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Neo-functionalization of a Teosinte branched T
homologue mediates adaptations of upland rice

Jun Lyu"®, Liyu Huang® "8, Shilai Zhang® ', Yesheng Zhang® 2, Weiming He!, Peng Zeng® 3, Yan Zeng® 2,
Guangfu Huang1, Jing Zhang1, Min Ning® 1 Yachong Bao® !, Shilei Zhao® 4, Qi Fu!, Len J. Wade® °*,
Hua Chen® #°*, Wen Wang® 2/* & Fengyi Hu®

The rice orthologue of maize domestication gene Teosinte branched 1 (Tb1) affects tillering.
But, unlike maize TbT gene, it was not selected during domestication. Here, we report that an
OsTb1 duplicate gene (OsTb2) has been artificially selected during upland rice adaptation and
that natural variation in OsTb2 is associated with tiller number. Interestingly, transgenic rice
overexpressing this gene shows increased rather than decreased tillering, suggesting that
OsTb2 gains a regulatory effect opposite to that of OsTb1 following duplication. Functional
analyses suggest that the OsTb2 protein positively regulates tillering by interacting with the
homologous OsTb1 protein and counteracts the inhibitory effect of OsTb1 on tillering. We
further characterize two functional variations within OsTb2 that regulate protein function and
gene expression, respectively. These results not only present an example of neo-
functionalization that generates an opposite function following duplication but also suggest
that the Th7 homologue has been selected in upland rice.
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odern civilization is built on a foundation of domes-
M ticated crops and animals that have been the main

source of calories for humans for more than 10,000
years. Multiple domesticated crops often share similar domes-
tication traits compared to their wild relatives, such as loss of seed
shattering and dormancy, increased fruit size, or alterations of
plant architecture; this phenomenon is referred to as domes-
tication syndrome. An increase in apical dominance is an
important example of domestication syndrome that occurs in
many gramineous crops. Domesticated maize, sorghum, rice,
wheat, and foxtail millet all show an increase in apical dominance
and a corresponding reduction in shoot branching compared to
their wild counterparts!. The well-established domestication gene
Teosinte branched 1 (Tbl) was originally found to result in
increased apical dominance in maize?. QTLs containing TbI
orthologous loci in sorghum, foxtail millet, wheat and pearl millet
were later discovered to account for tiller variation under
domestication3->. However, these studies based on QTL analysis
do not unequivocally demonstrate whether the underlying causal
gene is a TbI orthologue or not. In rice, the TbI orthologous gene
OsTb1, located on chromosome 3, was shown by mutant analysis
to impact tiller branching but was suggested to not be related to
rice domestication®” because this locus was not selected during
domestication. A previous whole-genome scan for domestication
genes in rice conducted by large-scale genome resequencing also
detected no signals for artificial selection around this region®°.
Although it has been realized that the increase in apical dom-
inance constitutes parallel morphological evolution in cereal
crops, it remains elusive whether this parallel domestication has a
similar genetic basis.

There are two rice subspecies Oryza sativa japonica and indica
that exhibit different tillering abilities, with the japonica sub-
species tending to have fewer tillers than indica. Rice also has two
ecotypes, upland and irrigated ecotypes, which are adapted to
rainfed upland conditions and well-watered conditions, respec-
tively. Our previous analysis of upland rice genomes and irrigated
rice genomes revealed that another gene, which is a paralogue of
OsTbl1 located on rice chromosome 9 (hereafter referred to as
OsTb2), is highly differentiated between the two ecotypes!C.
Upland rice varieties are generally japonica and tend to exhibit
taller plant architecture, better-developed roots and fewer tillers
compared to their irrigated counterpart (Supplementary Fig. 1). It
has been known that in upland rice fewer tillers is an adaptive
architecture because upland varieties with a small number of
tillers tend to have longer deep roots and larger panicles than
those with profuse tillers!>!2. Given that the two ecotypes have
apparently different tillering abilities'?, it is tempting to speculate
that OsTb2 might regulate rice tillering.

Gene duplication is a major way whereby new genes originate.
OsTb2 and OsTbl are highly homologous and appear to be the
two most closely related gene copies in the rice genome that likely
diverged from a gene duplication event. After duplication, the
new gene copy will be functionally redundant with the old copy in
the short term, while in the long term, it can become a pseudo-
gene or may be lost!3. Alternatively, in some scenarios, the new
copy obtains a new function during evolution, a process referred
to as neo-functionalization!%1°. It is important to test whether
OsTb2 has retained the same function as OsTbl in repressing
tillering. DWARFI4 (DI4) is a gene involved in strigolactone
signalling and negatively regulates rice tillering!®. Previous stu-
dies showed that OsTbl represses tillering by interacting with
OsMADS57 to promote D14 expression!”. Whether OsTb2 plays a
similar role in regulating rice tillering remains to be elucidated.

In this study, we present evidence that OsTb2 has evolved a
function opposite to that of its paralogue OsTbI. Unlike OsTb1,
which is a tillering inhibitor, OsTb2 is a positive regulator of

tillering. We show that OsTb2 likely functions by interfering with
the inhibitory effect of OsTb1 on tillering. Moreover, we find that
a 3 base pair (bp) indel in the coding region of OsTb2 is divergent
between the japonica and indica subspecies and that in japonica,
the 3 bp insertion enhances the function of OsTb2 in promoting
tillering. More interestingly, another functional variation is a T to
C mutation that has been selected and fixed in upland rice. By
reducing the expression of OsTb2, this derived C allele has likely
contributed to the dryland adaptation of upland rice by reducing
tillers and increasing grain yield per panicle, generating an
upland-adaptive plant architecture that was favoured and selected
by humans. Our findings not only provide another vivid example
of gene neo-functionalization but also demonstrate that para-
logous genes with opposite functions might be selected during
domestication and breeding.

Results
OsTb2 is differentiated between upland and irrigated rice.
Upland and irrigated rice ecotypes display significant differ-
entiation in tillering ability. In our previous comparative genomic
study'?, we found that Os09¢0410500 on chromosome 9, a
homologue of the maize Thl gene, was highly differentiated
between the two ecotypes. The rice orthologue of the maize Tbl
gene, OsTbl, is located on chromosome 3, showing the highest
homology to maize Th1 among the rice genes (See Methods). We
therefore referred to the Thl homologue on chromosome 9 as
OsTb2. Fst and XP-CLR were used to assess the artificial selection
signature around OsTb2 (40 kb upstream to 40 kb downstream)
(see Methods). Both Fsr and XP-CLR displayed a peak signal
around OsTb2, and the empirical P-values of both tests are below
5%o (Fig. 1), indicating OsTb2 was probably selected during the
differentiation of upland japonica and irrigated japonica rice.
Since high population differentiation of a gene region can
be caused by multiple other factors such as allele surfing,
hierarchical population structure etc.!8, we further checked
the allele frequency spectra of SNPs from the vicinity of the
putative causal mutations (see the next section for details about
the putative causal mutations). We observed a U-shape pattern
of the derived allele frequency spectra (AFS) in upland japonica,
and the pattern decayed with the increasing distance from the
causal mutations (Supplementary Fig. 2), which is a signal of the
hitch-hiking effect!?20. We further performed a nonparametric
Kolmogorov-Smirnov test to show that with the increasing
distance from the focal mutation, the U-shape AFS pattern of
SNPs in the sliding windows also decays and become similar to
the background AFS pattern (Supplementary Fig. 3), supporting
the hitch-hiking event. Moreover, we used the Hudson-
Kreitman-Aguadé (HKA) test to screen for genome-wide
recently selected genes (see Methods), and OsTb2 was found
to be among the 301 selected genes (HKA test P-value = 0.019).
Performing genome scan using the SweeD program also
uncovered a significant likelihood value (ranking top 1.6%) in
upland japonica, but an insignificant likelihood value (ranking
top 17.3%) in irrigated japonica (Supplementary Fig. 4). These
multiple lines of evidences strongly support that OsTb2 was
under selection during the cultivation of upland japonica rice.
As shown by our previous phylogenetic analysis!?, upland
japonica evolved from irrigated japonica. The artificial selection
signature therefore suggested that OsTb2 might have been
selected during evolution from irrigated rice to upland rice.
Considering that the OsTbI homologues, found in maize and
other crops, have been reported to account for the change in
apical dominance and that upland rice accessions actually have a
significantly lower tillering ability than irrigated accessions!?, we
were interested in determining whether OsTb2 also impacts
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Fig. 1 Artificial selection signal around the OsTb2 region. Peak signals (red arrows) were found by Fst (@) and XP-CLR (b) assessment, respectively. The
artificial selection signals were detected based on the Fst value (@) and the cross-population composite likelihood ratio test (XP-CLR, b). The Fst value and
XP-CLR score were calculated window by window (see Methods), and we then choose the windows with genome-wide top 5%o values as candidate
regions with selection signals. The dotted horizontal lines indicate the threshold of genome-wide top 5%o value.

tiller number in rice and whether it was selected during the
improvement of upland rice.

OsTb2 is associated with rice tillering ability. To identify the
polymorphic sites of OsTb2, we sequenced this gene in 84 upland
and 82 irrigated accessions (Supplementary Data 1) using Sanger
sequencing. In total, seven SNPs and two indels were identified
(Fig. 2a). To investigate the association between OsTb2 and til-
lering ability, we grew 132 of the above sequenced accessions and
collected phenotypic data on their tiller numbers at 40 and
50 days after germination (DAG). We then tested the association
between the SNPs/indels and tiller number phenotypes. As shown
in Table 1, among the nine polymorphic sites, only Indel I and
SNP3 were significantly associated with tiller number at both 40
DAG and 50 DAG. Moreover, these associations presented the
smallest P-values among all the variants, indicating that Indel I
and/or SNP3 is likely to be the functional variant(s) (Table 1).
The two variants produce three haplotypes (Fig. 2b). Considering
that hitch-hiking variants tightly linked with causal variants also
have the potential to be associated with phenotypes, it remains to
be determined whether only one or both variants are functional.

Association analysis can sometimes yield a false-positive result
due to population structure?!. Thus, we further tested the
association between OsTb2 alleles and tiller number in segregat-
ing populations. We used an Fg recombinant inbred line (RIL)
population obtained by crossing the upland variety IRAT104 and
the irrigated variety IR64, which segregate for both the Indel I
and SNP3 markers. We genotyped the 134 lines in the Fg RIL
populations using derived cleaved amplified polymorphic
sequence (dACAPS) markers?? (see Methods) and grew those lines
in irrigated and upland conditions to observe their phenotypes.
Severely distorted segregation phenomena were observed for both
Indel I and SNP3 loci. For the Indel I locus, 32 lines had a 3bp+
(3 bp insertion) genotype, while 96 lines had a 3bp— (3 bp
deletion) genotype (the other six lines were heterozygous). When
tiller numbers were compared between the Indel I-3bp+ lines and
Indel I-3bp— lines, we observed a significant increase in tillers for
the Indel I-3bp+ lines compared to lines with the Indel I-3bp—
genotype (Student’s t-test, P = 0.039; Table 2). For the SNP3 site,
the RIL-Fg population was so skewed towards SNP3-T that we
found only four lines with SNP3-C, making it difficult to
statistically test its association with tiller number. However, we
found one individual, RIL116, that was heterozygous for both
Indel I and SNP3. Therefore, we selfed this individual to produce
a near-isogenic F, population segregating for both Indel I and
SNP3.

The derived near-isogenic F, population included 451 indivi-
duals, all of which were grown to be phenotyped and genotyped.
In this near-isogenic F, population, distorted segregation was also
observed for SNP3. Among the 451 individuals, we identified 135
individuals with the SNP3-T genotype, but only 60 individuals
with the SNP3-C genotype, and the rest were heterozygous. For
Indel I, 60 homologous 3bp— individuals and 75 homologous
3bp+ individuals were genotyped. All of these individuals were
phenotyped twice (40 and 50 DAG). A conditional association
study was then conducted to examine the association between
SNP3/Indel T and tiller number. The results showed that the
SNP3-C genotype had significantly fewer tillers than did the
SNP3-T genotype under the Indel I-3bp+ condition (Student’s
t-test, P=6.15E-05 at 50 DAG; Table 3), while Indel I-3bp+
plants had significantly more tillers than Indel I-3bp— plants
(Student’s t-test, P=0.0193 at 50 DAG; Table 3). This result
further confirmed that the derived Indel I-3bp + allele in japonica
corresponded to an increase in tiller number, while the derived
SNP3-C allele in upland japonica was associated with a reduced
number of tillers. The findings that at 40 DAG, the SNP3 locus,
but not the Indel I locus, was marginally significantly associated
with tiller number (Student’s t-test, P=0.1191; Table 3) and that
the Indel I locus became significant only at 50 DAG suggested
that, consistent with what we observed in the natural population
association study, SNP3 might exhibit a function around the early
tillering stage (40 DAG) and that Indel I probably affects tillering
around the late tillering stage (50 DAG).

