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Key Message

Trafficking protein particle (TRAPP) complexes subunit gene AtTrs33 plays an important

role in keeping apical meristematic activity and dominance in Arabidopsis.

Abstract

TRAPP complexes, composed of multimeric subunits, are guanine nucleotide-exchange
factors for certain Rab GTPases and are believed to be involved in the regulation of
membrane trafficking, but the cases in Arabidopsis are largely unknown. Trs33, recently
proposed to be a component of TRAPP 1V, is non-essential in yeast cells. A single copy of
Trs33 gene, AtTrs33, was identified in Arabidopsis. GUS activity assay indicated that
AtTrs33 was ubiquitously expressed. Based on a T-DNA insertion line, we found that loss-
of-function of AtTrs33 is lethal for apical growth. Knock-down or knock-in of AtTrs33
affects apical meristematic growth and fertility, which indicates that AtTrs33 plays an
important role in keeping apical meristematic activity and dominance in Arabidopsis.
Analysis of auxin responses and PIN1/2 localization indicates that impaired apical
meristematic activity and dominance was caused by altered auxin responses through non-
polarized PIN1 localization. The present study reported that AtTrs33 plays an essential role
in Arabidopsis cell growth and organization, which is different with its homologue in yeast.
These findings provide new insights into the functional divergence of TRAPP subunits.

Keywords: Arabidopsis, Trs33, TRAPP, Apical Meristem, Auxin, PIN1/2, Subcellular

localization
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Introduction

In plants, the growth of both shoots and roots occurs in meristem, which consists of a

population of undifferentiated pluripotent stem cells (Mizukami and Fischer 2000). These

cells continuously differentiate and grow to generate new tissues and organs (Vernoux, et

al. 2010). In meristems, the cell differentiation and growth are controlled by precise and

complex regulatory mechanisms (Vernoux, et al. 2010). As an important phytohormone,

auxin is required for initiation and outgrowth of new organs from meristems (Jiang and
Feldman 2005). And its distribution is not homogeneously in meristem cells, for instance,
auxin flows toward columella cells to establish local maxima for growth in root tips

(Petersson, et al. 2009). The auxin flow and distribution is controlled by a series of auxin

transporters (Benjamins, et al. 2005; Galweiler, et al. 1998; Kleine-Vehn, et al. 2006;

Krecek, et al. 2009; Okada, et al. 1991; Petrasek and Friml 2009; Swarup, et al. 2008;

Vandenbussche, et al. 2010).

Many auxin transporters are asymmetrically localized within cells and their polarity

determines the directionality of intercellular auxin flow (Krecek, et al. 2009). For example,
in roots, the PIN1 protein, an auxin efflux transporter, is localized to the basal part of the

plasma membrane of stele cells and this polarity plays an important role in downward flow

of auxin to the root tip for establishing local auxin maxima (Krecek, et al. 2009; Steinmann,
et al. 1999). PIN2, another auxin efflux is mainly localized to the apical part of the plasma
membrane of epidermal root cells for auxin flow back to the shoots from the root auxin

maxima (Abas, et al. 2006). Polar localization PIN1 and PIN2 is dynamic. PIN proteins

constitutively undergo clathrin-dependent endocytosis and ARF-GEF-dependent recycling

(Kleine-Vehn, et al. 2008). It is believed that both PIN1 and PIN2 are first targeted to the
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plasma membrane without apparent asymmetry, they then attain their polarity by

subsequent endocytosis and recycling (Dhonukshe, et al. 2008). The molecular control of

endocytosis and recycling of PIN1 and PIN2 is still not very clear. When Arabidopsis roots
were treated with latrunculin B, an actin inhibitor, causes PIN2 accumulation but not PIN1

(Rahman, et al. 2007). Subsequently, a chemical screen using endosidinl identified that

PIN2, rather than PIN1, through interactive pathways to involve in endosomal

compartment (Robert, et al. 2008). TRAPP (trafficking protein particle) is a conserved

modular complex that acts as a Ypt/Rab guanine-nucleotide exchange factor (GEF).
Currently, four TRAPP complexes (I, II, 11l and 1V) are known in yeast and they regulate

two different intracellular trafficking pathways — secretion and autophagy (Kim, et al. 2016;

Lipatova, et al. 2016; Tan, et al. 2013), but only TRAPP I and Il has be confirmed in plants

(Ravikumar, et al. 2017; Zhuang, et al. 2018). In plants, the polar transport of PIN2, but

not PIN1, to the plasma membrane is influenced in plant cells missing TRAPP I1 (Qi, et al.

