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Actin3 promoter reveals undulating F-actin bundles at shanks and dynamic F-actin
meshworks at tips of tip-growing pollen tubes
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ABSTRACT

The dynamic actin cytoskeleton of pollen tubes is both the driver of the tip growth and the organizer of
cell polarity. In order to understand this fast re-arranging cytoskeletal system, we need reliable constructs
expressed under relevant promoters. Here we are reporting that the Lifeact reporter, expressed under the
pollen-specific Actin3 promoter, visualizes very dynamic F-actin elements both in germinating pollen
grains and tip-growing pollen tubes. Importantly, we have documented very active actin polymerization at
the cell periphery, especially in the bulging area during pollen germination and in the apical clear zone.
Expression of the Lifeact reporter under control of the pollen-specific Actin3 promoter revealed 2 new

ARTICLE HISTORY
Received 7 December 2015
Revised 17 January 2016
Accepted 19 January 2016

KEYWORDS

Actin cytoskeleton; actin3
promoter; lifeact construct;
polarity; pollen tubes

aspects: (i) long F-actin bundles in pollen tube shanks are dynamic, showing undulating movements, (ii)

subapical ‘actin collars’ or ‘fringes’ are absent.

Organization of F-actin in polarly growing pollen tubes, espe-
cially, at their growing tips is still not understood. The problem
is that all the methods, published and used so far, are having
some drawbacks. In order to understand the dynamic nature of
the actin cytoskeleton, we need reliable constructs driven via
relevant promoters. For example, clearly improved distribu-
tions of the actin cytoskeleton elements have been achieved in
the ABD2 Arabidopsis reporter lines by replacing the strong
and constitutive 35S promoter with Ubiquitin10 (Ubql0)
promoter.1

Moreover, also nature of the reporter construct affects the F-
actin distributions. In Arabidopsis, the first actin-specific con-
struct was the 358::GFP-Talin which often shows intense dif-
fuse cytoplasmic labeling especially prominent at root hair
tips.z’3 Later, Fimbrin 1 Actin Binding Domain 2 (ABD2) was
selected to generate the 35S::GFP-ABD?2 transgenic lines cells of
which showed F-actin distributions closer to the native situa-
tion.*” However, the 35S::GFP-ABD2 has the tendency to over-
bundle F-actin bundles and, moreover, the constitutive 35S
promoter can cause aberrant expression levels." The Lifeact is
the newest one in this series of F-actin constructs, and is based
on a 17 amino acid sequence derived from budding yeast actin-
binding protein Abp140.>'7 But also this newest reporter is
showing some aberrant actin organization if its expression is
driven by the cauliflower mosaic virus 35S promoter.' In order,
to avoid these problems and uncertainties, it is essential to
express these constructs under the proper endogenous

promoters. In this Short Communication, we have tested 3 pol-
len-specific promoters and have chosen the Actin3 promoter
for expression of the Lifeact-GFP in pollen grains / tubes of
Arabidopsis.

From three pollen-specific promoters tested: Synaptotag-
min2 (Syt2), Armadillo Repeat Only 1 (AROI), and Actin 3
(Act3), the last one was selected for expression of the Lifeact-
GFP fusion. Transgenic plants with the Lifeact-GFP driven by
the Syt2 promoter showed no or minimal signal, plants with
the AROI promoter showed intermediate expression, whereas
the pACT3:Lifeact-GFP transgenic plants exhibited sufficient
fluorescence of F-actin and similar strength of the promoter
through the investigated transgenic lines. AROI promoter was
active also in somatic cells of the carpel in some transgenic
lines. The low activity of the Syt2 promoter is in agreement also
with the Arabidopsis microarray database (https://www.gene-
vestigator.ethz.ch/'®), and with our recent study." As the Act3
promoter is specific only for pollen, and showed the highest
strength among studied promoters, we have chosen pACT3:
Lifeact-GFP lines for our investigations.