OsTb23%P+ can increase rice tiller number. We examined OsTb2
expression patterns in different tissues at 40 DAG and 50 DAG
stages using qQRT-PCR. The results showed that OsTb2 was pre-
dominantly expressed in the basal tiller node with a relatively
lower expression in leaf blade and sheath. Higher expression of
OsTb2 in the basal tiller node at 40 DAG than 50 DAG indicated
that OsTb2 starts to function from the early stage of tillering
(Supplementary Fig. 5). To validate the function of OsTb2, we
cloned the gene sequences of IRAT104 (OsTb23bP+) and IR64
(OsTb23b~) into the overexpression vector pCUBI-1390, driven
by the Ubiquitin promoter, which was then transformed into
Nipponbare. Multiple positive transgenic lines were obtained by
hygromycin B screening. Gene expression was greatly increased
in the OsTb230P+-OE1~6 and OsTb23%P—-OE1~6 lines compared
to the control lines, as shown in Supplementary Fig. 6a. Two
transgenic lines for each genotype as well as control lines (both
negative lines and WT) were then planted in dryland and irri-
gated environments in two growth seasons for phenotypic
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Fig. 2 Variants and haplotypes of OsTb2. a Structure and polymorphic sites of OsTb2. Two indels and seven SNPs were found in the OsTh2 gene. Indel |
and SNP3 (bold with asterisk) are both significantly associated with tiller numbers. b Indel | and/or SNP3 in the OsTb2 gene may be functional variants for
which three haplotypes were observed in the germplasm. The 3bp-/T haplotype is present in indica and wild rice, and thus likely to be the ancestral
haplotype. The 3bp+/T haplotype is mainly found in irrigated japonica, and the 3bp+/C haplotype is specific to upland japonica, consistent with the
evolutionary viewpoint that upland japonica evolved from irrigated japonica.

Table 1 Association between OsTb2 polymorphic sites and tiller numbers.

Polymorphic sites Position on chr09 Segregating genotypes P-value? (40 DAG) P-value (50 DAG)
SNP1 15272303 C/T 0.08713 0.5717

SNP2 15272752 G/A 0.07238 0.8106

indell 15273436~15273438 3bp+/3bp—b 0.01099 1.30E-11

SNP3 15274099 T/C 3.80E-05 2.55E-12

SNP4 15274295 T/C 0.4748 0.0003731

indel2 15274601-15274603 3bp+/3bp- 0.3998 5.88E-08

SNP5 15274707 G/A 0.2722 1.38E-08

SNP6 15274798 C/T rare SNPs rare SNPs

SNP7 15274921 G/A 0.2306 9.45E-07

Source data are provided as a Source Data file.

aFor each polymorphic site, we divided the accessions into two homozygous groups. Students’ t-test was then used to assess the differences in tiller numbers and determine significant P values between
two groups. Indel | and SNP3 are significantly associated with tiller numbers at both 40 DAG and 50 DAG. The effect sizes are shown in Supplementary Table 1.

b3bp+ refers to the three base pair insertion; 3bp— refers to the three base pair deletion. The positions on Chr09 are in reference to genome version IRGSP 5.0.
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Table 2 Conditional analysis for Indel | and SNP3 in natural and Fg-RIL populations.

Fg-RIL population

Comparison of Indel I-3bp+
with Indel I-3bp— conditioning

Comparison of SNP3-T with
SNP3-C conditioning on

Comparison of Indel I-
3bp-+ with Indel I-3bp-

Comparison of Indel I-3bp+
with Indel I-3bp— conditioning

on SNP3-T Indel 1-3bp+ on SNP3-T
P-value (40 DAG) 0.6954 0.0069 0.1343 0.1509
Mean value 417% 29.50% 12.70% 14.50%
difference
Variance 9.1 8.4 9.4 9.9
Effect size 0.17 3.22 0.62 0.72
P-value (50 DAG) 1.60E-05 0.0003 3.90E-02 0.2032
Mean value 30.70% 32.10% 11.20% 6.50%
difference
Variance 81.3 44.9 43.9 40.2
Effect size 5.02 3.47 1.4 0.78
Tiller number Indel I-3bp+ <@ SNP3-C < SNP3-T Indel 1-3bp4 >b Indel I-3bp+ > Indel |-3bp-
comparison Indel I-3bp— Indel I-3bp—

Source data are provided as a Source Data file.
aLess than.
bMore than.

Table 3 Conditional analysis for Indel | and SNP3 in a near-isogenic F, population.

Analysis Compatrison of Indel I-3bp+ with Indel I-3bp- conditioning Comparison of SNP3-T with SNP3-C conditioning on
on SNP3-T Indel 1-3bp+

P-value (40 DAG) 0.3724 1.19E-01

Mean value difference 7.59% 12.90%

Variance 19.5 131

Effect size 0.47 0.82

P-value (50 DAG) 0.02 6.15E-05

Mean value difference 15.40% 22.80%

Variance 70.9 451

Effect size 1.64 2.77

Tiller number comparison Indel I-3bp+ >2 SNP3-C <b
Indel I-3bp— SNP3-T

Source data are provided as a Source Data file.

2More than.

bless than.

examination. Accordingly, it was found that the transgenic lines
overexpressing OsTb23%P* had significantly more tillers than the
control lines (Fig. 3 and Supplementary Fig. 6b, c), supporting the
hypothesis that unlike its homologue Tb1, which is a tiller sup-
pressor, OsTb2 is a tiller enhancer. The transgenic lines over-
expressing OsTb23%P— had slightly fewer (but not significantly)
tillers, implying that the OsTb23%P~ genotype had a limited effect
on tiller number.

Irrigated japonica often has fewer tillers than irrigated indica
rice likely due to their different genetic composition. Our
transgenic experiments showed that the japonica-specific
OsTb23%P+ could partially increase tiller number (Fig. 3b, d)
and thus could alleviate tiller suppression by other genes in the
japonica background. This allele might have been fixed in
japonica because it could alleviate tiller suppression or due to
random genetic drift.

Indel I alters OsTb2’s regulatory effects on D14 expression. We
then wondered how the Indel I mutation might alter the function
of OsTbh2 in affecting tiller number. Considering that Indel I-3bp+
causes a single amino acid insertion in the TCP binding domain
of this OsTb2 transcription factor and that in silico prediction

hinted that this insertion might have changed the peptide sec-
ondary structure (Supplementary Fig. 7), we hypothesized that
I-3bp+ may have altered the function of OsTb2 by altering its
structure.

As our data showed that OsTb23bP+ had a function (ie.,
promoting tillering) antagonistic to the Th1 orthologue OsTb1, we
next asked whether OsTb2 influenced gene expression in an
opposite manner. To determine whether the 3 bp insertion
affected the function of the OsTb2 transcription factor, we carried
out a transient expression assay using a luciferase reporter system.
DI4 expression could promote apical dominance and reduce
tillers. We found that the extent of D14:LUC expression was
reduced by cotransformation with OsTb2 (Fig. 4a). The transient
expression assays showed that both OsTb23%P+ and OsTb23br—
indeed impacted the expression of D14, and OsTb230P+ exerted a
significantly greater inhibitory effect than OsTb23bP— (Fig. 4a). It
was previously shown that OsTb1 represses tillering by increasing
the expression of DI4. Therefore, it is likely that OsTb2 represses
D14 by counteracting the positive regulation of D14 transcription
by OsTbl. The yeast one-hybrid (Y1H) assay verified that OsTb2
could not bind to D14 promoter directly (Fig. 4c), which implied
that OsTb2 reduced expression in other ways. To determine how
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Fig. 3 OsTb23bP+ can positively regulate rice tillering. a Phenotypes of transgenic plants overexpressing two genotypes (3 bp+ and 3bp-) of OsTb2 at 30
DAG under irrigated conditions. WT, wild type. b Phenotypes of transgenic plants overexpressing two genotypes of OsTb2 at 65 DAG under irrigated
conditions. WT, wild type. ¢ Tiller number of transgenic plants overexpressing both OsTb23bP+ and OsTb23bP— at different DAG under irrigated conditions.
d Tiller numbers of transgenic plants overexpressing both OsTh23%P+ and OsTh23bP— at different DAT under dryland conditions. Each value in ¢, d
represents the mean = s.d. (n =50 plants). Student's t-test analysis indicated a significant difference (compared with the WT control, *P < 0.05,

**P<0.01).

OsTb2 repressed D14 expression, transient expression assays were
further used to test whether OsTb2 plays a role in repressing D14
via the OsTb1-OsMADS57 pathway. When OsTb2 was coex-
pressed with OsTbl and OsMADS57, the expression of the
cotransformed reporter gene D14pro::LUC indicated that OsTb2
may neutralize the inhibition of OsTbl on OsMADS57, which
directly binds the DI4 promoter to inhibit its transcription
(Fig. 4b, d). The results also showed that the two Indel I
genotypes resulted in significant differences in D14 expression
(Student’s t-test, Posrpr = 0.0218, Fig. 4a): the 3bp+ genotype
corresponded to a lower level of D14, which was consistent with
the 3bp+ genotype yielding more tillers. Therefore, we concluded
that OsTb2 reduces the expression of DI4, which then conse-
quently increase tiller number. The 3 bp insertion that occurred
in japonica promoted the repression of DI4 by OsTb2, thus
representing a genotype yielding an increased tiller number.

OsTb2 binds to OsTbl and offset OsTb1’s tiller suppression.
TCP genes encode plant-specific transcription factors with a
bHLH motif that allows DNA binding and protein-protein
interactions, forming homodimers or heterodimers?>2%. There-
fore, we asked whether OsTbl interacts with OsTb2 in planta.
BiFC assays indicated that the interaction between OsTb2 and
OsTb1 occurred in the Nicotiana benthamiana nucleus (Fig. 5),
which was consistent with the nuclear subcellular localization of
OsTb2 (Supplementary Fig. 8). Therefore, OsTb2 was able to
form a heterodimer with OsTbl. ColP tests revealed that the
protein complexes pulled down using anti-a-GFP agarose were
recognized by an anti-a-MYC antibody in lines cotransformed
with GFP-OsTb2 and MYC-OsTbl (Fig. 5); i.e., OsTb2 could
bind to OsTbl in planta. It was previously found that OsTbl
represses tillering by increasing the expression of DI4!7. There-
fore, OsTb2 probably represses D14 expression by counteracting
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regulation of D14 in rice protoplasts. b Effects of OsTb23P+ on the transcriptional regulation of D74 via the OsTb1-OsMADS57-D14 pathway in Nicotiana
benthamiana. OsGRF4 is used as a negative control for detecting the effects of OsTb2 on D14pro::LUC activity. Each relative luciferase activity of D14pro::LUC
value in a and b represents the mean + s.d. (n =10 biologically independent samples). Student'’s t-test analysis indicated a significant difference (*P < 0.05,
**P<0.01). ¢ In the yeast one-hybrid assay, OsTb2 fusion proteins fail to activate D14pro::LacZ reporter gene expression in yeast. The right diagrammatic
drawing indicates the yeast strains transformed with related plasmids. d A schematic model depicts that OsTb2 interacts with OsTb1 to regulate the

expression of D14, OsMADS57 directly represses the expression of D14; OsTb2 interacts with OsTb1 to alleviate OsTb1's inhibition on OsMADS57, which

consequently reduces the expression of D14 and increases tillers.

the positive regulatory effect of OsTbl on DI4, ultimately
increasing tiller number.

SNP3 C-allele confers reduced OsTb2 expression and tillers.
Since SNP3 causes a mutation in the 3’'UTR of the OsTb2 tran-
script, it is likely that this SNP might alter the expression level of
this gene. To determine whether the SNP3 in 3’'UTR contribute
transcription regulation of OsTb2, we grew 39 rice lines with
different SNP3 genotypes and checked the expression of OsTb2 in
the tillering node at 40 DAG and 50 DAG (Supplementary
Data 2). C-type cultivars consistently showed significantly lower
OsTb2 expression at 50 DAG under both dryland (soil water
content, 16.8%) and irrigated conditions (Fig. 6a), suggesting that
C-allele of SNP3 reduce the expression of OsTb2 (Fig. 6a).
Consistently, C-type lines produce significantly fewer tillers at
both 40 DAG and 50 DAG than T-type lines under both irrigated
and dryland conditions (Fig. 6b). Pearson correlation analysis
showed that the expression level of OsTb2 is significantly posi-
tively correlated with tiller number at 50 DAG under dryland
(Fig. 6¢c, Student’s t-test, P=0.003; R=0.48) and irrigated
(Fig. 6d, Student’s t-test, P = 0.044; R = 0.35) conditions. Fewer
tillers in upland rice represent an adaptive trait because it
increases the root/shoot ratio>>2¢ and results in longer deep roots
as well as larger panicles!!:12. To examine whether the C-allele of
OsTb2 selected in upland rice brings about higher grain yield per
panicle. We compare the grain yield per panicle data collected in
the past three growth seasons between C-type and T-type lines.
The results consistently showed that C-type allele is significantly
associated with larger yield per panicle in all three growth season
under dryland condition (Fig. 6e). We also conducted Pearson
Correlation Analysis for the expression of OsTb2 and yield data
(see Methods). We found that OsTb2 expression is negatively
correlated with yield per panicle (Fig. 6f; Student’s t-test, P = 0.08,
R=0.29), consistent with our findings that the lower OsTb2
expression confers by the C-allele results in higher yield per

panicle under dryland condition. We also tried to examine the
correlation between SNP3 and gene expression using our RILs by
growing 12 lines in irrigated and dryland conditions in the 2nd
season of 2017. However, unfortunately, the dryland came across
an extreme drought (soil water content 8.1% at 50 DAG) in that
season. As shown in Supplementary Figure 9, we observed the C-
allele corresponds to lower gene expression in irrigated condi-
tions, consistent with what we observe in Fig. 6. But unexpectedly,
we saw a rapid induction of the C-allele in the extreme drought
(Supplementary Fig. 9). We speculated that the extreme drought
might have triggered another feedback pathway to compensate
the over-suppression of tillering (Supplementary Fig. 9b). The
detailed mechanism for this OsTb2 induction under extreme
drought remains to be elucidated by future studies.