2011; Qi and Zheng 2011).

TRAPP Il is a modified version of TRAPP 1, a multi-subunit complex involved in

protein trafficking around the Golgi apparatus (Barrowman, et al. 2010). In yeast, TRAPP

| consists of six subunits (2 copies of Bet3 and one copy each of Bet5, Trs20, Trs23 and
Trs31), which is believed to function at the ER-Golgi interface. TRAPP | serves as a

tethering factor for COPII vesicles and can also act as a GEF for Yptl (Sacher, et al. 2001).

TRAPP Il consists of TRAPP | and three additional subunits (Trs120, Trs130 and Trs65)

(Yamasaki, et al. 2009). In yeast, TRAPP Il acts at the post-Golgi trafficking pathway and

can serve as a GEF for Ypt31/2 (Morozova, et al. 2006). TRAPP 111 is believed to act in

autophagy (Tan, et al. 2013; Zhuang, et al. 2018). TRAPP IV, an addition of Trs33 to
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TRAPRP 1, is also proposed to be play role in autophagy [19]. Interestingly, in yeast, Trs33

is not essential for cell survival (Lipatova, et al. 2016). The mammalian TRAPP complexes

showed different function and organizations with yeast (Barrowman, et al. 2010; Choi, et

al. 2011), e.qg. there is no homolog of Trs65 in mammalian cells (Cox, et al. 2007). TRAPP

I1 in mammalian cells is also believed to act at pre-Golgi trafficking that can act as a GEF

for Rab1 (Cai, et al. 2008).

The function and organization of TRAPP complexes have not been studied

extensively in plants. In Arabidopsis, except for Trs65, single copies of all other eight

TRAPP components exist (Cox, et al. 2007; Latijnhouwers, et al. 2005; Thellmann, et al.
2010). During cytokinesis, AtTrs120 and AtTrs130 through defining the identity of the

membrane compartment to regulate cell plate assembly (Jaber, et al. 2010; Thellmann, et

al. 2010). They are also involved in the post-Golgi trafficking pathway through Rab-A to

establish the polarity of PIN2 and AUX1 (Qi, et al. 2011; Qi and Zheng 2011). Recently,

we reported that a subunit of TRAPP, Bet5, plays an essential role in exine pattern

formation and apical meristem organization (Zhang, et al. 2018). In this study, we extended

our study on the function of Trs33. We show here that, unlike yeast Trs33 that is non-

essential for yeast cell’s survival (Tokarev, et al. 2009), Arabidopsis Trs33 (hereafter it is

termed AtTrs33) plays an essential role in cell development in plants. The function of
AtTrs33 is required for proper cell organization and auxin transport in root tips. In
transgenic plant expressing AtTrs33-RNAI, polar localization of both PIN1 and PIN2 is

affected.
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Results

AtTrs33 is ubiquitously expressed and is essential for plant cells to develop

To explore the potential function of AtTrs33, we firstly analyzed its expression
profile across different tissues. As shown in Figure 1A, AtTrs33 was expressed in all tissues
examined. Co-expression analysis using ATTED-II indicates that several AtTrs33 co-
expressed genes were involved in secretary pathway, such as Trs20, RabAl1B, and
DUF1068 (Figure 1B). Noticeably, Trs20 and RabAlb were significantly co-expressed
with Trs33 in various developmental tissues with correlation coefficient (r) 0.45 and 0.63,
respectively (Figure 1C). GUS activity assay on transgenic Arabidopsis expressing
pAtTrs33::GUS confirmed that AtTrs33 was ubiquitously expressed (Figure 1D-H).

