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Objectives 

1. Develop inducible FT (iFT) strains 
a. for up to 4 rootstock varieties 

2. Evaluate precocious flowering in: 
a. newly created iFT varieties 
b. scions grafted onto iFT varieties 
c. plants with transiently expressed FT 

 
Problem and Significance 

Citrus geneticists have brought many varieties to 
market over the years, but the biology of citrus limits 
how quickly geneticists can respond to market 
needs. Citrus plants grown from seed possess a 
juvenile period of five or more years before they 
reach sexual maturity, which adds many years onto 
each breeding cycle compared to annual crops. In 
this project, we characterize the performance of 
newly developed inducible flowering time (iFT) 
constructs in diverse citrus germplasm. Specifically, 
we are introducing iFT into different commercial 
rootstock and scion varieties to establish how 
broadly applicable the iFT technology is across 
citrus germplasm. In addition, we are characterizing 
the ability of newly created transgenic materials to 
transmit graft-transmissible flowering signals into 
non-transgenic varieties. Our development of 
methods to reliably induce precocious flowering will 
accelerate citrus breeding cycles, enabling the faster 
development of new varieties. 

Benefit to Industry 

This project's immediate benefits are to citrus 
geneticists and breeders, as the tools built and 

validated will enable faster generation times. The 
iFT technology developed and characterized should 
also allow breeders to acquire fruit quality data in 
juvenile transgenic plants, which will help eliminate 
undesirable hybrids early in breeding programs. The 
products of this project should accelerate citrus 
breeding, including efforts to improve huanglongbing 
(HLB)-tolerance and other consumer or grower-
relevant traits. 

Progress Summary 

In objective 1, we proposed to develop inducible FT 
(iFT) strains for up to 4 rootstock varieties with the 
goal of defining how broadly applicable the 
technology is across citrus germplasm. We have 
completed and exceeded this goal. First, the iFT 
construct was introduced into ten varieties by 
Agrobacterium-mediated transformation of epicotyl 
segments; transgenic shoots expressing red 
fluorescent protein (RFP+) were then rescued by 
grafting onto rootstock seedlings. After ~6 months of 
subsequent growth, at least two independent 
transgenic lines for each variety were treated with 
the inducer (mandipropamid), and flowering was 
subsequently evaluated over the next month.  

Variety Type Use Inducible 
Flowering? 

Koethen Sweet orange Rootstock + 

Volkamer Mandarin x citron Rootstock + 

Macrophylla Papeda Rootstock + 

Carrizo Citrange Rootstock + 

C-35 Citrange Rootstock - 

Rich 16-6 Trifoliate Rootstock - 

Flying dragon Trifoliate Rootstock - 

Hamlin Sweet orange Scion + 

W. Murcott Mandarin Scion + 

Limoneira 8A 
Lisbon Lemon Scion + 

Table 1. Summary of results with transgenic iFT varieties 
created to date. At least two independent transgenic 
events were evaluated after inducer treatment to 
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determine whether the iFT construct enabled inducible 
precocious flowering. 

Our data (shown in Table 1) demonstrates that iFT 
enables inducible flowering in varieties sampled 
widely from citrus’ genetic diversity: two sweet 
oranges, a papeda, two lemons, one mandarin, and 
a citrange. Furthermore, our observation of a 70% 
success rate (success in seven out of the ten 
varieties tested) suggests that iFT should perform 
well in many other citrus varieties. However, genetic 
factors may be present in Poncirus and Poncirus-
derived germplasm that limit or block iFT efficacy, as 
neither C-35, Rich 16-6, nor Flying dragon iFT 
varieties flowered after inducer treatments (Table 1).  

 

Figure 1. iFT Hamlin transgenic plants were treated with 
mandipropamid inducer and photographed 20 (top left) 
and 60 days (bottom left) after application. (right) qRT-
PCR analyses of FT mRNA expression in three different 
iFT Hamlin transgenic lines. Leaves were treated with 
either a mock solution or a solution containing 
mandipropamid and mRNA extracted 24 hours after 
application and analyzed by real-time qRT-PCR. One of 
the three plants tested also included a pre-treatment 
control (i.e., not treated with either a mock or 
mandipropamid-containing solution) as an additional 
control. All three transgenics show ~10-fold induction of 
FT after mandipropamid treatment. Expression is relative 
to an internal GAPDH control gene. 

Representative induction results are shown in Figure 
1 (with iFT Hamlin); molecular characterization of FT 
mRNA levels after induction in iFT Hamlin 
demonstrates that robust FT expression occurs after 
inducer treatment. 

In addition, we note that Limoneira 8A lemon and 
Volkamer iFT varieties continued to flower in the 
months after inducer treatment and revealed an 

“ever-bearing” phenotype. The correlation of this 
phenotype with the presence of citron ancestry in 
Volkamer and Limoneira may indicate that citron-
derived genotypes are more sensitive to iFT than 
others.  

Collectively, our studies to date demonstrate that the 
iFT technology functions across diverse citrus 
germplasm, although there appear to be genotype-
dependent differences in efficacy. Nonetheless, iFT 
can be used to induce precocious flowering in some 
of the most commercially important rootstock and 
scion cultivars. 