Discussion

Plants modify their development to adapt to the environment,
protecting themselves from detrimental conditions by triggering a
variety of signalling pathways?’. Axillary buds are indeterminate
structures that can be developmentally controlled in response to
endogenous or environmental cues?8. OsTb2 from our study is
identical to the RETARDED PALEAI gene reported in a previous
study, which showed that this gene plays a role in palea devel-
opment and floral zygomorphy in rice?. In the present study, we
comprehensively analysed the function of OsTh2 and showed that
OsTb2 modulates the development of axillary buds and was
artificially selected during the adaptation of upland rice. Our
transgenic experiments and association analysis supported the
hypothesis that contrary to OsTbl, OsTb2 suppresses apical
dominance and counteracts tillering inhibition by OsTb1, leading
to an increased tiller number. We found two functional mutations
in OsTb2, ie. the 3bp indel-I that distinguishes japonica and
indica subspecies and the SNP3 that differentiates upland japo-
nica and irrigated rice (including irrigated japonica and indica).
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Source Data file.

In general, japonica rice exhibits fewer tillers than indica rice,
and our data showed that the japonica-specific OsTb23bP+ gen-
otype could increase the number of tillers, while the indica-spe-
cies OsTb23%P— genotype could not. This mutation was probably
fixed in japonica rice because it could alleviate tiller suppression
by other genes in the japonica background or due to random
genetic drift. We’ve shown using transient expression assays that
OsTb230P+ and OsTh23%~ alleles encode proteins with different
activities on DI4 expression likely by affecting OsTb2 protein
activity (Fig. 4a). Also, using in silico prediction, we showed that
this indel variant would alter the protein secondary structures of
OsTb2, which likely affects its function (Supplementary Fig. 7).

The upland rice ecotype evolved from irrigated japonica rice!”
and adapted to rainfed upland conditions. It has long been well
established that in upland rice fewer tillers is an adaptive trait. For
example, Fukai et al. screened 1081 rice lines and found that well-
adapted upland rice tends to have a small number of well-
developed tillers. These lines developed a few large tillers with
longer roots'!, while the lines with profuse tillers tend to have
shorter roots and their tillers were not well developed under
upland conditions. Also, Kato et al. examined the rice lines
adapted to aerobic dryland soils and found that plant architecture
with a few large tillers is a more suitable architecture than that
with profuse tillers!?. Consistently, we found that the upland-
specific SNP3-C allele has been fixed in upland rice and is asso-
ciated with tiller reduction in both natural and segregating
populations (Tables 1-3). Compared with SNP3-T allele, the
SNP3-C allele is associated with lower expression of OsTb23bP+

under both rainfed upland and irrigated conditions (Fig. 6). Our
transgenic data and field experiments based on inbred rice lines
both showed that the expression of OsTb2 positively regulates
tiller number, as opposed to the function of OsTblI. So, we con-
cluded that the C-type SNP in the 3-UTR of OsTb2 is a causal
mutation that confers the adaptive fewer tillers in upland rice and
was fixed by artificial selection during dryland adaptation.

It should be mentioned that in a growth season in 2017 where
our upland field experienced an extreme drought, we observed an
unexpected induction of OsTb2 expression associated with the C-
type allele (Supplementary Fig. 9), contrary to what was observed
in the irrigated field in that same growth season as well as what
we observe in both irrigated and upland fields in this growth
season of 2019, we reasoned that it was because the drought stress
was so extreme that another feedback pathway might be triggered
to compensate the over-suppression of tillering. The detailed
mechanism of how C-allele was dramatically induced under
extreme drought remains to be elucidated by future studies; this
could represent another unknown regulatory pathway. Interest-
ingly, in our association analyses in segregating populations
(Tables 2, 3), we repeatedly observed the significant association
between SNP3 and tiller number from 40 DAG, but the asso-
ciation between indel-I and tiller numbers only got significant
from 50 DAG. The detailed mechanism for this fact is not clear,
but given that OsTb2 has a much higher expression in 40 DAG
than in 50 DAG (supplementary Fig. 5), it is very likely that in 40
DAG the effect of gene expression variation caused by SNP3
masks the effect of protein activity difference caused by Indel-I.
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Fig. 6 SNP3 is associated with OsTb2 gene expression and phenotypes. a For the 39 cultivars, C-type cultivars have lower OsTb2 expression than
the T-type at 40 DAG and 50 DAG under both irrigated and dryland conditions. b C-type is associated with fewer tillers under irrigated and dryland
conditions. The expression of OsTbh2 is significantly positively correlated with tiller numbers in the 39 cultivars at 50 DAG under dryland (c) and irrigated
(d) conditions. e C-type cultivars have significant higher yield per panicle than T-type cultivars in three growth seasons under dryland conditions. f The
expression of OsTh2 is negatively correlated with grain yield per panicle in the 39 cultivars in the 34 season under dryland condition. ‘R’ refers to Pearson
product-moment correlation coefficient; ‘P’ is P-value. Student's t-test analysis indicated a significant difference (*P < 0.05, **P < 0.01). Each dot in a, b and
e represents the mean value of about 8 plants and n >15 cultivars for statistics.

So far there have been quite a few genes known to control the
tiller formation in rice, such as MOCI39-32, SPL genes3334,
miR156%, LB4D*%, DWARF10 %7, D14'6, D533%, RCN8/9%°, and
OsTbI*0. Some of these genes have strong effects on rice til-
lering. However, to our knowledge, OsTb2 is the only gene
regulating tiller number in rice determined to have been sub-
jected to artificial selection. The reason that OsTb2, rather than
other genes, was selected during upland rice adaptation remains
elusive. It might have been a chance occurrence. Alternatively,
artificial selection may have preferred to act on Thl homo-
logues, given that they have contributed to morphological
evolution across different cereal crops. This situation may have
arisen because this family of genes can be easily modulated for

phenotypic evolution without a considerable detriment to other
agronomic traits. This question remains to be further explored.
It should be mentioned that, as a regulatory gene, the effects of
OsTb2 on tillering seems to be moderate or even minor in some
conditions, because the effect sizes of the two variants (Indel 1
and SNP3) range from 0.47 to 2.77 in the segregating popula-
tions (Table 2, Table 3, Supplementary Table 1) and the phe-
notypes of the transgenic lines are significant but not dramatic
(Fig. 3). But selection genes do not have to be large-effect genes.
For example, a recent work reported that a minor-effect gene
controlling seed dormancy was parallel selected in the domes-
tication of soybean, rice and tomato*!. The large-effect genes,
such as MOCI, might cause too severe phenotypes that are not
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suitable for agricultural production, and consequently are not
favored by human selection.

Strigolactone (SLs) signalling and biosynthesis are involved in
the regulation of branching in plants#243, The D14 gene functions
in the MAX/RMS/D pathway of SL biosynthesis!®*2. It was
previously reported that OsTbl regulates tiller development in
rice by modulating D14 expression indirectly!’; we now report
that OsTb2 can interact with OsTbl and may regulate D14
expression indirectly by counteracting OsTbl. Consequently,
OsTb2 may be involved in balancing the DI4-mediated SL sig-
nalling pathway. Recent studies indicate that TCPs in Oryza
sativa (rice), Sorghum bicolor, and Arabidopsis thaliana act
downstream of the auxin and MORE AUXILIARY GROWTH
(MAX) pathways*4-4640 Additional studies are needed to
understand whether the regulation of tiller number by OsTb2 is
also associated with auxin pathways.

Evolutionary novelties often originate from gene duplication.
In this study, we found that OsTb2, as a duplicate gene of OsTb1,
does not function as a tiller inhibitor but evolved a function
opposite that of OsTbl, adding an example to the classical con-
cept of neo-functionalization!>#7->0. There was actually a similar
report that detailed the interaction between two isoforms of an
important BRANCHED1 (BRC1) transcription factor in potato!.
In that case, the regular long form inhibits lateral branching,
similar to BRC1 in other species, but a modified protein that
originates from alternative BRCI splicing inhibits the long form
and promotes lateral branching”!. In our study, two TbI homo-
logues, OsTb1 and OsTb2, were shown to have antagonistic effects
on rice tiller number, similar to the model of the regulation of
lateral branching in potato by BRC1 isoforms and the regulation
of flowering time in beets that is controlled by the interplay of
two paralogs of the Arabidopsis FLOWERING LOCUS T (FT)
gene with antagonistic functions”2.

While the Mayans had a lucky break discovering plants with
the Th1 transposon®!, we are now on the cusp of understanding
TCP genes and plant branching. In this context, there is the
prospect that regulating OsTb2 or other Tb1 homologues will lead
to superior outcomes in the adaptation and breeding of rice and
other cereal crops.

Methods

Plant materials and phenotyping. The 84 upland and 82 irrigated accessions
included in this study were collected from different regions worldwide (Supple-
mentary Data 1). One 134 Fg recombinant inbred lines (RILs) were generated from
F, plants that were obtained by crossing the upland variety IRAT104 and the
irrigated variety IR64. We identified RIL116, which was heterozygous for both
Indel I and SNP3, and selfed this individual to produce a near-isogenic F, popu-
lation segregating for both Indel I and SNP3. The derived near-isogenic F,
population included 451 individuals, all of which were grown to be phenotyped and
genotyped.

Phenotyping was performed in both irrigated and dryland conditions (i.e.,
preventing soil submergence in water to simulate a rainfed upland environment)
for three growth seasons at Xishuangbanna, Yunnan province (1st season refers to
the second season of 2015; 2nd season refers to the second season of 2017; 3rd
season refers to the first season of 2019). For the irrigated condition, seeds were
germinated in a seedbed, and seedlings were then transplanted to a paddy field,
where water was ponded on the soil surface throughout the growth and
developmental period. For the rainfed upland condition, we conducted direct
seeding by dibbling seeds in dry soil. To fully simulate rainfed conditions, no
irrigation was applied in the upland condition. When rain came, we drained any
excess water to prevent soil submergence. For each accession, we planted three
replicates and each replicate have 12 individuals in two rows (6 individuals in each
row), with a row spacing of 30 centimetres and a plant spacing of 20 centimetres.
For each line, approximately eight individuals were randomly selected and
phenotyped. The tiller numbers of the accessions and RILs were surveyed at 40 and
50 DAG, and yield per panicle of the accessions were investigated. The soil water
content of dryland was measured by soil moisture meters (TZS-W, Zhejiang Top
Instrument Co.Ltd) at 40 and 50 DAG.

Identification of OsTb2 using a population genetic approach. OsTb2 was
reported from our previous work!?. We performed a whole-genome scan for genes

with the top Fsr and XP-CLR signals. We first determined the allele frequencies of
the SNP alleles in the upland and irrigated japonica populations (Supplementary
Data 1) using the resequencing data reported in our previous work!?. Then based
on the allele frequencies, we calculated the Fqr value between upland and irrigated
populations using the method described by Nei®?. In the genome scan, we used 20-
kb sliding windows with 2-kb sliding step. The Fsr value for each window was
obtained by averaging the Fgr values over SNP sites in that window. To calculate
the XP-CLR score, we used the software XP-CLR>* and allele frequencies from
upland and irrigated populations. A window size of 0.1 cM, a 2-kb grid size and a
maximum SNP number of 150 for each window was used. OsTb2 was found to be
located in regions with the top 5%o Fgr and XP-CLR signals between upland
japonica and irrigated japonica accessions, which have significantly different til-
lering abilities'". When running the BLAST program against the rice genome using
the maize Tbl gene sequence, the orthologue OsTbI has the highest identity and
the paralogue OsTb2 has the second highest identity. To further substantiate OsTb2
is a paralogue, we downloaded maize and rice genes in this family from the Panther
gene family database and use the MUSCLE software to infer the phylogenetic
relationship among these genes (Supplementary Fig. 10)°°. We also used the
MCscan software to do synteny analysis (Supplementary Fig. 11)°°. Our results
supported that OsTb2 is a paralogue rather than an orthologue of the maize

Tb1 gene.

Evolutionary analyses detecting OsTb2 as under selection. For allele frequency
spectrum (AFS) analysis, we resequenced the upland and irrigated japonica
accessions at higher depth of about 15x for more accurate allele frequency esti-
mation. Using the SNP information around the OsTb2 gene region (from 80 kb
downstream to 80 kb upstream) and indica rice as outgroup, we generated the
derived AFSs for SNPs from windows, which are 10 kb, 20 kb, ..., and 80 kb away
from the putative causal mutations of the OsTb2 gene for both upland and irrigated
rice populations and then checked if the AFSs display a U-shape pattern, a signal of
the hitch-hiking effect. The raw reads that map this gene region can be provided
upon request. We further used a nonparametric test (Kolmogorov-Smirnov test) to
examine if the U-shape pattern decays with the increasing distance from the focal
mutation.

We applied the Hudson-Kreitman-Aguadé (HKA)>’ and population branch
statistic (PBS)?® to identify candidate genes having recently reached fixation. Three
populations (irrigated japonica, upland japonica and indica) were used to calculate
pairwise Fsr values of SNPs. For all the 44,643 genes, mean Fgp were generated
using SNPs only located in coding regions. Then a classical transformation by
Cavalli-Sforza TPP1=2 = —]og (1 - FST) was obtained to estimate the divergence
time T between Populationl (Pop1l) and Population2 (Pop2) in units scaled by
population size. The length of population branch can be obtained by Eq. 1:

PBS

op — (Tpupl—z + Tpoplf.? + Tpup273)2/\ —1 (1>

Then we recorded the SNPs number (A) of each population and the number (B) of
fixed SNPs (the sites with Fgr > 0.9 for the population compared with both two
other populations), performed the HKA test by comparing the ratio of A/B to the
genome-wide average and testing the null hypothesis A/B(gene) = A/B(genome-
wide) using a Pearson’s Chi-square test on the 2 x 2 contingency table. Finally,
genes with PBS value ranking genome-wide top 5% and a significant nominal
P-value (<0.05) for the HKA test were considered as sweeps candidates. ORF
evidence and notes were extracted from rice annotation database.