Shortly after placing pollen on the germination medium,
they showed irregular shaped short and thick F-actin ribbons
or rings randomly distributed throughout the pollen grains
(Fig. 1A, Movie 1). At the beginning of pollen germination,
randomly arranged F-actin networks are more obvious and
located mainly at the pollen grain periphery (Figs. B, C - right
image). In the central zone of pollen grain, F-actin filaments
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Figure 1. F-Actin arrays in the germinating pollen grains and in the tip-growing pollen tubes. A/ F-actin forms sparse meshworks and thick ribbons or rings in pollen
grains before their germination. B/ Early germinated pollen grain showing the F-actin network mainly at its periphery. C/ Early germinated pollen grains. The left image is
Z projection of 5 serial slices through central zone of grain showing stellate F-actin bundles, the right image represents Z projection of 5 slices taken from grain periphery
and shows randomly arranged actin network. D/ F-actin bundles have tendency to be oriented along the emerging tube when pollen tubes reach about the length of
the pollen grain. E/ Quicly changing actin pattern in the grain of similar stage as in D. Images were taken from Movie 3. F/ F-actin cables emerging from tubes seems to
end bluntly in pollen grain. G/ Dense actin network at the pollen tube periphery in a well developed pollen tube. H and I/ F-actin cables of different thickness in the cen-
tral part of the pollen tube. J/ Pollen tube tip. Notice F-actin cables ending bluntly in the tip and short F-actin profiles within the tip. The images represent a projection of
60 Z stacks of longitudinal slices covering whole volume of the tube. K/ Dynamic rearrangements of F-actin elements within the pollen tube tip. L/ Dynamic F-actin mesh-
works in the pollen tube tip. Notice absence of longitudinally arranged F-actin filaments (actin collars) and dynamic rearrangements of F-actin arrays (in seconds). In C1,

the “stellate F-actin” arrangements are marked with arrowheads. Bars = 5 pm.

show a tendency to form stellate F-actin bundles (Fig. 1 C left
image). At the grain pole, with the emerged bulge, the F-actin
network is less prominent and formed predominantly by short
and randomly oriented F-actin bundles (Figs. 1B-C, Movie 2).
In very short pollen tubes, F-actin still forms tiny and numer-
ous bundles at the periphery, but also within the bulge
(Figs. 1B-C). When pollen tubes reach about the length of the

pollen grain, F-actin bundles are still short but they have the
tendency to be oriented along the emerging tube (Fig 1D). At
the same time they are very dynamic, changing their positions
within seconds (Fig. 1E). Time lapse imaging experiments
showed very quick movements of F-actin bundles within tubes
and these movements are more dynamic than the movement of
F-actin bundles in the rest of pollen grains (Movie 3). As the



pollen tubes grow further, the longitudinal F-actin cables
became very prominent. They are ending bluntly within pollen
grains (Fig. 1F, Movie 4). In fast growing pollen tubes, F-actin
assembles into dense dynamic networks at the pollen tube
periphery (Fig. 1G). More centrally F-actin formed longitudi-
nally oriented cables of different thickness (Fig. 1H-I). F-actin
bundles are very dynamic throughout the pollen tubes, they are
branching and moving (Movie 5, Movie 6, Movie 7). On the
opposite site, near the pollen tube tip, F-actin cables also finish
bluntly and actin becomes visible as short bundles (Fig. 1]). In
the pollen tube tips, there are numerous short and very
dynamic F-actin elements organized as dense, rapidly moving
meshworks (Fig. 1K, Movie 8). Importantly, however, we have
never observed so-called ‘actin collars’ or ‘actin fringes’ formed
by longitudinally oriented actin profiles closely behind the tube
tips (Fig. 1L, Movie 8).