 

Figure 2. F1 embryos from a cross of Meyer lemon with 
iFT Carrizo viewed under epifluorescence. Six seeds 
were obtained from this cross, of which 3 were RFP+. The 
presence of RFP+ progeny (the left embryo) demonstrates 
the successful transmission of the iFT construct through 
the male germline, a prerequisite for using iFT technology 
in speed breeding. We have observed similar success 
with crosses of iFT Carrizo onto a Siamese acidless 
pummelo female. 

To incorporate iFT technology into breeding and 
genetics programs and ultimately accelerate the 
development of new varieties, the iFT transgene 
must be transmissible through the male or female 
germline (and ideally both). While there is no a priori 
reason to expect difficulties with FT germline 
transmission, our iFT construct contains molecular 
building blocks (from the induction switch used to 
control FT expression) that have not been well-
characterized outside Arabidopsis. Therefore, we 
conducted a series of crosses using different Carrizo 
iFT transgenic lines as pollen donors onto either a 
low acid pummelo or a Meyer lemon seed parent 
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and analyzed the F1s for expression of RFP. From 
these, we have indeed observed RFP+ progeny, 
which indicates successful transmission of iFT 
through the male germline (i.e., pollen). We 
subsequently genotyped the F1s from our pummelo 
x iFT Carrizo crosses with PCR primers to identify 
monoembryonic and self-compatible progeny. Two 
such lines were identified; these will be useful in 
future genetic and breeding experiments. Thus, our 
crosses using iFT Carrizo demonstrate that juvenile 
transgenic plants can be used for crosses, which 
provides proof-of-principle for one cycle of our 
proposed “speed breeding” approach using iFT 
technology. Crosses of other iFT cultivars are in 
progress. 

 
Figure 3. Seed obtained from iFT transgenic fruit set after 
induction of juvenile transgenic plants. This seed provides 
us material that we can use to distribute the technology to 
other investigators as well as clonal material for 
experimental characterization of iFT and graft 
transmission, amongst other aims.  

One sub-objective of this proposal is to determine if 
flowering can be achieved by grafting non-
transgenic scions onto iFT donor plants; if 
successful, this will allow the acceleration of 
breeding using non-transgenic parents. Our 

attempts to date to test this by grafting onto iFT 
Carrizo have been unsuccessful. We will pursue two 
further attempts to determine if graft-transmission of 
FT can be used to induce flowering. Given our 
observations that iFT efficacy varies by cultivar, we 
will conduct similar experiments using other iFT 
donors, which until recently were not available to us 
in sufficient quantities. In addition, we will conduct 
grafting experiments using young seedlings 
germinated from iFT seed, which have also recently 
become available to us (see Figure 3); this approach 
is being pursued to minimize the distance that FT will 
have to travel to reach a meristem.  

As a complementary approach, we have been 
investigating the possibility of using transient 
induction of FT to trigger flowering. These 
experiments are not completed yet; however, we 
have demonstrated that we can use Agrobacterium 
infections to transiently express a target RUBY 
marker gene (Figure 4). Our experiments to test the 
effects of transient FT expression and grafting with 
different iFT cultivars will be completed in the 
upcoming months.  

 

Figure 4. Expression of the RUBY marker gene in citrus. 
The left picture shows a leaf infiltration with an 
Agrobacterium strain harboring the RUBY expression 
vector, ~5 days post-infiltration. Coronatine (a mimic of 
the wound-inducible hormone jasmonic acid-Ile) was 
included in the infiltration with the “+” to see if wound 
signaling was mediating the transient expression 
response, which it does not appear to be doing. The right 
panel shows Carrizo seedlings to which transient 
infections were conducted using vacuum infiltration and 
two different amounts of surfactant; the seedlings were 
photographed ten days after infiltration; the red leaf 
coloring indicates successful transient expression of 
RUBY. 



2020-2021 Annual Report  

NOTICE: The research results included in this publication are summary reports for the benefit of the Citrus Research Board and the growers it serves. They are not to be 
taken as recommendations from either the individual reporting or the agency doing the research. Some of the materials and methods mentioned are neither cleared nor 

registered for commercial use. The summaries were written by the project leaders identified. Both technical names and registered trademarks of materials are used at the 
discretion of the authors and do not constitute any endorsement or approval of the materials discussed. Questions on possible applications should be directed to the local 

University of California Extension Specialist, a licensed PCA, or the appropriate regulatory agency. 
 

 

CRB Project # 5200-174 

Publications and Presentations 

Sang-Youl Park, Francis C. Peterson, Aditya 
Vaidya, Zenan Xing, Matthew A. Bedewitz, Paul J. 
Steiner, Brian F. Volkman, Mikeal L. Roose, Dmitri 
A. Nusinow, Timothy A. Whitehead, Ian Wheeldon, 
and Sean R. Cutler. Dynamic agrochemical control 
of crop phenotypes using a repurposed plant 
sensing module. Manuscript in preparation. 

 
 