SweeD?? was used for detecting selective sweeps in the upland and irrigated
japonica populations with the following settings (—folded —grid 40000). And the
regions with top 5% composite likelihood ratio statistic®® were identified as having
significant selection signatures.

Identification of variations around OsTb2 and genotyping. DNA fragments
around the OsTb2 gene were amplified from the 130 accessions by tb2-up-f/tb2-up-
r and tb2-f/tb2-r primers (Supplementary Table 2), and subjected to Sanger
sequencing. Seven SNPs and two indels were identified by alignment with MEGA
software.

Based on the sequence around SNP3 and Indel I, we designed dCAPS for the
genotypes of these loci. For SNP3, a 124 bp fragment was amplified via PCR by tb2-
SNP3-f/tb2-SNP3-r primers (Supplementary Table 2) and then cut using the
restriction enzyme Bsl I. Two bands (99 bp and 25 bp) were observed in the gel for
to the C-genotype, while the T-genotype could not be digested. For Indel I, 200 bp
PCR products were obtained with (tb2-indel-gate-f/tb2-indel-r) primers
(Supplementary Table 2) and then digested with the restriction enzyme Bsl I. Two
bands (130 bp and 70 bp) were observed in the gel for to 3bp+ genotype, while
3bp- type could not be cut.

Association analysis and conditional association analysis. Association analysis
was used to test the association between SNP3, Indel I and tiller number. The
genotypes of the alleles of 130 accessions were determined using Sanger sequen-
cing, and the genotypes of the RILs of NILs were determined using dCAPS markers
(Supplementary Table 2). The accessions were then classified into three different
genotypes (two homozygotes and one heterozygote). Student’s t-test was subse-
quently performed to compare the tillers between the two homozygous groups.
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Conditional analysis: A total of 52 accessions with the T-genotype for the

SNP3 site, but different Indel I genotypes were used to test the association between
the Indel I genotypes and phenotypes; 50 accessions with the 3bp+ genotype for
Indel I, but different genotypes for the SNP3 locus were used to assess the asso-

ciation between SNP3 genotypes and tiller numbers.

Quantification of gene expression using real-time PCR. We conducted quan-
titative PCR to survey the expression level of OsTb2 in different genotypes
including 39 cultivars (Supplementary Data 2) and 12 lines from 134 RILs
according 3bp+/C and 3bp+/T genotype. Total RNA was extracted from the tiller
node tissues of the plant materials at 40 DAG or 50 DAG. After digesting the RNA
samples with DNase I (Fermentas), we performed reverse transcription with the
Fermentas K1632 Revert Aid H minus First-Strand cDNA kit. We used SYBR-
Green Supermix (Bio-Rad) to conduct real-time PCR and analysed the samples in
the ABI 7000 Sequence Detection System. -actin (actin-f/actin-r) was used as an
internal control. The OsTb2-specific qPCR primers for the transcript included tb2-
qPCR-f and tb2-qPCR-r (Supplementary Table 2).

Vector construction and genetic transformation. The coding region of OsTb2
was amplified from rice (IRAT104 and IR64 cultivars, which were the parents of
the RIL population used to identify this gene) cDNA by PCR using Kpn I and Bam
H I linker primers (Supplementary Table 2). The resulting OsTb2 fragment was
inserted into the Kpn I and Bam H 1 sites of pCUbi1390°!, generating Ubipro::
OsTb2. All the vectors were introduced into Agrobacterium tumefaciens strain
EHAI05 and then transferred into Nipponbare plants via Agrobacterium-mediated
callus transformation®2. Phenotyping of the T, transgenic lines was performed
using the above methods at 25 DAG to 73 DAG.

Subcellular localization of GFP-OsTb2 fusion proteins. The open reading frames
(ORFs) of OsTb2 were inserted into pMDC43 as C-terminal fusions with the green
fluorescent protein (GFP) reporter gene driven by the CaMV 35 s promoter®?.
These constructs were transformed into the leaves of 3-week-old tobacco (Nicoti-
ana benthamiana) by A. tumefaciens infiltration®*. DAPI staining was used to
identify the nucleus. The resulting green fluorescence of protoplasts expressing
GFP-OsTb2 was observed using a confocal laser-scanning microscope (LSM700,
Zeiss, Jena, Germany).

Bimolecular fluorescence complementation assay. Complementary DNAs of
OsTb2 and OsTbI were cloned into the bimolecular fluorescence complementation
(BiFC) vectors pnYFP-X and pcCFP-X, respectively, with GUS also cloned as a
negative control. The constructs were cotransformed into Nicotiana benthamiana
protoplasts for transient expression. Protoplast isolation from tobacco leaf tissues
and PEG-mediated transformation were performed according to Bart et al.%>. Cells
were incubated at 28 °C in the dark overnight. A confocal laser-scanning micro-
scope (LSM700, Zeiss, Jena, Germany) was used to observe the green fluorescence
of protoplasts. The 35S::GFP construct and AHL22 were used as a control and a
nuclear marker protein, respectively®.

Protein coimmunoprecipitation assay. The recombinant constructs GFP-OsTb2
and MYC-OsTblI were introduced into rice protoplasts, and protein extracts were
prepared as described by He®’. The protein extracts were precipitated with anti-
GFP agarose beads (CMC Scientific, http://www.cmcscientific.com) overnight.
Then, proteins bound to the beads were resolved by SDS-PAGE and detected by
Western blotting using anti-GFP (dilution at 1:1000; ab1218, abcam), anti-MYC
(dilution at 1:1000; ab264433, abcam) primary antibodies (MBL, http://www.
mblintl.com/) and HRP-labelled goat anti-mouse secondary antibody (dilution at
1:5000; ab97023, abcam).

Transient expression assays in rice protoplasts. For the D14 promoter
repression assay, two forms of OsTb2 were used in the system. The full-length
OsTb2 cDNAs were fused into the pRTVcMyc vector, driven by the 35 s promoter,
to generate pRTVcMyc-OsTb23%+ and pRTVeMyc-OsTb2300—. To generate the
D14pro::LUC reporter gene, the D14 promoter (DI14pro) was amplified. The plas-
mid carrying the GUS gene under the control of the 35s promoter was used as a
normalization control. The presented values represent the means + s.d. of six
technical replicates. Cotransformation of the DI14pro:LUC reporter and
PRTVcMyc-OsTh230P+ or pRTVeMyc-OsTh238P~ was performed according to He
et al.% to identify the effect of OsTb2 in the transient assay. The Renilla luciferase
reporter gene (REN) under the control of CaMV35S promoter was used as an
internal control to normalize the data for eliminating variations in the experiment.

Dual-luciferase assays in tobacco leaves. The effector plasmids pMDC43-OsTb2,
PpMDC43-OsTb1, and pMDC43-OsMADS57 were cloned as described above. The
reporter plasmid pGreen-D14pro-LUC encodes two luciferases, firefly luciferase
controlled by the D14 promoter and the Renilla luciferase controlled by the con-
stitutive 35 s promoter. The DI14pro, fused to the minimum 35 s promoter, was
PCR amplified from the 35 s template and cloned into the Hind ITI/Bam HI sites of
the vector pGreen-0800-LUC. pGreen-D14pro-LUC was transformed into

Agrobacterium (strain EHA105) carrying the helper plasmid pSoup-P19, which also
encodes a repressor of co-suppression®. The Agrobacterium strain containing both
the reporter pGreen-DI14pro-LUC and the helper pSoup-P19 was used either alone
or mixed with the Agrobacterium strain containing the effector plasmids pMDC43-
OsTb2, pMDC43-0sTb1, and pMDC43-OsMADS57, as shown in Fig. 4b. pMDC43-
OsGRF4 was used as a negative control effector. Overnight cultures of Agro-
bacterium were collected by centrifugation resuspended, and infiltrated as descri-
bed above®2. After 3 days, using commercial Dual-LUC reaction (DLR) reagents
according to the manufacturer’s instructions (Promega) leaf samples were collected
for the Dual-LUC assay. Specifically, we excised leaf discs from the site (ca. 1-2 cm
in diameter) of Agrobacterium infection, ground using liquid nitrogen, and
homogenized using 100 pl of Passive Lysis buffer (Promega). Then, we mixed 20 ul
of the crude extract with 100 pl of Luciferase Assay buffer (Promega), and exam-
ined the firefly luciferase activity (LUC) using a luminometer (BG-1, GEM Bio-
medical Inc). After the measurement of firefly luciferase activity, 100 pl of Stop and
Glow buffer (Promega) was added to quench the firefly luciferase and initiate the
Renilla luciferase reaction.

Yeast one-hybrid assay using the pLacZi2u/pB42AD system. We followed the
previous reported procedure®. Briefly, the coding sequence of OsTb2 was inserted
into the MCS of pB42AD to generate an AD-fusion construct (pB42AD-OsTb2),
and DI4pro was inserted into the MCS of the pLacZi2y reporter plasmid
(pLacZi2u-D14pro). The pB42AD-OsTb2 plasmid was cotransformed with
pLacZi2u-D14pro, including the LacZ reporter gene driven by a DI4pro fragment,
for testing in EGY48 yeast strain. Transformants were grown on SD (galactose
+raffinose)/-Ura/-Trp/X-gal plates.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this work are available within the paper and its
Supplementary Information files. A reporting summary for this Article is available as a
Supplementary Information file. The datasets generated and analyzed during the current
study are available from the corresponding author upon request. DNA-seq data were
deposited in in the National Center for Biotechnology Information (NCBI) under the
SRA accession number PRINA595072. The source data underlying Fig. 5b as well as
Tables 1, 2, and 3 are provided as a Source Data file.
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Perennial grain has been proposed to provide an effective means of ensuring both food and ecological security.
The newly released cultivar of perennial rice 23 (PR23) represents a new rice production system that is based on
no-tillage. Nevertheless, how perennial rice responds to this new system remains unclear. Two field experiments
were conducted over four successive seasons from 2016 to 2017 in Jinghong, Yunnan Province, Southern China.
Field experiment 1 showed perennial rice is an economically viable and environmentally safe cropping system
compared to annual rice, and could obtain a stable and sustainable grain yield economically for successive
seasons across years. In the perennial rice cropping system, N fertilizer had some negative effects on the regrowth
of perennial rice. Field experiment 2 with four N rates NO, N1, N2 and N3 with 0, 120, 180 and 240 kg N ha’l,
respectively and three planting densities D1, D2 and D3 with 10, 16.7 and 22.6 plants m™, respectively on
perennial rice was conducted to assess and ameliorate these negative effects of N fertilizer on the regrowth of
perennial rice. The results showed that: (1) the N2D3 treatment (180 kg N ha! integrated with 22.6 plants m_z)
resulted in a stable and high grain yield across three successive regrowth seasons (6.93 t ha™!) and optimized
yield components (panicle no. m?, spikelet no. panicle’l, grain weight) and root activity (10.81 g h!'m?); @
the regrowth of perennial rice 23 was significantly limited by N fertilizer (P<0.05), and the NOD2 treatment had
the best regrowth ability (97.8 %) across the three regrowth seasons; (3) additionally, the N2D3 treatment had
the best N net productivity (27 kg N kg’l), profit (79 CNY kg’l) and sustainable production capacity (0.59), and
could obtain more economic profit in successive perennial rice production. Perennial rice was able to be sus-
tainably and economically produced for successive regrowth seasons across years, and the N2D3 treatment
provided optimal conditions, which enhanced the regrowth rate, N productivity, economic benefit and yield
potential. The use of less chemical N fertilizer and a higher planting density could enhance the sustainability of
the grain yield and reduce fertilizer loss via a novel crop management scheme for perennial rice.

1. Introduction losses (Wan, 2018). How to sustainably meet the food demand is a

current hot topic of research (Cui et al., 2018; Glover et al., 2010; Tilman

Compared with the current global cropping acreage, a million more
hectares of land need to be converted to crop production to meet the
growing demand for food (Naylor et al., 2007). Annual crop production,
which is responsible for 80 % of global food, leads to increased carbon
emission, soil erosion, and water and environment pollution and re-
quires a large amount of labour (Pimentel et al., 2012; Cox et al., 2010).
Moreover, global climate change poses a high risk for annual crop yield

* Corresponding author.
E-mail address: hfengyi@ynu.edu.cn (F. Hu).

https://doi.org/10.1016/j.eja.2020.126186

etal.,, 2011; Pimentel et al., 2012). Significant improvements in genetics
or new crop species, such as transformation from annuals to perennials,
potentially provide efficient strategies to increase crop production in an
environmentally sustainable way (Wan, 2018; Glover et al., 2010; Hu
et al., 2003).

After sowing and transplanting, perennial crops can survive and be
harvested several times in successive years (Glover et al., 2010). Indeed,
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such crops can ratoon and regrow without sowing or planting after their
first year. Once perennial crops become a feasible option, farmers can
reduce some production efforts, decreasing the need for and intensity of
labour and increasing economic profits (Huang et al., 2018). Moreover,
without plowing every year or season, the continuous lack of tillage for
perennial crops would reduce soil erosion and protect arable land (Cox
et al., 2006; Zhang et al., 2011). In 2010, scientists from more than ten
countries revealed that perennial crops would provide an effective
means of protecting crop yields and the environment (Glover et al.,
2010) and indicated that perennial crops would be economically viable
within 20 years.