Recently, better properties of the UBQ10::GFP-ABD2-GFP
construct in the visualization of F-actin arrays in root cells and
root hairs were associated with lower expession levels of this
construct in cells." Similarly, lower expression levels of the Life-
act construct driven under the moderate Arol promoter
resulted in new aspects of pollen tube actin cytoskeleton, not
visible when the strong 35S and Lat52 promoters were
used.”'*>"'” Moreover, so-called ‘actin collars’ behind tips of pol-
len tubes are visible only if the Lifeact construct is expressed
under the strong Lat52 and 35S promoters'®'* but not when
the Lifeact is expressed under the moderately strong Act3 pro-
moter (this study). At any stage of the pollen tube germination
and the tip-growth, no trace of ‘actin collar’ or ‘actin fringe™'*
172027 could be detected behind the clear zone if the Act3 pro-
moter is used for the Lifeact expression. Moreover, spinning
disk confocal microscopy demonstrated that F-actin elements
in the tube tip are fastly moving, and arrangement of F-actin is
changing quickly. Finally, we have observed many dynamically
moving F-actin profiles also within the clear zone. These ober-
vations suggest that it is very important not only to use the
endogenous promoters but also to choose those promoters
which have proper expression levels. This conclusion is sup-
ported by the visualization of the ‘actin fringes’ also with the
phalloidin labeling.>**® We have also confirmed the F-actin
circles of variable size (Fig. 1A) within pollen grains, reported
recently using the Lifeact expressed under the AROI pro-
moter.'®'” The most surprising observation of the spinning
disc microscopy of the pACT3::Lifeact-GFP pollen tubes are the
wavelike undulating movements of long F-actin cables (Movies
5, 6 and 7). It emerges that both the subapical ‘actin fringes’
and the static F-actin bundles are side effects of the actin over-
polymerization. However, more studies are needed to settle this
issue finally.

When the Lifeact is expressed under the Act3 promoter, very
prominent feature is the dynamic nature of the undulating
thinner F-actin bundles, while the thicker F-actin cables were
more stable (Movies 5, 6 and 7). Some lateral movements of F-
actin cables were reported also for tip-growing root hairs
expressing the Lifeact under the 35S promoter.'® These findings
suggest that F-actin cables of tip-growing pollen tubes and root
hairs are more dynamic than it is generally assumed. Their
undulating movements might have a role in the actin polymeri-
zation-driven tip growth of pollen tubes®” and root hairs.”>*’
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Interesting, dynamic F-actin bundles are important for the pen-
etration of phytopathogenic fungi into plant tissues and cells.*
Longitudinal F-actin cables are generally considered to serve
only as tracks for cytoplasmic streaming in tip-growing cells.
However, they might serve also as ‘pushing devices’, contribut-
ing to the invasion of the pollen tubes into pistil tissues.>'>*
Future studies should focus on these undulating F-actin bun-
dles and their roles in pollen tube growing through pistil tissues
during plant sexual reproduction.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Funding

J.J., KM, S.S. and ].T. were supported by the Research and Development
Operational Program “Comenius University Science Park” (ERDF, ITMS
26240220086). K.M. and J.T. were also supported by the VEGA 1/0885/16
research grant. W.S. and F.B. were supported by German Academic
Exchange Service (DAAD).

References

1. Dyachok J, Sparks JA, Liao F, Wang YS, Blancaflor EB. Fluorescent
protein-based reporters of the actin cytoskeleton in living plant cells:
fluorophore variant, actin binding domain, and promoter considera-
tions. Cytoskeleton 2014; 71:311-27; PMID:24659536; http://dx.doi.
org/10.1002/cm.21174

2. Kost B, Spielhofer P, Chua N-H. A GFP-mouse talin fusion protein
labels plant actin filaments in vivo and visualizes the actin cytoskele-
ton in growing pollen tubes. Plant J 1998; 16:393-401; PMID:9881160;
http://dx.doi.org/10.1046/j.1365-313x.1998.00304.x

3. Baluska F, Salaj J, Mathur J, Braun M, Jasper F, Samaj J, Chua NH,
Barlow PW, Volkmann D. Root hair formation: F-actin-dependent tip
growth is initiated by local assembly of profilin-supported F-actin
meshworks accumulated within expansin-enriched bulges. Dev Biol
2000; 227:618-32; PMID:11071779;  http://dx.doi.org/10.1006/
dbi0.2000.9908

4. Sheahan MB, Staiger CJ, Rose R], McCurdy DW. A green fluorescent
protein fusion to actin-binding domain 2 of Arabidopsis fimbrin high-
lights new features of a dynamic actin cytoskeleton in live plant cells.
Plant Physiol 2004; 136:3968-78; PMID:15557099; http://dx.doi.org/
10.1104/pp.104.049411

5. Wang YS, Motes CM, Mohamalawari DR, Blancaflor EB. Green fluo-
rescent protein fusions to Arabidopsis fimbrin 1 for spatio-temporal
imaging of F-actin dynamics in roots. Cell Motil Cytoskeleton 2004;
59:79-93; PMID:15362112; http://dx.doi.org/ 10.1002/cm.20024

