” and “SC only” categories
and showed an increased amount of “overlapped” MGUs. This
clearly indicates that the introduction of PEK14-GFP was suffi-
cient to rescue the increased distancing between VN and SCs and
thus the lost cohesion within the MGU.

We also investigated the distance of both VN and SCs from
the pollen tube tip, using the measurements indicated in
Figure 6B. Both VN and SCs were located significantly further
from the pollen tube tip in peki4-1 than in Col-0. Again, this
defect was fully complemented by the expression of PEK14-
GFP (Figure 6C).

4 | Discussion

Here, we have identified a role for the Arabidopsis kinesin-4
PEK14 (kinesin-4C) in male fertility, MGU organization, semi-in
vivo pollen tube growth, and pollen tube tip straightness. PEK14
is the only Arabidopsis kinesin-4 expressed in pollen, but it is
not specific for pollen. A second expression maximum is the
meristematic zone of seedling roots, where we show the protein
located at the growing rim of the cell plate, most likely through
association within the phragmoplast midzone. However, we
only observed phenotypes related to pollen, possibly because
PEK14 is at least partially redundant to its family members ki-
nesin-4A (FRA1) and kinesin-4C in roots and/or redundant to
other kinesins.

FRA1 plays a role in the deposition of cellulose microfibrils
(Zhong et al. 2002), while kinesin-4B has not yet been function-
ally investigated. FRA1 is needed for the development of proper
cell wall strength, and loss of FRA1 can result in stunted plant
growth due to a reduced ability of plant cells to undergo elonga-
tion (Kong et al. 2015; Zhu et al. 2015). FRA1 is localized at the
cell periphery, where it assists in the trafficking and deposition
of vesicles (Zhong et al. 2002; Kong et al. 2015; Zhu et al. 2015).
This localization varies substantially from that of PEK14, which
islocated at the phragmoplasts of dividing root cells and the cyto-
plasm in non-dividing cells near the root apical meristem, as well
as diffusely concentrated at the tips of pollen tubes.

Previous research demonstrated that a double mutant of fral
and kinesin-4c (pek14-1) displays a more severe fral defect than
fral alone. This double mutant makes fewer seeds and is more
stunted than fral alone (Kong et al. 2015). It was proposed that
this was the result of KINESIN-4C (PEK14) being functionally
redundant to FRA1 in cell elongation in diverse plant tissues.
However, no mutant phenotypes have been reported for kine-
sin-4c alone, and the enhanced fertility defects of the double
mutant could be an indirect effect of the overall plant growth
defects. Here, we show several specific defects of the pek14-1 mu-
tant pollen tubes that indicate a unique cellular role for this kine-
sin-4 in male fertility. All defects are relatively minor, suggesting
that, again, PEK14 function in pollen might be redundant with
other (in this case, non-kinesin-4) motor proteins. The defects
include a small reduction in pollen viability, a small reduction in
semi-in vivo pollen tube elongation, and a small decrease in me-
andering during pollen tube elongation. The most pronounced
defect is a mis-organization of the MGU and an increase in its
distance to the pollen tube tip. The PEK14-GFP fluorescent sig-
nal is diffusely detectable in pollen tubes with a concentration
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at the pollen tube tip, and its proposed roles have to take this
localization into account.

PEK14 is the Arabidopsis kinesin most closely related to Pp-
Kinesin04-Ia and Pp-Kinesin04-Ic of the moss Physcomitrium
patens (Shen et al. 2012). These two kinesin-4 motors have been
identified as necessary for proper antiparallel microtubule over-
lap at the phragmoplast during cell division. Despite the funda-
mental differences between plant and mammalian cytokinesis,
this is similar to the function of human KIF4 at the MT overlaps

of the midbody (Kurasawa et al. 2004; Zhu and Jiang 2005;
Bieling et al. 2010). Pp-Kinesin04-Ia and Pp-Kinesin04-Ic line
the tips of microtubules to delineate the length of microtubule
overlap. Null mutants for Pp-Kinesin04-Ia and Pp-Kinesin04-Ic
display a wider MT overlap and a thicker cell plate, which de-
velops more slowly (de Keijzer et al. 2023). Additionally, when
tip-growing moss caulonemal apical cells of Akin4-Ia were ex-
amined, a defect in the growth pattern of these cells was ob-
served. Instead of following a relatively sinuous path, Akin4-Ia
cells grew straighter with fewer deviations in growth direction
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(de Keijzer et al. 2023). This, however, did not impact the growth
rate. Rather, the growth direction was simply made more rigid—
potentially reducing the colonies’ ability to react to environmen-
tal signals (de Keijzer et al. 2023).