In 2018, the first cultivar of perennial rice 23, named PR23 (No.
2018033, http://www.ricedata.cn/variety/varis/618801.htm), which
was bred via the clonal propagation characteristics of the rhizome of
Oryza longistaminata and is capable of surviving for consecutive years,
was released in China (Huang et al., 2018; Zhang et al., 2017, 2019c¢).
PR23 was obtained from the cross between Oryza sativa cv. RD23 and
O. longistaminata. RD23 is a popular Indica lowland rice cultivar from
Thailand, and is grown widely across south-east Asia because of its
broad adaptation, high yield potential, good disease resistance, and high
grain quality. In contrast, O. longistaminata is a wild rhizomatous
perennial species with poor agronomic characteristics which is original
from Africa. The cross between the two species was made in 1997 to
combine the perennial habit of O. longistaminata with the agronomic
features, broad adaptation (Tao and Sripichitt, 2000), and yield poten-
tial of RD23 via iterative segregating populations from F» in 2003 to Fig
in 2010 (Huang et al., 2018).

The cultivar PR23 is a breakthrough as it represents a turning point
from annual to perennial in crop domestication and improvement.
Without the need for plowing, seeding, and transplanting during suc-
cessive regrowth seasons, perennial rice can reduce soil erosion and the
need for intensive labour and input in fields (Huang et al., 2018). To
date, the perennial rice trail is on the way in China, Myanmar, Laos,
Cambodia, Thailand, Vietnam, Indonesia, Uganda and Cote d’lvoire via
International Perennial Rice Collaboration organized by Yunnan Uni-
versity. In China, perennial rice has been tested in more than 10 prov-
inces (Yunnan, Guangxi, Guangdong, Fujian, Hunan, Hubei, Henan,
Zhejiang, Jiangxi and Guizhou) and over an area greater than 5000 ha as
of 2019.

Previous research on perennial rice has demonstrated that it can be
widely planted in South China and Laos (Zhang et al., 2017; Huang et al.,
2018), enhance the profits of farmers and reduce labour in fields (Huang
et al., 2018). However, the management of perennial rice, as well as its
response to N fertilizer, remains unclear. It still needs to be determined
how to offset the negative effects of N fertilizer on the regrowth of
perennial rice and to maintain an appropriate perennial rice population
to obtain a stable and high grain yield as well as sustainable production
over years. Therefore, two experiments were conducted in this study.
Experiment 1 (comparison of perennial and annual rice cropping sys-
tem) was to evaluate the sustainable production ability and economic
benefit of perennial rice cropping system. A field experiment (Experi-
ment 2) using different N fertilizer rates and planting densities of
perennial rice was employed to optimize crop management and the
response of perennial rice in Jinghong, Yunnan Province, China, to
explore the response of perennial rice to N fertilizer and planting den-
sity. Our objectives were to select the appropriate N fertilizer rate and
planting density for sustainable production of perennial rice, and the
results provide a theoretical indication for the sustainable production of
perennial rice. Lastly, our findings provide insight into the production of
perennial grains.

2. Materials and methods
2.1. Experimental site

This experiment was conducted at the Perennial Rice Research
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Station of Yunnan University, Gasa town (N 20°57'22", E 100°45'43",
altitude 555 m), Jinghong, Yunnan Province, China. The station is
located in southern China, which has a tropical monsoon climate, and
rice is harvested twice a year in this region. The average annual rainfall
and temperature were 1136.6 mm and 23.3°C, respectively, and most
rainfall was from April to October.

Before the experiment, regular annual rice production had been
conducted in the trial field. The soil conditions are shown in detail in
Table 1.

2.2. Experimental design and performance

2.2.1. Experiment 1: perennial Vs annual rice

A randomized complete blocks design with three replicates was
performed over four successive seasons from 2016 to 2017. Two rice
varieties were selected, perennial rice 23 (PR23) and annual rice HXR7.
PR23 is a perennial rice cultivar released by Yunnan Crop Committee in
2018. HXR7 is a locally popular Indica lowland rice cultivar grown
widely by farmers in Yunnan Province due to its high grain yield and its
exceptional grain quality. The sowing and transplanting date of both
HXR7 and PR23 in the first transplanting season were 30, Jan 2016 and
5, Mar 2016, respectively. In the regrowth seasons (2016S, 2017F,
2017S), the annual rice and perennial rice were managed according to
the local rice production. After harvest, the crop management in annual
rice consisted of plowing, reseeding and transplanting. For perennial
rice, the new tillers that emerged from the rhizome of the straw were
only maintained for successive regrowth seasons. After harvest, the
straw was cut back 5-10 cm above the ground to maintain the unifor-
mity of new tillers arising from rhizomes and to depress tillers from the
stem. Meanwhile, no tilling was conducted across the three successive
regrowth seasons. Other crop management was the same as local rice
production.

2.2.2. Experiment 2: N rate and planting density experiment of perennial
rice

The experiment employed a spilt-plot design with three replicates
and was performed over four successive seasons from 2016 to 2017.
There were four N fertilizer rates (0 kg N ha! (N0), 120kg N ha! (N1),
180 kg N ha™! (N2) and 240 kg N ha~! (N3)) used in the main plots and
three planting densities (10 plants m 2 (D1), 16.7 plants m~2 (D2) and
22.6 plants m—2 (D3)) among subplots 20 m? in size. These four N fer-
tilizer rates and three planting densities generated 12 N fertilizer rates
with planting density treatments: NOD1, NOD2, NOD3, N1D1, N1D2,
N1D3, N2D1, N2D2, N2D3, N3D1, N3D2 and N3D3 (Tables 2 & 3 ).

The cultivar perennial rice 23 was sown on 15 Dec 2015 and was
transplanted in a plowed and level field on 30 Jan 2016. For different
rates of N application, N fertilizer (urea) was manually and evenly
spread at a ratio of 5:2:2:1 during four stages corresponding to the
transplanting time for 2016F or new tillers emerging, tilling, heading
and filling, respectively. For different planting densities, the plant and
row spacings for D1 were 27 cm and 37 cm, respectively. For D2, the
plant and row spacings were 20 cm and 30 cm, respectively; for D3, the
plant and row spacings were 17 cm and 26 cm. The crop management of
perennial rice was the same with Experiment 1.

Table 1

Soil conditions prior to the initiation of experiments.
Soil layer pH SOM (g TN (g AN (mg AP (mg AK (mg
(cm) kg ") kg™ kg™ kg™h kg™h
0-20 5.05 34 2.1 155.6 7.58 139.1

SOM: soil organic matter, TN: total nitrogen, AN: available nitrogen, AP:
available phosphorus, AK: available potassium.
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Table 2

Parameters of the different treatments.
Treatment Details

N rates (kg ha’l) Plants (m’z)

NO 0 -
N1 120 -
N2 180 -
N3 240 -
D1 - 10
D2 - 16.7
D3 - 22.6
NOD1 0 10
NOD2 0 16.7
NOD3 0 22.6
N1D1 120 10
N1D2 120 16.7
N1D3 120 22.6
N2D1 180 10
N2D2 180 16.7
N2D3 180 22.6
N3D1 240 10
N3D2 240 16.7
N3D3 240 22.6

Table 3

Dates of sowing, transplanting, cutting back and harvesting of perennial rice
over four seasons during 2016-2017.

Date
Season Sowing Transplanting  Cutting Harvest
back
First season 15, Dec 30, Jan 2016 8, Jun 2016
(2016F) 2015
Second season (2016S) 10, Jun 18, Oct
2016 2016
Third season (2017F) 17, Feb 18, Jun
2017 2017
Fourth season (2017S) 19, Jun 28, Oct
2017 2017

2.3. Measurements

2.3.1. Grain yield and sustainable yield index

In each plot, perennial rice was manually harvested from an area
greater than 5 m? at harvest time and was adjusted to a 14 % water
content (the international standard) to measure grain yield. The sus-
tainable yield index (Muhammad et al., 2020) was used to evaluate the
sustainable production capacity of perennial rice.

Sustainable yield index (SYI) = (Ymean-6)/Ymax 0

Where Ymean is the mean grain yield of a treatment over four seasons,
cis treatment standard deviation over four seasons, and Ymax is the
maximum grain yield of a treatment over four seasons.

2.3.2. Yield components

At harvest time, three replications with 10 uniform plants which
could represent the rice population were selected to measure the yield
components of perennial rice in each plot. Yield components of peren-
nial rice including panicle no. m~2, spikelet no. panicle’!, grain weight
and seed setting rate. The panicle no. was counted and calculated by the
formula:

(2

Panicle no. m™> = average panicle no. per plant X planting density

Thirty panicles were randomly selected and the number of spikelets
was counted. Seed setting rate and grain weight was measured by
floating selection and oven drying method. All the sample grains were
watered for 3 min, floated to separate empty from filled grains, and these
two fractions were then weighed. 3 g empty grains and 30 g filled grains
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were selected with three replications, and then dried to stable weight
and counted the number to calculate the grain weight and seed setting
rate by the formulae:

Grain weight (mg) = filled grain weight/ filled grain no. 3)

Seed setting rate (%) = filled grain no. / (empty grain no.+ filled grain no.)
%100 % 4)

2.3.3. Regrowth rate

In the first season of 2016 (2016F: transplanting season), we set the
regrowth rate to 100 %. In the following regrowth seasons, the second
season in 2016 (2016S), first season in 2017 (2017F) and second season
in 2017 (2017S), the regrowth rate was measured 7-10 days after cut-
ting back perennial rice. In each subplot, all plants were used to calcu-
late the regrowth rate during each regrowth season.

2.3.4. Root activity

Root activity was measured by bleeding sap. At 19:00 after sunset,
three uniform plants were selected and cut 7-10 cm above the ground
(Song et al., 2011). These plants were then covered by weighted cotton
wool, wrapped in plastic and bound by a rubber band in each plot. At
7:00 before sunrise the following day, cotton wool was weighted to
calculate the amount of sap that had bled.

2.3.5. N productivity and profit
The N productivity, net N productivity and N profit were calculated
using the following formulae:

N productivity (kg N kg’l) = grain yield in N; /N; application rate (5)

N net productivity (kg N kg") = grain yield (N;-NO)/N; application rate (6)

N profit (CNY kg’l) = profit (N;-NO)/N; application rate 7

Note: N;j is the N rate, where i>1.

2.4. Statistical analysis

Split-plot analysis with three-way ANOVA (N rate and planting
density were set as two fixed factors, and season was set as a random
factor) was used to assess differences of the significance of the main plot
and subplot and interactions of the treatments. When the three-factor or
two-factor interaction effects were significant, single factor effects were
analysed. If single factor effects were significant, one-way ANOVA was
used to compare the eff ;ects of the diff ;erent seasons or N treatments or
planting densities on the measured variables with three replications. F-
tests were conducted, and multiple comparisons were performed using
the least significant diff ;erence test (LSD) (P < 0.05). Experimental data
was analysed with the IBM SPSS statistical package v.20.0 (SPSS, Inc.,
Chicago, IL, USA), and the figures were generated using Origin 2015
(Sys Software, Inc.).

3. Results
3.1. Perennial vs annual rice

In the experiment 1 of 2016-2017, perennial rice (6.46 t ha’l)
showed not significantly but consistently higher grain yield in 4 seasons
(Fig. 1a), which was 3.8 % higher than annual rice (6.22 t ha™1). Both
annual and perennial rice had robust sustainable production ability
(more than 0.80) (Fig. 1b), the SYI of perennial rice (0.80) was a bit less
than annual rice (0.82).

For the economic benefit, perennial rice was significantly superior to
annual rice (Fig. 2). In the transplanting season (2016F), the input of
annual and perennial rice cropping system was on the same level
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Fig. 2. The input, output and profit of perennial (PR) and annual rice (AR) cropping system in experiment 1. (a) Input of PR and AR cropping system. The total input
including: F, fertilizer. H, herbicide. P, pesticide. CM, crop management. HA, harvest. TR, transplanting. PL, plowing. SL, seedling. S, seeds. (b) Output of PR and AR

cropping system. (c) Profit of PR and AR cropping system.

(Fig. 2a), with 15,362 and 15,512 CNY ha’l, respectively, while in the
regrowth seasons, without seeds, seedling, plowing and transplanting,
perennial rice economized 7684 CNY ha™! each season than annual rice
cropping system. Although the output of annual rice cropping system
was 8.8 % higher than perennial rice (Fig. 2b), the profit of perennial
rice (6114 CNY ha™!) was significantly higher (235 %) than annual rice
(1827 CNY ha™') (Fig. 2¢). The perennial rice cropping system has
sustainable and stable production ability but would be more economic
when compared to annual rice.

3.2. Grain yield and sustainable production capacity

The grain yield of perennial rice over four successive seasons from
field experiment 2 is shown in Fig. 3. In the first season (2016F: trans-
planting season), the grain yield was high, and N2D3 resulted in the
highest grain yield (9.93 t ha™!). Despite the transplanting season
(2016F), the grain yield remained stable across three successive
regrowth seasons (Table 4). The grain yield was determined by the
interaction of season and N rate with the planting density (P < 0.01) as
well as either both of them and N rate (P < 0.001) over successive
regrowth seasons (Table 4). For different N rates, N1, N2 and N3
significantly increased the grain yield compared with NO, with increases
of 74 %, 159 % and 153 %, respectively. Among the different planting
densities, D3 (4.96 t ha™!) resulted in a significantly higher grain yield
than D1 (3.91 t ha™!). The N2D3 treatment significantly increased the
grain yield (6.93 t ha1) relative to the other treatments in the three

o1

successive regrowth seasons.

