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OBJECTIVES AND EXPERIMENTS CONDUCTED, BY LOCATION, TO ACCOMPLISH 
OBJECTIVES: 
The overall objective is to employ forward and reverse genetic screens to identify novel rice 
germplasm for incorporation into breeding programs serving the California rice industry. 
Primary emphasis will be placed on screening populations of rice generated by traditional 
mutagenesis for new traits affecting grain quality and reducing production costs. This will be 
achieved by directly screening plant materials for traits of interest and by identifying changes in 
the DNA sequence of genes that may result in the expression of these traits. Specific targets 
include reduced uptake and/or localization of arsenic in milled rice grains and 
resistance/tolerance of rice plants to selected herbicides.   
 
The traditional approach to utilizing mutant populations is to conduct screens to identify mutant 
phenotypes of interest. Classic examples of this forward genetics approach in rice include the 
identification of the semidwarf trait, conditional male sterility, and imidazolinone tolerance. 
Reverse genetics is a complementary approach for exploiting mutant populations. This strategy 
requires prior knowledge of the genes involved in traits of interest. These genes are used to 
screen populations to identify mutated versions that may result in the expression of novel traits. 
One method of reverse genetics is Targeting of Induced Local Lesions in Genomes (TILLING). 
The TILLING strategy is based on the detection of mutations in target gene sequences by 
screening DNA isolated and pooled from hundreds of mutant lines (typically ~2,000 lines total). 
A service to identify mutations of interest from this population is operated by the UC Davis 
TILLING Lab at the Genome Center. We have successfully used this service to identify 
mutations in genes involved in arsenic uptake/accumulation and genes that encode protein targets 
of various herbicides. The major objectives of our research in 2016 were 1) characterization of 
putative mutations in genes that control arsenic uptake/accumulation and genes encoding 
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proteins targeted by selected herbicides, and 2) completion of forward genetic screens to select 
for mutants that may exhibit reduced uptake and/or accumulation of arsenic. Work on this 
project was conducted in the USDA-ARS rice genetics lab, greenhouses, and other research 
facilities at UC Davis.  
 
Specific 2016 objectives included: 

1) Characterization of putative mutations in genes that control arsenic 
uptake/accumulation and genes encoding proteins targeted by selected herbicide: In 
2015, several putative mutations were identified from screening of mutant DNAs from 
the Nipponbare TILLING resource at the UC Davis Genome Center. Mutations which 
may yield changes of interest will be confirmed by sequencing and rice mutants 
containing those mutations will be isolated for evaluation of the target traits (i.e., arsenic 
uptake/accumulation and herbicide tolerance). Some targeted genes yielded few 
mutations in the initial screening and an additional 2,048 mutants will be subjected to 
reverse genetic screening in those cases.  

2) Completion of forward genetic screens to select for mutants that may exhibit 
reduced uptake and/or accumulation of arsenic: Arsenic (As) is known to enter rice 
plants using the same transport pathway used by silicon (Si). We will complete the 
forward genetic screens of various rice populations to identify mutants exhibiting altered 
Si uptake and accumulation using germanium (Ge) which has chemical properties similar 
to Si, but is toxic to rice.  

 
 
SUMMARY OF 2016 RESEARCH (MAJOR ACCOMPLISHMENTS) BY OBJECTIVES: 
 

 
1) Characterization of putative mutations in genes that control arsenic 

uptake/accumulation and genes encoding proteins targeted by selected herbicide: In 
2015, fifty-seven candidate mutations were identified by reverse genetics screening of a 
population of rice mutants (M2 generation) with nine genes of interest. Forty-two of 
those putative mutations were confirmed to be present in the M3 generation mutants. Of 
the remaining fifteen mutations, seven could not be confirmed because the seeds from 
those lines did not germinate and eight mutations were determined to be false positives 
(i.e. no mutations were detected by Sanger sequencing of the DNA). Thirty-nine of the 
forty-two confirmed mutations were detected in a homozygous state (i.e. both copies of 
the gene carried the expected mutation) while three were identified in a heterozygous 
state (i.e. one mutant copy and one wild type copy in the same individual). Identification 
of mutations in the homozygous or “fixed” state is important because most mutations are 
recessive and the traits they impart will not be expressed in the heterozygous state. Seeds 
were obtained from at least one homozygous mutant line harboring thirty-six of the 
thirty-nine mutations in a homozygous state and from the three mutations detected in the 
heterozygous state (Table 1). Three of the mutant lines carrying homozygous mutations 
for the protoporphyrinogen oxidase (PPO) gene (Line 5159) and the glutamine synthetase 
on chromosome 10 (Lines E-2352 and 2788) did not produce any seeds. Comparison of  
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Table 1. Confirmed mutations affecting coding regions of target genes 

 
*Lines carrying heterozygous mutations which must be “fixed” by selfing before use. 
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all the mutations confirmed by sequencing with the 3,000 rice genomes project sequence 
database (The 3K Rice Genome Project 2014) revealed that none of these mutations were 
present with the exception of a mutation in Lsi2 found in Line 5194. This result indicates 
that these mutations are novel (i.e. not among the natural genetic variation observed for 
these genes in the 3,000 rice varieties examined by that project). 