To study the biological function of AtTrs33, we isolated a T-DNA insertional
mutant (Salk_109244), which carries a T-DNA insertion in the junction area of the third
exon and the third intron. However, we failed to obtain homozygous attrs33 mutant, but
heterozygous and wild type plants from seeds harvested from plants heterozygous for the
T-DNA insertion. A genetic segregation analysis revealed that, of 150 seedlings grew from
seeds in individual siliqgues of a heterozygous attrs33 plant, none of them were
homozygous, 67 were heterozygous, 83 were wild type for the T-DNA insertion in AtTrs33.
There was no abolished embryo in individual siliques (n=5) examined. These results
indicate that the T-DNA insertion in AtTrs33 affected the male transmission that a

fundamental process in male gametophyte development is impaired.
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AtTrs33-YFP is localized largely to the Golgi apparatus

To further confirm that the lack of homozygous attrs33 from seeds produced by
heterozygous attrs33 plants is due to the T-DNA insertion in AtTrs33 and also to examine
the subcellular localization of AtTrs33, heterozygous attrs33 mutant plants were
transformed with AtTrs33-YFP. A total of 61 T1 generation plants were obtained based on
the basta resistance. Three plants homozygous for attrs33 were identified among the 61
transformants. We found that the vegetative growth of all three recovered homozygous
attrs33 mutant plants expressing AtTrs33-YFP were compatible with that of wild type
plants, showing no obvious developmental defects (Figure 2A and B). However, we noted
that in homozygous attrs33 plant recovered, the fertility is not fully rescued (Figure 2B).
This result confirmed that the lack of homozygous attrs33in seeds produced by
heterozygous attrs33 is due to the disruption of the AtTrs33 gene that affects the pollen
development.

To explore the cellular basis of the AtTrs33 function in plant cell development, the
subcellular localization of AtTrs33 was examined in attrs33 mutant plants expressing
AtTrs33-YFP. In addition to faint cytosolic signal, punctate structures were marked by
AtTrs33-YFP in the root epidermal cells based on confocal microscopy observation (Figure
2C). To identify the subcellular nature of AtTrs33-YFP marked punctate structures,
AtTrs33-YFP were transiently expressed in tobacco lower epidermal cells. Again AtTrs33-
YFP labeled numerous punctate structures in the faint cytosolic background (Figure 21).

Co-expression of AtTrs33-YFP and ST-GFP, a well characterized Golgi marker (Boevink

et al. 1998) showed that the punctate labeled by AtTrs33-YFP were largely co-localized
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with ST-GFP (Figure 2G - I, arrows), indicating that AtTrs33-YFP are largely associated

with Golgi bodies.

Perturbation of the expression of AtTrs33 results in a defect in shoot and root growth
as well as a reduced fertility

Because we were unable to obtain homozygous attrs33 mutant plant due to the
essential role the AtTrs33 gene plays in male transmission, we generated transcriptional
knockdown lines using the RNA interference (RNAI) to assess the function of AtTrs33 in
cell development in detail. In the T1 generation of Arabidopsis seedlings expressing
AtTrs33 RNAI, we noted that roughly 50% them were small in size (Figure 3A). Unlike a
single dominant primary shoot bud in the wild type (Figure 3B, see also Figure 4B), two
buds were often seen in the shoot apices of these AtTrs33-RNAI lines (Figure 3B, Figure
4B), indicating that they were defective in shoot apical growth. Semi-quantitative RT-PCR
analysis indicated that these seedlings with the described phenotypes were transcriptionally
knocked-down in AtTrs33 (Figure 3K and L). In the adult growth stage, these AtTrs33-
RNAI lines were dwarfed and were either sterile or semi-sterile (compare Figure 3D-G to
3H). We also noticed that several AtTrs33-RNAI transgenic plants were shoot apical
necrotic (Figure 3l and J). This phenotype is reminiscent of transgenic plants expressing
dominant negative RAB-D2a(N1211I) or rab-D1 rab-D2b rab-D2c triple mutants (Pinheiro,
et al. 2009).

In our analysis of the T2 generation of AtTrs33-RNA. line #2, we found that there
was no difference in the seed germination in DAG1 (Days After Germination) between

wild type and AtTrs33-RNAiI line #2 (Figure 4A). After germination, however, the growth
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of both shoots and roots was largely inhibited (Figure 4A). A close examination confirmed
that transgenic plants expressing Attrs33-RNAIi produced multi-buds (Figure 4B). The
emergence of the first true leaf was also delayed 4-6 days compared to that in wild type
seedlings. Similar to the defect in the shoot apical meristem, the growth of primary roots
was also retarded in the AtTrs33-RNAi line (Figure 4A, from DAG3), which often resulted
in a premature death of the primary root (Figure 31 and K), Interestingly, ectopic initiation
of lateral roots, even in hypocotyls was often observed in the AtTrs33-RNA. line (Figure
4A DAG 8, Figure 3l).