6. Voigt B, Timmers ACJ, Samaj ], Muller ], Baluska F, Menzel D. GFP-
FABD?2 fusion construct allows in vivo visualization of the dynamic
actin cytoskeleton in all cells of Arabidopsis seedlings. Eur ] Cell Biol
2005; 84:595-608; PMID:16032928; http://dx.doi.org/10.1016/j.
€jcb.2004.11.011

7. Wang YS, Yoo CM, Blancaflor EB. Improved imaging of actin fila-
ments in transgenic Arabidopsis plants expressing a green fluorescent
protein fusion to the C- and N-termini of the fimbrin actin-binding
domain 2. New Phytol 2008; 177:525-36; PMID:18028299; http://dx.
doi.org/10.1111/j.1469-8137.2007.02261.x

8. Riedl ], Crevenna AH, Kessenbrock K, Yu JH, Neukirchen D, Bista M,
Bradke F, Jenne D, Holak TA, Werb Z, Sixt M, Wedlich-Soldner R.
Lifeact: a versatile marker to visualize F-actin. Nat Methods 2008;
5:605-7; PMID:18536722; http://dx.doi.org/10.1038/nmeth.1220

9. Vidali L, Rounds CM, Hepler PK, Bezanilla M. Lifeact-mEGFP reveals
a dynamic apical F-actin network in tip growing plant cells. PLoS
ONE 2009; 4:e5744; PMID:19478943;  http://dx.doi.org/10.1371/
journal.pone.0005744


http://dx.doi.org/24659536
http://dx.doi.org/24659536
http://dx.doi.org/9881160
http://dx.doi.org/9881160
http://dx.doi.org/11071779
http://dx.doi.org/11071779
http://dx.doi.org/15557099
http://dx.doi.org/15557099
http://dx.doi.org/15362112
http://dx.doi.org/16032928
http://dx.doi.org/16032928
http://dx.doi.org/18028299
http://dx.doi.org/18028299
http://dx.doi.org/18536722
http://dx.doi.org/19478943
http://dx.doi.org/19478943

e1146845-4 JJASIK ETAL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Era A, Tominaga M, Ebine K, Awai C, Saito C, Ishizaki K, Yamato KT,
Kohchi T, Nakano A, Ueda T. Application of Lifeact reveals F-actin
dynamics in Arabidopsis thaliana and the liverwort, Marchantia poly-
morpha. Plant Cell Physiol 2009; 50:1041-8; PMID:19369273; http://
dx.doi.org/10.1093/pcp/pcp055

Smertenko AP1, Deeks MJ, Hussey PJ. Strategies of actin reorganisa-
tion in plant cells. J Cell Sci 2010; 123:3019-28; PMID:20699356;
http://dx.doi.org/10.1242/jcs.071126

van der Honing HS, van Bezouwen LS, Emons AM, Ketelaar T. High
expression of Lifeact in Arabidopsis thaliana reduces dynamic reorga-
nization of actin filaments but does not affect plant development.
Cytoskeleton 2011; 68:578-87; PMID:21948789; http://dx.doi.org/
10.1002/cm.20534

Durst S, Hedde PN, Brochhausen L, Nick P, Nienhaus GU, Maisch J. Orga-
nization of perinuclear actin in live tobacco cells observed by PALM with
optical sectioning. J Plant Physiol 2014; 171:97-108; PMID:24331424;
http://dx.doi.org/10.1016/},jplph.2013.10.007

Qu X, Zhang H, Xie Y, Wang ], Chen N, Huang S. Arabidopsis villins
promote actin turnover at pollen tube tips and facilitate the construc-
tion of actin collars. Plant Cell 2013; 25:1803-17; PMID:23715472;
http://dx.doi.org/10.1105/tpc.113.110940

Qu X, Jiang Y, Chang M, Liu X, Zhang R, Huang S. Organization and
regulation of the actin cytoskeleton in the pollen tube. Front Plant Sci
2015; 5:786; PMID:25620974; http://dx.doi.org/10.3389/
fpls.2014.00786