Herbicide target genes. Of the six genes selected as targets for generating 
herbicide tolerance, more than three mutations were identified for half of them (PPO, 
glutamine synthetase on chromosome 10, and alpha-2 tubulin). In the case of PPO, five 
of six mutations were detected in the homozygous state in M3 generation mutants which 
produced seeds. Interestingly, two of the mutations were identical (resulting in the amino 
acid change from alanine to threonine at position 353 – A353T) but identified in different 
mutant lines. For the five mutations in PPO that were confirmed in a homozygous state, 
four or more M3 lines produced M4 seeds which will be used to evaluate tolerance to 
PPO inhibitors in 2017. Four of six mutations in the glutamine synthetase gene on 
chromosome 10 were identified in the fixed state in M3 generation mutants. Two of these 
mutations were found in at least eight M3 lines (Lines 15-1784 and E-1837) while two 
were found in very few M3 lines (Lines 5547 and 5722). This may reflect a negative 
impact of the latter two mutations on the fitness of plants carrying those mutations or the 
presence of other harmful mutations in those particular lines. Of the eight mutations 
detected in the alpha-2 tubulin gene, several of these mutations are candidates to have an 
effect on microtubules, the structures formed by tubulins and which are critical for cell 
growth and development. As with PPO, one mutation in alpha-2 tubulin was detected in 
two different mutant lines. This mutation causes a single amino acid change from glycine 
to arginine at position 365 (G365R) and only one homozygous M3 mutant was isolated 
from each original M2 mutant (Lines 3634 and 3925). In cooperation with UC Davis 
colleagues, these mutants will be evaluated with pendimethalin to determine if this 
herbicide affects the formation of microtubules in the root cells of mutants carrying 
homozygous mutations in the alpha-2 tubulin gene. While mutations were detected in the 
remaining target genes (glutamine synthetase on chromosome 2, 4-hydroxphenylpyruvate 
dioxygenase - HPPD, and acetyl-CoA carboxylase – ACCase), they were relatively few 
in number and additional screening by TILLING has been initiated with results expected 
in early 2017. 

Arsenic uptake/accumulation genes. Twelve mutations in the Lsi2 gene were 
confirmed in 2016. Of these, nine were identified in a homozygous state in the M3 
generation while the remaining three were identified only in the heterozygous state. One 
fertile heterozygous M3 mutant for each of these mutations (Lines 5194, E-1653, and E-
1870) was obtained and the resulting M4 seeds will be grown and DNA-tested to identify 
any plants carrying these mutations in the homozygous state. Many fewer mutations were 
detected and confirmed for the two other genes, Lsi1 and OsABCC1. This may be an 
indication that these two genes are more critical to the normal growth and development of 
the plants. Both of these genes are currently being screened by TILLING on another 
2,048 mutants in an attempt to identify more mutations. Results are expected in early 
2017. All the M3 generation mutant lines harboring homozygous mutations in Lsi1, Lsi2, 
and OsABCC1 produced M4 seed which will be used to evaluate arsenic and silicon 
content from field-grown materials in 2017. The fixed mutants will also be evaluated in 
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controlled environments (growth chamber and greenhouse) and germanium assays (see 
Objective 2) will be performed to complement elemental content analysis. Following 
confirmation and identification of homozygous mutant lines, genetic crosses were 
performed between a few of the Lsi mutants: E-1746-16 (Lsi1) x E-2308-1 (Lsi2) and 
2902-13 (Lsi2) x E-1746-16 (Lsi1). In 2017, the F1 seeds will be planted and the F1 plants 
will be DNA-tested to confirm the crosses before harvesting seeds. Additional crosses 
will also be performed between other mutants identified this year.  

 
2) Completion of forward genetics screens to select for mutants that may exhibit 

reduced uptake and/or accumulation of arsenic: To identify candidate mutants with 
reduced arsenic content, a forward genetics screen using the element germanium was 
conducted. Germanium is taken up by rice plants using the same pathway as silicon and 
arsenic. However, accumulation of germanium by rice seedlings results in the formation 
of lesions (areas of tissue necrosis) and eventual seedling death. This year screening of a 
mutant population in the variety Kitaake was completed. A total of 879 mutant lines were 
evaluated for sensitivity to germanium and approximately 10% of the lines exhibited 
some alteration in their response in the germanium assay compared to wild type Kitaake 
seedlings. About 30 lines were more sensitive/susceptible than Kitaake, exhibiting lesion 
formation earlier and/or more severely (i.e. more lesions, larger lesions). Another 55 or 
so lines exhibited less sensitivity (i.e. fewer or no lesions) compared to Kitaake and of 
these, 11 were classified as tolerant (Fig. 1). All mutant lines exhibiting altered response 
to germanium will be re-tested to confirm their phenotypes. Once confirmed, those lines 
will be planted in the field alongside the mutants identified by TILLING so that silicon 
and arsenic content in leaf tissue and rice grains can be evaluated. Genetic crosses will be 
made between the confirmed mutant lines identified by the germanium assay and also 
with the TILLING mutants. Crosses with wild type Kitaake or other varieties will be 
made for the purpose of genetic mapping to identify the underlying mutations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Identification of candidate arsenic uptake/accumulation mutants of rice using  
germanium. Sensitive Kitaake wild type seedlings (lesions on leaf sheaths and some 
blades) in the left panel. Tolerant Kitaake mutant line in the right panel. 
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CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 
In 2016, mutations in arsenic uptake/accumulation-related genes and herbicide target genes 
identified by reverse genetics were confirmed by DNA sequencing. Most of the confirmed 
mutations were identified in the homozygous (fixed) state in fertile M3 generation mutants, thus 
enabling the harvesting of M4 seeds for trait evaluation in 2017. Forward genetics screening for 
the identification of reduced arsenic mutants in the variety Kitaake was completed and several 
candidate mutants were identified for re-testing and trait evaluation in 2017. Trait evaluations 
will involve determining arsenic and silicon content of field-grown mutants and examining the 
response of mutants to herbicides using lab, greenhouse and field-based testing. Genetic crossing 
to combine mutations identified by reverse genetics and to genetically map mutations underlying 
mutant traits identified by forward genetics will be conducted. 
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