In addition to transcriptionally knock-down of AtTrs33 by RNAI, we also noted
that over-expression of AtTrs33 also led to developmental defects similar to that observed
in AtTrs33-RNAI lines. As indicated in Figure 5, plants over-expressing AtTrs33-YFP
were semi-sterile and some produced multi-inflorescences (Figure 5A and C). Furthermore,
we also noticed that some transgenic plants expressing AtTrs33-YFP were shoot apical
necrotic (Figure 5D and E). To investigate if shoot apical necrosis was correlated to the
extent of transcriptional perturbation, we examined the transcription of AtTrs33 of an
AtTrs33 over-expressing line with shoot apical necrosis (#58) and another line (#9) without
shoot apical necrosis. Comparing to wild type Arabidopsis, although AtTrs33 was over-
expressed in both lines (Figure 4F-4G), the over-expression of AtTrs33 in the #58 line with
shoot apical necrosis was stronger than that in #9 line with no shoot apical necrosis (Figure
4F-4G), indicating that the shoot apical necrosis is correlated the degree by which the

expression of AtTrs33 is perturbed.
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Auxin response is altered in the Trs33-RNAi line

In distal root tip, auxin repress the expression of WOX5 via ARF10/16 (Ding and
Friml 2010). To explore if the defect of root growth in the AtTrs33-RNAI line is related
with auxin, we therefore analyzed the auxin response through the expression of GFP under

the control of DR5 promoter — an auxin responsive monitor (Liu, et al. 1994; Ulmasov, et

al. 1995). As shown in Figure 6, the distribution of auxin was affected in root tip of the
AtTrs33-RNAi line. In wild type, the auxin responsive peak was observed in multiple layer
cells in front of the quiescent center (QC) (Figure 6A-C). However, the auxin was
accumulated in a wider region in the stele cells in root tips of AtTrs33-RNA. line (Figure
6D-F). In addition, the cell arrangement was disordered in root tips of AtTrs33-RNAIi line
(Figure 6E). Within 5 minutes stained by propidium iodide (PI), the dye signal was
observed in intracellular structures of stele cells in AtTrs33-RNAi line (Figure 6E), while

it was still in the cell surface in wile type (Figure 6B).

Polar localization of PIN1 and PIN2 is disrupted in the AtTrs33-RNAi line

In plants, active auxin flow that is necessary for establishing the proper auxin
distribution requires polar localization of many different auxin transporter proteins on the
plasma membrane of cells. In Arabidopsis root tips, PIN1 and PIN2 were mainly localized
in the plasma membrane of root stele cells and root epidermal cells, respectively

(Grieneisen, et al. 2007). And their polarized localization plays important role in distinct

intracellular transport and recycling (Grieneisen, et al. 2007; Qi, et al. 2011). To examine

if the disordered auxin distribution in the AtTrs33-RNA.i line is related with PIN1 and PIN2,

we detected their polar localization in root tip cells. As shown in Figure 7B and F, the polar

10
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localization of PIN1 was completely disrupted in the stele cells in the AtTrs33-RNA. line
and the signal was observed in the cytoplasm. Similarly, the polar localization of PIN2 was
also slightly disrupted (Figure 7D and H). Although the PIN2 signal was still observed on
apical region of the plasma membrane (Figure 7D), it was also detected on plasma
membrane domains or punctate structures (Figure 7D and H). Moreover, the cell

organization of the epidermis and cortex was also affected in the AtTrs33-RNAIi line.

Discussion

Essential role of AtTrs33 in Arabidopsis cell development

In yeast, Trs33 is non-essential for yeast cells to survive (Lipatova, et al. 2016).

Here we revealed in Arabidopsis, Trs33 plays an essential role in plant cell development.
During our characterization of AtTrs33, we first noted that plants with a T-DNA insertion
in one copy of the AtTrs33 gene fail to produce plants homozygous for the T-DNA insertion.
It seems that in plants heterozygous for the T-DNA insertion, female transmission is fine,
but male transmission is impaired. When the expression of AtTrs33 is perturbed by RNAI
or over-expression, plants are also either sterile or semi-sterile. Although perturb the
expression of AtTrs33 didn’t affect plant viability, the cell differentiation and organization
in primary root tips were affected. This indicates that AtTrs33 plays a important role in cell
differentiation and organization.