These phenotypes reported in moss are strikingly similar to the
cellular phenotypes we have found for pekI4-1 in Arabidopsis
pollen tubes—like moss caulonemal cells, a tip-growing cell
type. Straightness analysis showed that, as in Akin4-Ia, pek14-1
pollen tubes become more straight in their growth pattern.
However, pollen tube elongation is also only mildly affected.
Additionally, like Pp-Kinesin04-Ia and Pp-Kinesin04-Ic, PEK14
islocalized at the phragmoplast. Although the phragmoplast de-
fect observed in Akin4-Ia was not recapitulated in pekI4-1 root
tip cells and no defect was observed in the growth of peki4-1
roots (data not shown), this is possibly due to redundancy in
the root. Together, this suggests that there is a conserved dual
function of kinesin-4 motors in both moss and higher plants
that combines an activity at the phragmoplast—possibly related
to overlapping (+) ends like for human KIF4 (Hu et al. 2011)—
with an activity modulating the elongation of tip-growing cells.
It will be interesting in this context to investigate if PEK14 is
also tip-localized in Arabidopsis elongating root hairs and if root
hair elongation or stiffness shows similar defects as those ob-
served for pollen tubes.

The role of microtubules and kinesins in the transport of the
VN and the two SCs is still not well understood. Recently, it
has been demonstrated that depolymerization of microtubules
and inhibition of kinesin activity caused an increased velocity
and greater amplitude in the saltatory movement of the VN and
that microtubules are involved in coordinating the directional
movement of the MGU. In contrast, inhibition of the actomy-
osin system did not cause a moving pattern change but influ-
enced the overall velocity of the MGU. Based on these data,
it was suggested that microtubules and kinesins play a role in
avoiding the drifting of the MGU which would otherwise be
caused by cytoplasmic streaming and the action of actin and
myosin-based mobility (Wang et al. 2024). It is currently not
known whether PEK14 is a motile kinesin and, if so, what the
directionality of its movement is. If PEK14 is—in analogy to
FRA1 and Pp-Kinesin04-Ia and Pp-Kinesin04-Ic—a (+) end-
directed motor, then one possibility for how such an activity
could influence MGU transport is by stabilizing a connection
between the MGU and the pollen-tube tip. Instead of being as-
sociated with the MGU and providing movement along cortical
MTs, as was suggested for MGU-moving motors by modeling
(Schattner et al. 2021), PEK14, localized to the cell cortex or
the actin cortical fringe, could exert force on microtubules that
are stably associated with the surface of the MGU. If a class of
VN-associated MTs had their minus ends at the pollen tube tip,
PEK14 could then work in analogy to dynein on the astral mi-
crotubules during animal anaphase and exert a pulling motion
on the VN. This would require a firm association of PEK14 in
the tip region, likely through its cargo binding domain and cur-
rently unknown protein interaction partners.

Together, the cellular phenotypes of the peki4-1 mutant de-
scribed here, in conjunction with the localization pattern of
PEK14, are informative to formulate further testable hypotheses
towards a deeper understanding of the function of this formerly

uncharacterized kinesin. One remaining riddle is how these phe-
notypes, which each are rather minor, together contribute to the
relatively severe male-fertility phenotype. It is possible that this
is caused by an additive effect of a series of small problems, each
indicating an individual, likely at least semi-redundant function
of PEK14. Alternatively, a currently still undiscovered additional
role of PEK14 contributes in a more major way to the seed-loss
phenotype.
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