Fig. 4 shows the sustainable yield index of perennial rice in 4 seasons.
Both high N rate (N2: 0.55 and N3: 0.57) and planting density (D3: 0.52)
could significantly increase the sustainable production capacity of
perennial rice. The N2D3 treatment (0.59) resulted in the highest sus-
tainable production capacity in 4 seasons, followed by N3D2 (0.58).

3.3. Yield components

Panicle no. m 2, spikelet no. panicle™, grain weight and seed-setting
rate were the major determinants of the grain yield in the rice fields.

For the successive regrowth seasons of perennial rice, panicle no.
m~2 was significantly affected by the interaction of season and N rate
with planting density (P < 0.05), N rate with season (P < 0.05), N rate (P
< 0.01), planting density (P < 0.01) and season (P < 0.05) (Table 4). N2
(269), N3 (285) and D3 (286) showed a significantly higher panicle no.
than the other N rates (P < 0.05) and planting densities (P < 0.05), and
N2D3 led to the highest panicle no. m—2 (333) (Table 4). Different from
panicle no. m_z, the interaction between season and N rate (P < 0.01),
season and planting density (P < 0.05), N rate (P < 0.001) and planting
density (P < 0.05) had significant effects on spikelet no. panicle®. N2
(132), N3 (131) and D1 (124) showed a significantly higher spikelet no.
panicle'1 than the other groups, and N3D1 (145) showed the highest
spikelet no. panicle over successive regrowth seasons. The interaction
between N rate and planting density with season significantly affected
grain weight (P < 0.001). There was no significant difference among the
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different N rates and planting densities (P < 0.05). Seed-setting rate was
significantly affected by season (P < 0.05) and N rate (P < 0.05). NO
level (86.34 %) led to the highest seed-setting rate compared with the
other N rates, but there was no significant difference among the different
planting densities. NOD3 had the best seed-setting rate at 89.92 %. The
N2D3 treatment resulted in a higher grain yield through its significant
effects of panicle no. m~2 and spikelet no. m~2 on the grain yield.

3.4. Regrowth rate and root activity

(1) Regrowth rate

A high regrowth rate is essential for enhancing rice populations and
increasing the grain yield during successive regrowth seasons. The
regrowth rate of perennial rice decreased significantly (P < 0.05)
(Table 5), and the average regrowth rate was 90.24 % in the fourth
season (20178S). In three successive regrowth seasons, the regrowth rate
of perennial rice was determined by the interaction of N rate and season
with planting density (P < 0.001) and season with planting density (P <
0.01) and N rate (P < 0.001) (Table 5). In two years, the regrowth rate
declined as the N rates increased (Fig. 5), and NO had the highest
regrowth rate (97.34 % in the fourth season). The regrowth rate
increased as planting density increased. D3 had the highest regrowth
rate (94.11 % in the fourth season). By the fourth season, the NOD2
treatment had the highest regrowth rate (97.84 %). The N2D3 treatment
also had a relatively high regrowth rate (92.18 %).

(2) Root activity

Roots are key for the absorption of soil water and nutrients; indeed,
high levels of root activity provide the basis for the regrowth of peren-
nial rice during successive regrowth seasons. Over four seasons, peren-
nial rice showed stable root activity during regrowth seasons (Fig. 6).
Root activity was significantly affected by the interactions of season and
N rate with planting density (P < 0.001) and N rate with season (P <
0.05) and N rate (P < 0.001) and planting density (P < 0.001) during the
regrowth seasons. N2 (9.49 g h™' m?) and D3 (8.68 g h™' m™) had the
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highest root activity among the different N rates and planting densities,
and N2D3 (10.81 g h™! m'2) had the highest root activity over the three
regrowth seasons, followed by N3D3 (10.33 g h™! m™2).

4. N productivity

The N productivity of perennial rice at different N rates and plant
densities on perennial rice are shown in Fig. 7. In low N fertilizer rate
(N1: 41 kg N kg™1) and high planting density (D3: 38 kg N kg™1), the N
productivity was significantly higher than high N rate and low planting
density (Fig. 7a). The N1D2 and N2D3 treatments resulted in the highest
values, both were 43 kg N kg~ 1. Based on NO and D1, plants could use
the N fertilizer more effectively in N2 and D2, D3, the N net productivity
of N2D3 showed the highest value, was 27 kg N kg~! (Fig. 7b). The
results illustrated N2D3 treatment was the optimal scheme for N pro-
ductivity of perennial rice.

4.1. Relationship between grain yield and yield components, regrowth rate
and root activity

For perennial rice, N rate significantly affected grain yield, root ac-
tivity and regrowth rate (Tables 4 & 5). The grain yield of perennial rice
was significantly positively correlated to the root activity (P < 0.01)
(Fig. 8a). Due to the high regrowth rate in 4 seasons (more than 90 %),
the regrowth rate had a positive but not significant relationship with the
grain yield (P > 0.05) (Fig. 8b). Despite the positive but not significant
relationship of the regrowth rate with the grain yield, root activity was
the main factor that affected the grain yield and other yield components
of perennial rice. Indeed, the stability in root activity over four succes-
sive seasons reflects the high potential that perennial rice has to produce
sustainable yields over several years.
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Table 5
Regrowth rate and root activity during the regrowth seasons of 2016-2017.
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Table 4
Yield of perennial rice over three regrowth seasons during 2016-2017.
Treatment Grain yield Panicle Spikelet no.  Grain Seed
(tha™h) no. m—2 panicle™? weight setting
(mg) rate (%)
Season
2016S 4.42a 217b 115a 23.80c 81.12b
2017F 4.76a 280a 113a 24.69b 80.35b
20178 4.32a 216b 102a 25.74a 88.23a
N rate
NO 2.29¢ 173c 71c 25.07a 86.34a
N1 3.99b 223b 108b 24.58a 82.67bc
N2 5.93a 269a 132a 24.82a 84.32ab
N3 5.79a 285a 131a 24.50a 79.61c
Planting
density
D1 3.91b 182¢ 124a 24.89a 83.72a
D2 4.61ab 244b 109b 24.49a 83.80a
D3 4.96a 286a 98b 24.85a 82.19a
ANOVA
S(df = 2) 0.435(ns) 6.815* 1.075(ns) 4.413(ns) 14.582*
N(df = 3) 31.283*** 14.057** 20.814%** 1.118(ns) 5.907*
D(df = 2) 4.664(ns) 27.999%* 7.954* 3.612(ns) 0.715(ns)
N x S(df = 6.513** 4.129* 5.495%* 0.792(ns) 1.164(ns)
6)
D x S(df = 5.677%* 2.920(ns) 3.866* 0.244(ns) 1.302(ns)
4)
N x D(df =  4.698* 1.62(ns) 0.559(ns) 0.719(ns) 2.501(ns)
6)
NxDxS 2.706%* 2.413* 1.548(ns) 3.373%%* 1.708(ns)
(df =12)

2016S: second season in 2016. 2017F: first season in 2017. 2017S: second season
in 2017.

Different letters within a column represent significant differences at P < 0.05
(LSD).

S: season. N: nitrogen rate. D: planting density. N x S: interaction effect between
nitrogen rate and season. D x S: interaction effect between planting density and
season. N x D: interaction effect between nitrogen rate and planting density. N x
D x S: interaction effect between nitrogen rate, planting density and season.
*represents significance at P < 0.05, ** represents significance at P < 0.01, ***
represents significance at P < 0.001, ns represents no significance.
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Fig. 4. The sustainable yield index of perennial rice over 4 seasons in
2016-2017.

4.2. Economic benefits and N profit

In perennial rice production, the input in transplanting season
(2016F) mainly includes seeds, seedling, plowing, transplanting, crop
management, pesticide and herbicide, fertilizer and harvest (Fig. 9). In
the regrowth seasons (2016S, 2017F and 2017S), without seeds,
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Treatment Regrowth rate (%) Root activity (g h™' m?)
Season

2016S 96.36a 6.907b
2017F 92.25b 8.565a
20178 90.24c 6.709b

N rate

NO 97.34a 4.38d

N1 92.76b 6.94c

N2 90.75b 9.49a

N3 90.95b 8.77b
Planting density

D1 90.86b 5.84c

D2 93.88a 7.65b

D3 94.11a 8.68a
ANOVA F-value

S(df = 2) 5.646(ns) 6.469(ns)
N(df = 3) 20.095%** 21.053%**
D(df = 2) 1.965(ns) 62.985%**
N x S(df = 6) 1.240(ns) 3.230*

D x S(df = 4) 8.601%* 0.573(ns)
N x D(df = 6) 1.994(ns) 0.784(ns)
N x D x S(df =12) 18.032%** 3.950%**

20168S: second season in 2016. 2017F: first season in 2017. 2017S: second season
in 2017.

Different letters within a column represent significant differences at P < 0.05
(LSD).

S: season. N: N rate. D: planting density. N x S: interaction effect between N rate
and season. D x S: interaction effect between planting density and season. N x
D: interaction effect between N rate and planting density. N x D x S: interaction
effect between N rate, planting density and season.

*represents significance at P < 0.05, ** represents significance at P < 0.01,
represents significance at P < 0.001, ns represents no significance.

seedling, plowing and transplanting, the new tillers ratooned from the
rhizome the input decreased 7250 CNY ha ! each season when
compared to 2016F (14,917 CNY ha™!). The output of perennial rice
mainly was the output of grain yield, and N2D3 produced significantly
higher output (23,808 CNY ha™!) and economic profit (14,223 CNY
ha™!) in 4 seasons. Additionally, N2D3 produced significantly higher N
profit (79 CNY kg’l) in 4 seasons (Fig. 7c). Perennial rice had signifi-
cantly lower input in regrowth seasons, N2D3 treatment produced sig-
nificant economic profit and N profit, and was the most economic
scheme in perennial rice production.

5. Discussion
5.1. Perennial vs annual rice

SYI is an important factor to evaluate whether a crop could produce
sustainable and stable grain yields in consecutive years (Muhammad
etal., 2020). The perennial rice 23 performed the same yield potential as
annual rice and high SYT illustrated that perennial rice had sustainable
and stable production ability and yield potential over the years. Without
seeds, seedling, plowing and transplanting in the successive regrowth
seasons, perennial rice is capable of surviving for many consecutive
years (Zhang et al., 2017) which reduced the large materials and labour
input in annual field (Huang et al., 2018), and could economize
approximately half of the input of annual rice and obtain more profit in
rice production (Fig. 2). Moreover, with the absence of tillage, perennial
rice cropping system reduced soil disturbance, would control soil
erosion effectively and benefit for soil amelioration (Denardin et al.,
2019). Perennial rice is an economic and environmental safely cropping
system, and is able to produce a stable and sustainable grain yield over
successive seasons across years.
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5.2. Regrowth rate and root activity

An optimal rice population and robust plants often have great po-
tential to obtain high grain yield (Shen et al., 2013). For perennial rice, a
high regrowth rate and root activity are critical for maintaining a robust
rice population over successive regrowth seasons. In this experiment,
the regrowth rate of perennial rice significantly decreased across sea-
sons, but the grain yield remained stable. This pattern is likely benefit
from the strong regrowth ability and self-regulation via new tillers from
rhizome of perennial rice. Perennial rice had great regrowth ability that
derived from the parent of O. longistaminata (Zhang et al., 2017, 2019c;
Huang et al., 2018). Additionally, rice, including perennial rice, has a
robust ability to self-regulate to maintain a healthy crop community (in
terms of panicle no. m?) (Yang et al., 2014). Till the fourth season, the
regrowth rate of perennial rice was still above on 90 %. Based on the
high regrowth rate of perennial rice, the ability of perennial rice to
self-regulate would compensate for the minor decrease that occurs in the
rice population, which also likely explains why the regrowth rate
showed a decreasing trend and why the panicle no. and grain yield of
perennial rice remained at high and stable levels during the regrowth
seasons (Tables 4 & 5).

The regrowth rate decreased as N rate increased, suggesting that N
fertilizer limits the regrowth of perennial rice. This may be some phys-
iological or genetic mechanism of perennial rice response to N fertilizer
which is studying by our team now. Similar N effect was observed on
sugarcane that high N fertilizer would limit the emergence rate and
shooting rate in ratooned years (Zeng et al., 2020). As perennial rice is
the first released perennial grain over the world in 2018, similar phe-
nomenon on other perennial grains is not yet found now. However, as
planting density increased, the regrowth rate of perennial rice increased,
suggesting that controlling plant densities can contribute to sustainable
regrowth. The result was consistent with the previous research on sug-
arcane that rational high planting density would lead to higher shooting
rate and tillers in ratoon years (Qiu et al., 2019). These observations also
explain why the N2D3 treatment produced the highest grain yield across
years. Specifically, the positive effect of a high planting density in D3 on
the regrowth and self-regulation ability of perennial rice compensated
for the negative effect of N2 on regrowth. To sustainably produce
perennial rice, chemical N fertilizer inputs need to be reduced within an
appropriate range to ensure an adequate grain yield while high planting
densities are maintained. Additionally, dense planting and less N fer-
tilizer are the most effective and environmentally friendly ways for
increasing yield and reducing N loss (Zhu et al., 2016).