In yeast cells, Trs33 has been identified as one of seven subunits of TRAPP |

(Sacher, et al. 2001) but a recent study has suggested that Trs33 is a component of TRAPP

IV [19]. Although Trs33 is non-essential for yeast cells to survive, it is synthetic lethal with

Trs65, whose N-terminus shares sequence similarity with Trs33 (Tokarev, et al. 2009).

11
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Noticeably, Trs65 is missing in the Arabidopsis genome (Cox, et al. 2007). Although in

mammalian cells there are two isoforms of Trs33 (TRAPPC6A and TRAPPC6B) (Gwynn,

et al. 2006), one of them may serve as Trs65 (Tokarev, et al. 2009), Arabidopsis has a

single copy of Trs33. This may explain why in yeast trs33 is non-essential while it is in
Arabidopsis. However, AtTrs33-YFP largely resides in Golgi. Thus, it is also possible that
in Arabidopsis, unlike the role of trs33 in yeast autophagy, AtTrs33 plays an essential role
in trafficking around Golgi. In this regard, it is interesting to that the rab-d1/d2b/d2c, a
triple mutant with defective in Arabidopsis RAB-D1 and RAB-D2a-c, Arabidopsis
homologs of Rabl in ER-Golgi trafficking as well as plants expressing dominant-negative
RAB-D1(NI) or RAB-D2a(Nl) also exhibit necrosis in the apical region of stems (Pinheiro,

et al. 2009), similar to what is observed in plants with perturbed expression of AtTrs33.

Role of AtTrs33 in the organization and cell growth in root tips

Although a disruption of AtTrs33 by a T-DNA insertion can lead a severe problem
in male transmission therefore we are unable to obtain homozygous attrs33 mutant plants,
we found that some transgenic plants with transcriptional perturbation of AtTrs33 can be
generated. These plants with perturbed AtTrs33 expression are associated with a growth
defect in both shoot and root meristems. During root development, a proper auxin gradient

is important for maintenance and growth of root meristem cells (Grieneisen, et al. 2007).

When the expression of AtTrs33 was perturbed, the local auxin distribution was affected.
This might be the reason of cell files mis-organization and mis-identification in root tip of

the AtTrs33-RNAI line.

12
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In plants, distribution of auxin is largely under the control of transporters-facilitated

auxin transport from cell to cell (Vernoux, et al. 2010). For example, PIN1 is strongly

expressed in stele cells and localized to the basal part of the plasma membrane of these
cells for downward auxin transport to the root tips, while PIN2 is localized to the apical
part of the plasma membrane of epidermal cells for the return of auxin from the local
maximum point in the distal cells below the QC. The polar localization of PIN1 and PIN2
is affected in the AtTrs33-RNAI line. This might be the reason of mis-established local
auxin maximum in root tips. When the polar localization of PIN1 and PIN2 were disrupted,
auxin cannot be properly transported and then it will be accumulated in other cell types.
Finally, we would like to mention that in the AtTrs33-RNAIi line, it seems that the
basal plasma membrane localization of PIN1 is lost in stele cells, while the polarity of PIN2
is impaired to a lesser extent in epidermis. Because AtTrs33-RNA. is expressed under the

control of 35S, which is not very active in epidermis (Battraw and Hall 1990), so it is

possible that the penetration of RNA. is different between epidermal and stele cells. It has
been reported that the polar distribution of PIN1 and PIN2 may be mediated by different

pathways (Jaillais, et al. 2007; Qi, et al. 2011; Robert, et al. 2008; Teh and Moore 2007).

Whether the molecules related with PIN1 and PIN2 transport are differentially affected by

AtTrs33 need to be further study.

Conclusions

In the present study, we reported AtTrs33 is essential in cell growth and
organization in Arabidopsis. AtTrs33 is ubiquitously expressed in different tissues and its
loss-of-function mutant is lethal. Perturbation of AtTrs33 transcription leads to apical

meristematic growth defects and reduced fertility. The impaired apical meristematic

13
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activity was caused by altered auxin response. These findings provide new insights into the

functional divergence of TRAPP subunits between yeast and plants.

Materials and Methods

Sequence cloning and analysis

For promoter analysis, a 1011 bp UTR5 region of AtTrs33 was amplified and cloned into
pDONR222.1 (Invitrogen). The sequencing confirmed promoter sequence was sub-cloned
into the vector pMDC164 (pAtTrs33::GUS) for the GUS assay. For overexpression, the
coding sequence of AtTrs33 without stop codon was cloned into pPDONR222.1 (Invitrogen)
and the corrected coding sequence was sub-cloned into pEarleyGate101 (ABRC stock
DB3-683) to create 35S::AtTrs33-YFP. For RNAI, the full length of AtTrs33 was sub-
cloned into pH7GWIWG2(]) to create 35S::AtTrs33-RNA..