Vogler F, Konrad SS, Sprunck S. Knockin’ on pollen’s door: live cell
imaging of early polarization events in germinating Arabidopsis pol-
len. Front Plant Sci 2015; 6:246; PMID:25954283; http://dx.doi.org/
10.3389/fpls.2015.00246

Vogler F, Sprunck S. F-actin forms mobile and unwinding ring-
shaped structures in germinating Arabidopsis pollen expressing Life-
act. Plant Signal Behav 2015; 10:e1075684; PMID: 26337326; http://
dx.doi.org/10.1080/15592324.2015.1075684

Zimmermann P, Laule O, Schmitz J, Hruz T, Bleuler S, Gruissem W.
Genevestigator transcriptome meta-analysis and biomarker search
using rice and barley gene expression databases. Mol Plant. 2008;
1:851-7; PMID:19825587; http://dx.doi.org/10.1093/mp/ssn048

Wang H, Han S, Siao W, Song C, Xiang Y, Wu X, Cheng P, Li H, Jasik
J, Micieta K, et al. Arabidopsis Synaptotagmin 2 participates in pollen
germination and tube growth and is delivered to plasma membrane
via conventional secretion. Mol Plant 2015; 8:1737-50;
PMID:26384245; http://dx.doi.org/10.1016/j.molp.2015.09.003
Lovy-Wheeler A, Wilsen KL, Baskin TI, Hepler PK. Enhanced fixation
reveals the apical cortical fringe of actin filaments as a consistent fea-
ture of the pollen tube. Planta 2005; 221:95-104; PMID:15747143;
http://dx.doi.org/10.1007/s00425-004-1423-2

Cdrdenas L, Lovy-Wheeler A, Kunkel JG, Hepler PK. Pollen tube
growth oscillations and intracellular calcium levels are reversibly mod-
ulated by actin polymerization. Plant Physiol 2008; PMID: 18263780;
146:1611-21; http://dx.doi.org/10.1104/pp.107.113035

Dong H, Pei W, Haiyun R. Actin fringe is correlated with tip growth
velocity of pollen tubes. Mol Plant 2012; 5:1160-2; PMID:22863760;
http://dx.doi.org/10.1093/mp/sss073

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

Su H, Zhu J, Cai C, Pei W, Wang ], Dong H, Ren H. FIMBRINI is
involved in lily pollen tube growth by stabilizing the actin fringe. Plant
Cell 2012; 24:4539-54; PMID:23150633; http://dx.doi.org/10.1105/
tpc.112.099358

Rounds CM, Hepler PK, Winship LJ. The apical actin fringe contrib-
utes to localized cell wall deposition and polarized growth in the lily
pollen tube. Plant Physiol 2014; 166:139-51; PMID:25037212; http://
dx.doi.org/10.1104/pp.114.242974

Hepler PK1, Winship LJ. The pollen tube clear zone: clues to the
mechanism of polarized growth. J Integr Plant Biol 2015; 57:79-92;
PMID:25431342; http://dx.doi.org/10.1111/jipb.12315

Kroeger JH, Daher FB, Grant M, Geitmann A. Microfilament orienta-
tion constrains vesicle flow and spatial distribution in growing pollen
tubes. Biophys J 2009; 97:1822-31; PMID:19804712; http://dx.doi.org/
10.1016/j.bpj.2009.07.038

Gibbon BC, Kovar DR, Staiger CJ. Latrunculin B has different effects
on pollen germination and tube growth. Plant Cell 1999; 11:2349-63;
PMID:10590163; http://dx.doi.org/10.1105/tpc.11.12.2349

Zepeda I, Sanchez-Lopez R, Kunkel JG, Banuelos LA, Hernandez-Bar-
rera A, Sanchez F, Quinto C, Cardenas L. Visualization of highly
dynamic F-actin plus ends in growing Phaseolus vulgaris root hair
cells and their responses to Rhizobium etli nod factors. Plant Cell
Physiol 2014; 55:580-92; PMID:24399235; http://dx.doi.org/10.1093/
pcp/pct202

Vazquez LA, Sanchez R, Hernandez-Barrera A, Zepeda-Jazo I,
Sanchez F, Quinto C, Torres LC. Actin polymerization drives polar
growth in Arabidopsis root hair cells. Plant Signal Behav 2014; 9:
€29401; PMID: 24892301; http://dx.doi.org/10.4161/psb.29401

Wang CL, Shaw BD. F-actin localization dynamics during appresso-
rium formation in Colletotrichum graminicola. Mycologia 2015; In
press.