Plants exchange substances and energy with the surrounding envi-
ronment primarily via their roots (Yang et al., 2004; Zhang et al.,
2019a). As a consequence, higher root activity reflects more water,
nutrient and energy exchange with the environment (Liu et al., 2020;
Zhang et al., 2019b) and results in a higher grain yield. Root activity was
significantly related to the grain yield of perennial rice (Fig. 8a), high
levels of root activity are essential to ensure a higher crop yield (Zhang
et al.,, 2019b) and regrowth rate in the regrowth seasons. The root ac-
tivity of perennial rice remained stable over successive regrowth seasons
suggests that perennial rice had developed a root system that could
absorb enough soil nutrients and water during the regrowth season
(Pimentel et al., 2012), as the roots did not degenerate over successive
regrowth seasons. The root activity of N2 was significantly higher than
the other N rates, demonstrating that modest quantities of N fertilizer
are capable of promoting the growth and activity of the root system.
Indeed, low or excessive application of chemical N fertilizer limited the
root growth and activity of rice (Zhang et al., 2019b). Moreover, the
high planting density in D3 promoted higher root activity in the unit
area in the field and then resulted in high root activity in N2D3. Thus,
crop management that combines an appropriate N fertilizer rate and
plant density coupled with the no-tillage can promote high root activity
and support the sustainable production of perennial rice for several
years.
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5.3. Grain yield and its components

Perennial rice is a new cultivar of rice. Grain yield and yield com-
ponents are the main metrics for assessing the success of the perennial
rice 23 cultivar (Zhang et al., 2017, 2019c¢). In this experiment, the
successful and stable grain yield of perennial rice over several seasons
showed that this novel rice production system, which does not require
tillage, can facilitate the sustainable production of perennial rice in an
environmentally feasible manner (Huang et al., 2018). In this experi-
ment, the N2D3 treatment produced the most stable and highest grain
yield over four successive seasons across two years. This finding is likely
attributed to the high root activity of tillers from rhizome and the greater
ability of perennial rice to self-regulate documented in N2D3, which
supports a robust rice population and an adequate supply of nutrients
needed for perennial rice growth. Proper fertilizer and field manage-
ment could help farmers obtain a high- and good-quality grain yield,
reduce labour inputs and increase economic profits (Huang et al., 2018;
Cui et al., 2018; Tilman et al., 2011). Based on the significantly positive
correlation between root activity and panicle no. m~2, spikelet no.
panicle”! and grain weight, the high root activity in the N2D3 treatment
enhanced the yield components and grain yield over successive
regrowth seasons of perennial rice (Table 4).

The grain yield and yield components of N2 and N3 were not
significantly different; however, these components were significantly
higher for N2 and N3 than those for NO and N1. This finding is illustrated
by the fact that the N2 rate had a stronger positive effect on perennial
rice production and the fact that the use of additional N fertilizer had no
significant positive effect on the grain yield and yield components (Guo
et al., 2010). In contrast, the use of more fertilizer in N3 resulted in a low
seed-setting rate (Table 4). Excessive application of N fertilizer had no
positive effect on the crop yield but instead resulted in a yield loss (Guo
etal., 2010; Peng et al., 2006). Indeed, over-fertilization has been shown
to reduce fertilizer use efficiency and increase fertilizer loss and pollu-
tion (Peng et al., 2006; Hossain et al., 2005). Planting density also had a
significant effect on the grain yield. Both D2 and D3 had high yield
potential, but D3 had higher regrowth potential and root activity
(Table 5).

5.4. N productivity and economic benefits

Nitrogen (N) is an essential element of proteins, nucleic acids, en-
zymes, hormones and chlorophyll and plays an important role in
maintaining the nutrient cycle and determining plant growth (Xu et al.,
2020; Fowler et al., 2013). In this experiment, N fertilizer had a signif-
icantly positive relationship with panicle no. m2, spikelet no. panicle'l,
root activity and grain yield. These patterns illustrated that the addition
of modest levels of N fertilizer can enhance both crop growth and crop
yield (Ren et al., 2017). However, in recent years, increases in fertilizer
loss and pollution have become more widespread as N fertilizer has often
been excessively applied to increase crop yield, resulting in increased
soil degeneration and environmental problems (Cai et al., 2020; Tian
etal., 2016; Zhao et al., 2016; Zhang et al., 2018). In China, fertilizer use
efficiency has been estimated to be 25 %, which is far below the
worldwide average of 42 % (Chen et al., 2014). However, fertilization
does not always increase crop yield; indeed, the excessive use of fertil-
izer can result in low fertilizer use efficiency, decrease economic profits
and create environmental problems (Peng et al., 2006; Tian et al., 2016).
N productivity was effective indicator for evaluating N fertilizer pro-
ductivity (Wang et al., 2018). The N3 treatment in this experiment did
not result in significantly higher grain yields compared with the N2
treatment; however, the N net productivity (Fig. 7) were significantly
lower. Moreover, for perennial rice, high N fertilizer also limited its
regrowth across successive seasons. Therefore, N fertilizer productivity
needs to be improved to obtain a high crop yield.

Compared with annual rice, the absence of seeds, seedling, plowing
and transplanting of perennial rice in regrowth seasons reduced the
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intensive works in field and huge investment in materials that could
obtain more profit in rice production (Huang et al., 2018). The fact that
the highest values of N net productivity and N profit were observed in
the N2D3 treatment demonstrated that the N fertilizer effect and pro-
ductivity was the most optimal in this treatment, maximizing the grain
yield, reducing fertilizer loss and pollution and enhancing regrowth.

6. Conclusion

(1) Perennial rice is an economic and environmental cropping sys-
tem, and was able to produce a stable and sustainable grain yield
over successive seasons across years.

The N2D3 (180 kg ha! nitrogen integrated with 22.7 plants
m~?) treatment resulted in a high and stable grain yield with high
root activity and regrowth rate of perennial rice for successive
regrowth seasons across years, and resulted in more economic
benefit and less N loss and pollution. Thus, the N2D3 treatment
provided optimal conditions and economic profit for sustainable
perennial rice production.

Generally, sustainable production of perennial rice at a certain
grain yield requires a modest application of N chemical fertilizer
coupled with a high planting density to maintain a high regrowth
rate and reduce fertilizer loss.

The optimal conditions for the management of perennial rice
have been poorly explored. Thus, our findings demonstrate the
benefits of perennial rice production and suggest that the po-
tential benefits of producing other perennial grains should be
further examined.
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ARTICLE INFO ABSTRACT

Keywords: Genotype by environment (GxE) interactions for performance of 5 perennial rice genotypes (Oryza sativa L./
Adaptation Oryza longistaminata) were examined relative to 1 mutant and 3 annual rice genotypes over 2-6 growth cycles at
Field duration 7 locations in southern China between 2014 and 2017. Environment main effects accounted for 25.7% of the

GxE interactions
Perennial grain crops
Ratoon

Yield

total sum of squares (SS), with genotype 33.8% and GxE 37.7%. Cluster analysis identified 6 genotype x 6
environment groups, which accounted for 77.9% of the GxE-SS. Principal component axes 1, 2 and 3 accounted
for 54.7%, 25.1% and 9.4% of the GxXE-SS, respectively, with PCA1 indicating yield potential, PCA2 performance

over ratoon cycles, and PCA3 ratoon percentage. Environment groups differed in yield potential, which related
to site favourability and whether it was low or high in the ratoon cycle. Genotype groups differed in yield
potential and how well they performed in higher ratoon cycles. The medium-maturity (125 days) seasonally-
replanted annual rice check BN21 was highest yielding (6.13 t ha™'). Perennial rice PR23 was high yielding and
stable (5.25tha™!), with earlier maturity (119 days) and strong regrowth (82%). Ratooned annual rice RD23
was high yielding in original crops but poor yielding in ratoon crops, with a low ratoon percentage (16.5%).
Similarly, perennial Bt71 and ratooned BN21 were high yielding in original crops and low-cycle ratoons under
favourable conditions, but yielded poorly in high-cycle ratoons and less favourable conditions, with moderate
regrowth (59.6%). Despite strong regrowth (77.5%), perennials 264 and Bt69 had low yield, as did perennial
139A and mutant TZ, and both these groups were late maturity. A combination of high yield potential, strong
regrowth and earlier maturity resulted in higher performance of perennial rice over environments and regrowth
cycles, with PR23 outstanding, and able to perform similarly to the seasonally-replanted annual check, BN21,
over up to six growth cycles. Ratoon performance and trade-offs need to be examined further.
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1. Introduction

With global population increasing, pressure on the resource base,
and the impact of climate change, even marginal lands, which currently
support 50% of world population and are at risk of degradation under
annual cropping, must be farmed sustainably in future to meet the ever-
increasing demands for food and livelihood (Eswanan et al., 1999;
Tilman et al., 2011). Perennial grains show promise in meeting these
conflicting needs for protection of fragile lands, while also allowing
farmers to support themselves and their families (Glover et al., 2010).
To do so, perennial grains must stabilize land and soil resources, while
at the same time contributing grain and/or forage in mixed crop-live-
stock systems (Batello et al., 2014). In rice-based systems, with popu-
lation rising rapidly, favourable land with access to irrigation largely
utilized, and marginal lands of low fertility dependent on rainfall and
vulnerable to climate change being increasingly asked to meet the food
gap, the need to develop perennial rice as a component of sustainable
intensification is urgent (Wade, 2014).

Following successful hybridization between Oryza sativa L. and
Oryza longistaminata (Tao and Sripichitt, 2000), efforts to develop
perennial rice commenced (Hu et al., 2003; Sacks et al., 2006; Zhang
et al., 2014), with the long-term goal of breeding perennial rice to
stabilize the fragile soils in rainfed lowland and rainfed upland rice-
based farming systems. Three papers have specifically reported on
performance of perennial rice in the field (Zhang et al., 2017; Huang
et al., 2018; Samson et al., 2018), and as indicated below, perennial rice
may have promise in a number of rice-based systems, and this requires
further investigation.

Perennial rice derivatives were reported to survive, regrow and
yield successfully across a diverse range of environments in southern
China and Lao PDR, with perennial rice PR23 identified as a prime
candidate for release to farmers, based on its broad adaptation and high
yield over environments (Zhang et al., 2017). Other genotype groups
showed preferential adaptation, to dry season, wet season, or more
tropical conditions. The paper concluded that regrowth success and
maintenance of spikelet fertility over regrowth cycles were important
for adaptation of perennial rice, especially to low minimum tempera-
ture at higher altitude, and rainfall deficit in lower-altitude sub-humid
conditions.

Huang et al. (2018) then examined the suitability of PR23 for re-
lease to farmers under irrigated paddy conditions, by comparing per-
ennial rice PR23 with two seasonally-replanted annual rice genotypes,
RD23 and HXR7, across 9 ecological regions in southern Yunnan Pro-
vince of China, and across scales, from experimental plots to small-
holder fields to commercial areas. Overall, the grain yield of PR23 was
similar to those of the preferred annual rice cultivars in these condi-
tions, but the economic analysis indicated substantial labour savings for
farmers by growing the perennial instead of the annual. PR23 was
considered acceptable in grain size and grain quality, so farmers were
keen to grow PR23, because of reduced costs and especially labour
savings.

Samson et al. (2018) extended these comparisons to rainfed lowland
environments in the subhumid tropics of Lao PDR. While yields were
lower in the ratoon crop, all perennial rice derivatives were able to
survive the dry season with access to life-saving irrigation. This was
promising, as the annual rice RD23 was unable to ratoon under these
conditions, and had to be re-sown. Ratoon grain yields of several per-
ennial rice lines were comparable to replanted annual RD23, which was
also promising under those wet-season rainfall-deficit conditions.

This study aimed to extend this series by comparing selected per-
ennial rice genotypes with annual rice genotypes allowed to ratoon, and
with an annual rice genotype which was replanted each season as a
control. A range of locations differing in altitude were used for com-
parisons across successive growth cycles. The objectives were 1) to
examine G x E interactions among perennial rice, ratooned annual rice
and replanted annual rice genotypes over locations and growth cycles,
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2) to identify traits associated with improved performance, especially in
higher ratoon cycles, and 3) to consider the implications and research
questions.

2. Materials and methods
2.1. Planting location, experimental design and plot management

The experiments were conducted in 19 site-season-year
(Environment E) combinations, at Jing Hong (21° 59’ N, 100° 44’ E),
Puer (22° 45’ N, 100° 51" E), Hong Ta (24° 24’ N, 102° 32’ E), Wen Shan
(23°23’N, 104° 13’ E), Yuan Yang (23° 8’ N, 102° 40’ E), Lan Cang (22°
26’ N, 99° 58’ E) and De Hong (24° 26" N, 98° 35’ E) in Yunnan Province
of southern China. The sites at Jing Hong and Puer were continued for
three years, with the remaining sites continued for two years only.
There was potential for up to two crops per year to be harvested each
year, from the wet and dry seasons, respectively. While rice may ratoon
or reshoot from basal nodes after harvest in suitable conditions
(Douthwaite et al., 1995), ratoon potential is expected to be stronger in
perennial rice derivatives (Samson et al., 2018).

At each site, a randomised complete blocks design was used, com-
prising 9 genotypes with 3 replications. Long-term weather data
showed minimum temperatures were lower at the higher altitude sites
(Supplementary Table 1), so only one dry season crop could be har-
vested each year, except at Jing Hong. Annual rainfall ranged from
808 mm at Yuan Yang to 1587 mm at Lan Cang (Supplementary
Table 2), with most rain falling between May and October at all sites.
Consequently, data were available for G x E analysis from a total of 19
environments (Table 1), which for simplicity are referred to by their
environment code, e.g. Jing Hong in the dry season of 2014 for the
original crop in the ratoon cycle is referred to as J4D1, with subsequent
ratoon crops there as J4W2, J5D3, J5W4, J6D5 and J6W6 (Table 1).