Plant materials and growth conditions

The T-DNA insertional line (Salk_109244) was provided by the Arabidopsis Biological
Resource Center (http://www.arabidopsis.org). AtTrs33-YFP and AtTrs33-RNAI
transgenic Arabidopsis lines were obtained according to Agrobacterium-mediated floral

dip method (Clough and Bent 1998). Markers DR5-GFP, PIN1-GFP and PIN2-GFP were

introduced into the AtTrs33-RNAI line #2 through crossing. For seeds germination, all
seeds were sterilized in 80% ethanol for 10 minutes and were germinated on AT medium

(Somerville and Ogren 1982) with corresponding antibiotics. Plants on medium or soil

were grown under long-day condition (16/8 h light/dark) at 22-24°C.

14
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Subcellular localization
Co-expression of AtTrs33-YFP and Golgi marker ST-GFP in Nicotiana benthamiana

lower leaf epidermal cells was performed as described by Zhang et al. (Zhang, et al. 2013).

The final OD600 for Agrobacterium cultures was 0.03 for both ST-GFP and AtTrs33-YFP.
Acquisition of fluorescent images was performed on an inverted Zeiss LSM510(meta) laser
scanning microscope with a C-apochromat40x/1.2W numerical aperture oil-immersion
lens. More detail is required. For GFP, YFP, PI, what laser and filters used, for GFP/YFP
and GFP/PI, what laser and filters used. Zeiss LSM software (Carl Zeiss, Gottingen,
Germany), Photoshop (Adobe, San Jose, CA, USA), NIH ImageJ (http://rsbweb.nih.gov/ij/)

were used for post-acquisition image processing.

Abbreviations

DAG: days after germination; ER: endoplasmic reticulum; GEF: guanine-nucleotide
exchange factor; GFP: green fluorescent protein; PI: propidium iodide; RNAi: RNA

interference; TRAPP: trafficking protein particle; YFP: yellow fluorescent proteins
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Figure Legends

Figure 1. Expression pattern and GUS assay of AtTrs33 in Arabidopsis.

(A) Microarray results from the public database showing ubiquitous expression pattern in

various tissues.

(B) Co-expression network of AtTrs33.
(C) Correlation of expression pattern for Trs33 with Trs20 and RabA1B.

(D-H) Gus staining of pAtTrs33::GUS seedling, hypocotyl, root tip, and flower organs.

A

10,000 5+ O P54, 75625, 30K 30

1,000+

Intensity

250

P

L+, > *
5O0T™ # e o
\

"*VH oy
¥

{ \ A p
PR VAL W TR FONAY i "
¥

AtTrs33 ——
Gapc

A

s
*.,HM". / \
Y\

P

Root étém Leaf

“Whole

Plant

Apex ‘Flowers ' Floral éeeds

organs

C 0

0
0 300 600

0 300 600 900 1200 1500
Trs33

r=0.63

900 1200 1500
Trs33

20



O©CO~NOOOTA~AWNPE

498
499
500
501
502
503
504
505
506
507
508
509

510
511

Figure 2. Molecular complementation on trs33 mutant plants and subcellular localization
of AtTrs33-YFP.

(A) Seven days seedlings of wild type Col-0 (left) and rescued trs33 mutant plants (right).
(B) Inflorescence of wild type Col-0 (left) and rescued trs33 mutant plants (right).

(C) AtTrs33-YFP marked punctate structures in rescued trs33 mutant plants.

(D-F) Confocal images of ST-GFP in wild type Col-0 showing signal from GFP channel
(D), YFP channel (E) and merged picture (F).

(G) Scatter plot of co-localization between ST-GFP and AtTrs33-YFP.