Palanivelu R, Preuss D. Pollen tube targeting and axon guidance: par-
allels in tip growth mechanisms. Trends Cell Biol 2000; 10:517-24;
PMID:11121743; http://dx.doi.org/10.1016/50962-8924(00)01849-3
Lev-Yadun S. Intrusive growth - the plant analog of dendrite and axon
growth in animals. New Phytol 2001; 150:508-12; http://dx.doi.org/
10.1046/j.1469-8137.2001.00143.x

. Sanati Nezhad A, Geitmann A. The cellular mechanics of an invasive

lifestyle. ] Exp Bot 2013; 64:4709-28; PMID:24014865; http://dx.doi.
org/10.1093/jxb/ert254

Boggetti B, Jasik J, Takamiya M, Strahle U, Reugels AM, Campos-
Ortega JA. NBP, a zebrafish homolog of human Kank3, is a novel
Numb interactor essential for epidermal integrity and neurulation.
Dev Biol 2012; 365:164-74; PMID:22387208; http://dx.doi.org/
10.1016/j.ydbio.2012.02.021

Koncz C, Schell J. The promoter of TL-DNA gene 5 controls the tis-
sue-specific expression of chimaeric genes carried by a novel type of
Agrobacterium binary vector. Mol Gen Genet 1986; 204:383-6; http://
dx.doi.org/10.1007/BF00331014

Clough SJ, Bent AF. Floral dip: a simplified method for Agrobac-
terium-mediated transformation of Arabidopsis thaliana. Plant ]
1998; 16:735-43; PMID:10069079; http://dx.doi.org/10.1046/j.1365-
313x.1998.00343.x


http://dx.doi.org/19369273
http://dx.doi.org/19369273
http://dx.doi.org/20699356
http://dx.doi.org/20699356
http://dx.doi.org/21948789
http://dx.doi.org/21948789
http://dx.doi.org/24331424
http://dx.doi.org/24331424
http://dx.doi.org/23715472
http://dx.doi.org/23715472
http://dx.doi.org/25620974
http://dx.doi.org/25620974
http://dx.doi.org/25954283
http://dx.doi.org/10.3389/fpls.2015.00246
http://dx.doi.org/10.1080/15592324.2015.1075684
http://dx.doi.org/10.1093/mp/ssn048
http://dx.doi.org/10.1016/j.molp.2015.09.003
http://dx.doi.org/15747143
http://dx.doi.org/10.1007/s00425-004-1423-2
http://dx.doi.org/10.1104/pp.107.113035
http://dx.doi.org/22863760
http://dx.doi.org/10.1093/mp/sss073
http://dx.doi.org/10.1105/tpc.112.099358
http://dx.doi.org/10.1105/tpc.112.099358
http://dx.doi.org/25037212
http://dx.doi.org/10.1104/pp.114.242974
http://dx.doi.org/10.1111/jipb.12315
http://dx.doi.org/19804712
http://dx.doi.org/10.1016/j.bpj.2009.07.038
http://dx.doi.org/10.1105/tpc.11.12.2349
http://dx.doi.org/10.1093/pcp/pct202
http://dx.doi.org/10.1093/pcp/pct202
http://dx.doi.org/10.4161/psb.29401
http://dx.doi.org/10.1016/S0962-8924(00)01849-3
http://dx.doi.org/10.1046/j.1469-8137.2001.00143.x
http://dx.doi.org/24014865
http://dx.doi.org/10.1093/jxb/ert254
http://dx.doi.org/22387208
http://dx.doi.org/10.1016/j.ydbio.2012.02.021
http://dx.doi.org/10.1007/BF00331014
http://dx.doi.org/10.1046/j.1365-313x.1998.00343.x
http://dx.doi.org/10.1046/j.1365-313x.1998.00343.x

	Abstract
	 
	Disclosure of potential conflicts of interest
	Funding
	References