(H-J) Confocal images of ST-GFP in rescued trs33 mutant plants showing ST-GFP (H),
AtTrs33-YFP (I) and merged picture (J). Note ST-GFP and AtTrs33-YFP showing co-
localization in (J). Arrows indicating single Golgi bodies. Scale bar is 1 cm in (A), 10 cm
in (B), 5 um in (C) and in (1) for (D-1).
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Figure 3. Perturbation of AtTrs33 transcription by RNA interference causes defects of

apical meristematic growth and a range of fertile defects.
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(A) wild type Col-0 plants (left) and
AtTrs33-RNAI lines  showing
dwarfness and  multi-meristems
phenotype (right). Arrow head
indicating transgenic plants with
multi-meristems.

(B-C) Magnified view of plants
showing single bud in wild type plant
(B) and multi-buds in AtTrs33 RNAI
plants (C). Arrows pointing at the
bud(s).

(D-G) Inflorescences of AtTrs33
RNAI plants showing a range of
fertile defects from sterile (D) to
fertile (G). Note the multi-
inflorescences in (D-G).

(H) An inflorescence of wild type
Arabidopsis showing normal siliques.

() An AtTrs33-RNAI plant showing
multi-inflorescences and shoot apical
Necrosis.

(J) Magnified view of the shoot apical
necrosis in (1).

(K-L) (B) Gel staining (K) and
Quantification (L) of  semi-
guantitative PCR analysis of wild
type and AtTrs33 RNAIi lines
showing interfered transcription.
Scale bar is 1 cm in (A), (B) and (1),
5 cm in (H) for (D-H), 0.5 cm in (J).
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Figure 4. Perturbation of AtTrs33 transcription by RNA interference causes multi-buds
but not seed germination.

(A) Images of wild type and AtTrs33 RNAI lines collected at 1, 3, 5 and 8 days after
germination (DAG). Note the similar germination on DAG1, and the growth defects on
DAG3, DAG5 and DAGS.

(B-C) Close view of shoot apices showing single bud in wild type (B) and multi-buds in
AtTrs33 RNAI plants (C).

(D-E) Cartoons showing single bud in wild type (D) and multi-buds in Trs33-RNA. line
(E) located in the apical region.

(F-G) Close view of hypocotyls and roots showing normal wild type (F) and arrested
primary root in AtTrs33 RNAI plants (G). Note the lateral root like organs formed in
hypocotyl of AtTrs33 RNAI plants (G).

(H) Magnified view of arrested primary root in AtTrs33 RNAI plants.
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Figure 5. Perturbation of AtTrs33 transcription by over-expression causes fertile defects,
apical meristematic growth defects and shoot apical necrosis.

(A) AtTrs33-YFP over-expression lines showing a range of fertile defects. Arrow heads
indicating abolished siliques and arrows pointing at multi-inflorescences.

(B) A wild type Arabidopsis plant showing normal inflorescence and siliques.

(C-D) Two individual plants of AtTrs33 over-expression lines with (D) or without (C)
shoot apical necrosis phenotype.

(E) Magnified view of shoot apical necrosis in (D).

(F-G) Gel staining (F) and quantification (G) of semi-quantitative PCR analysis of wild

type and AtTrs33 over-expression lines showing increased transcription.
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Figure 6. Auxin responses in root apical meristem are altered in AtTrs33 RNAI lines and
the permeability of meristematic cells is largely increased.

(A-C) Confocal images of wild type Col-0 root tips showing DR5::GFP (A) and Pl staining
(B). (C) is the merged image of (A) and (B).

(D-F) Confocal images of AtTrs33 RNAI plant root tips showing altered auxin responses
(D) and P1 staining (E). (F) is the merged image of (D) and (E). Note the nuclei of AtTrs33
RNAI plant root meristematic cells were stained (E) at the time when wild type root
meristematic cells were not (B) indicating the increased permeability of AtTrs33 RNAI
plant root meristematic cells. Scale bar in (F) is 50 um for (A-F).
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Figure 7. Polarity of PIN1 and PIN2 is changed at different extent in AtTrs33 RNA. lines.
(A-D) Confocal images of PIN1/2-GFP in root tips of wild type Col-0 (A, C) and AtTrs33
RNAI plants (B, D) showing the fluoresce marked center (A-B) and peripheral cells (C-D).
(E-H) Magnified view of (A-D) showing polarized localization of PIN1/2-GFP in wild type
Col-0 (E, G) and changed polarity in AtTrs33 RNAI plants (F, H). Note the polarity of
PIN1 is totally lost (F) and polarity of PIN2 is partially lost (H) in AtTrs33 RNAI plants.
Scale bar is 50 um in (D) for (A-D), 5 um in (H) for (E-H).
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