Soils at the experimental sites were generally fertile, with soil pH
averaging 5.89, organic C 30.6 gkg~, total N 1.76 gkg ™, available P
25.2mgkg !, and exchangeable K 122.4mgkg ' (Supplementary
Table S3). Each site received 108.0, 31.9 and 87.1 kgha ™! of N, P and K
respectively as a basal dressing. After puddling, each site was estab-
lished by transplanting from adjacent seedbeds. Plot sizes of
3.30m x 2.00m were used, with a row spacing of 0.20 m, and with
hills within the row spaced at 0.15m apart. A further 72.0kg N ha ™!
was applied at booting. After harvest, stubble was cut to 10 cm, so that
consistent stubble for regrowth was available. Each site had access to
irrigation, which was used to support growth during the dry season.

2.2. Germplasm and traits evaluated

Five perennial rice genotypes, obtained from the cross between O.
sativa cv. RD23 and the wild species O. longistaminata, were chosen for
this study (Table 2), including PR23, which had been reported to have
high yield and broad adaptation over environments (Zhang et al.,
2017). Other than PR23, four perennial lines thought to have promise
or to differ in adaptation (Zhang et al., 2017) were also included, for
comparison with PR23, mutant TZ, and three annual O. sativa treat-
ments, for 9 genotype treatments in all (Table 2). BN21 was used as a
seasonally-replanted annual rice check, as it is a locally-popular indica
lowland rice cultivar grown widely by farmers in Yunnan province, due
to its high grain yield and its exceptional grain quality, although at
some sites, a local cultivar with reputedly similar characteristics and
genetic background to BN21 was substituted for BN21, due to local
preference (www.ricedata.cn/variety/varis; Table 2). In the second
annual rice treatment, BN21 was not replanted, but allowed to ratoon,
as annual rice is able to regrow to some extent (Douthwaite et al.,
1995), and this provided a contrast with the putatively greater ra-
tooning ability of the perennial rices (Samson et al., 2018). Likewise,
RD23 was used as an additional ratooned annual check, because it is a
parent of the five perennial rices and a popular indica lowland rice
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Table 2

Field Crops Research 241 (2019) 107556

Genotypes evaluated in perennial rice experiments in 19 environments in southern Yunnan, China. Perennial rice genotypes were derived from the cross between

Oryza sativa cv. RD23 and O. longistaminata.

No Genotype Code Growth Habit Crop Type Rice Type Adaptation SW-TP TP-FL CT-FL FL-MT Height (cm) Regrowth (%) Yield (t
Response” () () (d (d ha™1)
G1 2011 _HN_FS 0264 0264 Perennial Interspecific  Indica Dry Season 41 99 94 38 112 74.5 1.97
G2 2011_HN_Bt69 Bt69 Perennial Interspecific  Indica Dry Season 41 100 99 34 113 78.9 1.92
G3 2011_HN_Bt71 Bt71 Perennial Interspecific  Indica Dry Season 41 77 90 35 126 78.0 3.78
G4 2011_HN_139-12 139A Perennial Interspecific  Indica Poor 41 101 92 34 111 79.4 0.78
G5 Mutant TZ TZ Perennial Interspecific Japonica ~ Wet Season 41 112 114 34 138 77.2 1.08
G6 PR23 PR23 Perennial Interspecific Japonica  Broad 41 74 91 34 98 81.2 5.25
G7 RD23 RD23 Annual Improved cv Indica Broad 41 84 88 35 104 16.3 3.28
G8 BN21" BN21 Annual Improved cv Indica Broad 41 83 89 39 102 37.4 3.73
G9 Replanted BN21" A-BN21 Annual Improved cv  Indica Broad 37 85 NA 41 104 NA 6.13
Mean 41 91 94 36 112 66.4 3.10
Ls.d. (P < 0.05) 1 1 1 1 3 4.7 0.27

@ Adaptation is either broad, season-specific or poor; based on data from Zhang et al. (2017); Samson et al. (2018) and Huang et al. (2018).
b BN21 was replaced by similar genotypes in E7-E11 (CJ28), E12-13 (WD11), E14-E15 (HXR7), E16-E17 (DL201), and E18-E19 (DY8).

cultivar released in Thailand, which is widely grown across south-east
Asia, because of its broad adaptation, photoperiod insensitivity, high
yield potential, good disease resistance and high grain quality
(Chakhonkaen et al., 2012). The mutant line TZ, an off-type from line
TZ, had been observed to ratoon strongly in breeding nurseries over
cycles, so was included for comparison as another ratooned annual rice
line (Zhang et al., 2017). Genotypes are referred to by their genotype
code, e.g. 2011_HN_FS_264 is line 0264 (Table 2).

Field duration (days) was calculated from dates of transplanting and
maturation, and successive cycles of stubble cut-off and maturation.
Grain yield (t ha™h, plant height (cm), rice ratooning rate (percent of
plants with regrowth), ratoon tiller number (tillers per plant), and ef-
fective panicle number (fertile panicles per plant) were recorded from
0.9m sections of the central four rows of each plot (24 plants or
0.9 m?). Ten panicle samples were used for panicle length (spikelets per
panicle), grain number per panicle (grains per panicle), seed set rate
(grains per spikelet), and grain size (weight of 1000 grains in g). Grain
number per square metre (m~?) was calculated from grain yield and
grain size.

2.3. Statistical analysis

Yield data for 9 genotypes and 19 environments were extracted
from appropriate single-site analyses of variance. GXE interactions were
analysed using the pattern analysis tool in CropStat 7.2 (IRRIL, 2007).
This method involved the joint application of cluster analysis and or-
dination to a transformed GxE matrix. Since the objective was to un-
derstand genotypic adaptation for breeding, the GxXE matrix was
transformed by environment standardisation (Cooper, 1999). The
transformed data were clustered using an agglomerative hierarchical
algorithm based on minimising incremental sum of squares (Ward,
1963). Scores for both genotypes and environments from the two-
component interaction principal components model (IPCA) were com-
puted for Axes 1, 2 and 3, and plotted as biplots, with environment
points at the end of vectors labelled as in Table 1, and genotype points
as symbols with labels as in Table 2. Patterns of grain yield were ex-
amined for genotype groups over environment groups, with means for
all parameters compared using l.s.d. with appropriate degrees of
freedom for main effects and interactions (Steel and Torrie, 1960).

3. Results
3.1. Environments
Long-term mean monthly minimum temperature was below 15°C

for 3 months at Jing Hong and Yuan Yang (Dec-Feb), 5 months at De
Hong and Wen Shang (Nov-Mar), 6 months at Lan Cang (Nov-Apr), and
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7 months at Puer and Hong Ta (Oct-Apr), which demonstrated a clear
association between increasing altitude and prolonged low temperature
during winter (Supplementary Table 1). In contrast, long-term mean
monthly maximum temperature was generally mild at all sites, and only
exceeded 28 °C for 1 month at Lan Cang (Mar), 5 months at Jing Hong
(Feb-Jun), 6 months at De Hong (May-Oct), and 9 months at Yuan
Yang (Mar-Nov), mostly at sites below about 1000 m (Supplementary
Table 1). Long-term mean monthly pan evaporation exceeded 100 mm
for 3 months (Mar-May) at De Hong, Lan Cang and Puer, and for 4
months at Jing Hong and Hong Ta (Mar—Jun). The exceptions were the
most easterly site at Wen Shang (1260 m), where pan evaporation ex-
ceeded 100 mm for 4 months in the wet season (May-Aug), and at
YuanYang, where temperatures were higher, and evaporation exceeded
100 mm in every month of the year (Supplementary Table 1).

Rainfall was higher in the west (Lan Cang, Puer and De Hong -
1500 mm) than in the east (Hong Ta, Yuan Yang and Wen Shang -
870 mm), with Jing Hong intermediate (1137 mm) (Supplementary
Table S2). At all sites, monthly rainfall was lower in the dry season
(Nov-Dec to Mar-Apr) than in the wet season. While there were dry
spells in some years at individual sites relative to their long-term
rainfall, irrigation was used so that water deficit was minimal. Soils at
the experimental sites were mildly acidic and generally adequate in soil
nutrients (Supplementary Table S3), though available P was marginal at
Jing Hong (7.58 mg kg ~1). Nevertheless, the fertilizers applied at each
site ensured nutrients were sufficient.

Site mean yield ranged from 0.74 tha ™' at De Hong in the 2017 dry
season to 5.88tha™! at Jing Hong in the 2014 dry season and Wen
Shan in the 2015 dry season (Table 1). Yields were generally lower in
the wet season than in the dry season at Jing Hong, and in higher ratoon
cycles at all sites. Genotype mean yield ranged from 0.78tha™! in
perennial rice line 139A to 6.13tha~ ! in seasonally-replanted annual
rice check BN21 (Table 2).

Environment main effects accounted for 25.7% of total sum of
squares (T-SS), with genotype 33.8% and GxE interactions accounting
for 37.7% (Table 3). Stability regression accounted for only 24.1% of
GxE-SS. Cluster analysis on environment-standardised residuals iden-
tified 6 genotype groups x 6 environment groups, which preserved
77.9% of the GxE-SS. The ordination analysis of these residuals in-
dicated three interaction principal component axes, accounting for
54.7%, 25.1% and 9.4% of the GxE-SS, respectively, or 89.2% in total
(Table 3). The first two axes from ordination accounted for 79.8% of
GxE-SS, which preserved a similar proportion of the interaction varia-
bility to the 6 G x 6 E grouping identified by cluster analysis.

The dendogram for environments from cluster analysis (Fig. 1a)
initially separated higher-yielding (Fusion 35) from lower-yielding
(Fusion 36) environments (Fig. 1a). Among higher-yielding environ-
ments, the original crops in cycle 1 (Fusion 3 — environment group E3,
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Table 3
Cross site analyses of variance for GXE interaction studies on grain yield (t
ha™1) of 9 genotypes in 19 environments.

Source dF  SS MS F %TSS  %GxE-SS

Environment 18  1168.667  64.926  170.86** 25.65

Genotype 8 1539.225  192.403 501.39** 33.78

GxE 144 1717.739  11.929  31.39**  37.70

Residual 342 131.240 0.384 2.88

Total 512 4556.870

Stability regression 8 413.9017  51.738 24.1

Regression 136 1303.8368 9.587 75.9
Deviations

PCA component 1 25  939.603 37.584  15.19** 54.7

PCA component 2 23 431.152 18.746  7.58** 25.1

PCA component 3 21 161.467 7.689 3.11%* 9.4

Residual 75  185.516 2.474 10.8

Total 144 1717.739

and Fusion 31 - E31) separated from low-cycle ratoon crops at higher
altitude (Fusion 29 - E29). Among lower-yielding environments, low-
cycle ratoon crops at lower altitude (Fusion 32 — E32) separated from
high-cycle ratoon crops at Jing Hong (Fusion 24 — E24) and wet-season
ratoon crops at Jing Hong (Fusion 30 — E30).

For the biplots from ordination analysis (Fig. 2a and b), all en-
vironments were negative for Axis 1, while Axis 2 separated higher-
yielding environments which were positive, from lower-yielding en-
vironments which were negative (Fig. 2a). Axis 3 separated low-cycle
ratoon crops at lower altitude (E29) which were positive, from one
original crop at Hong Ta 2014 (E3) and 2 wet-season ratoon crops at
Jing Hong (E30), which were negative. Other original-crop environ-
ments (E31), low-cycle ratoon crops at higher altitude (E29) and high-
cycle ratoon crops at Jing Hong (E24) were neutral for Axis 3 (Fig. 2b).

3.2. Genotypes and traits

In the dendogram for genotypes from cluster analysis (Fig. 1b), a
high-yielding group (Fusion 15) separated from the rest (Fusion 16),
which in turn split into a moderate-yielding group (Fusion 13) and a
low-yielding group (Fusion 14). Each of these yield groups then split
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into two subgroups. The high-yielding group separated into perennial
rice PR23 (Fusion 6 — G6) and seasonally-replanted annual rice BN21
(Fusion 9 — G9). In the moderate-yielding group, ratooned RD23 (Fu-
sion 7 — G7) separated from the remainder (Fusion 11 — G11), which
comprised perennial Bt71 (G3) and ratooned BN21 (G8). The low-
yielding group split into Fusion 10 (G10) comprising perennial rice
lines 264 (G1) and Bt69 (G2), and Fusion 12 (G12) comprising per-
ennial rice line 139A (G4) and mutant TZ (G5).

In the biplots for genotypes from ordination analysis (Fig. 2a and b),
Axis 1 separated the low-yielding genotype group which was positive,
from the high-yielding genotype group which was negative, with the
moderate-yielding genotype group intermediate (Fig. 2a). Axis 2 sepa-
rated the moderate-yielding genotype group from the rest (Fig. 2a).
Axis 3 strongly separated perennial rice PR23 (G6) which was negative,
from seasonally-replanted BN21 (G9) which was positive (Fig. 2b).

Grain yields are presented for 6 G X 6 E groups from cluster and
ordination analysis (Table 4a). Among environment groups on average,
the original crops were highest yielding (E31 and E3), followed by
lower-cycle ratoon crops from higher altitudes (E29), with the re-
mainder low yielding (E32, E24 and E30). Among genotype groups on
average, PR23 (G6) and replanted BN21 (G9) were high yielding; RD23
(G7), and Bt71 and ratooned BN21 (G11) were intermediate; and lines
264 and Bt69 (G10) and line 139A and mutant TZ (G12) were low
yielding. PR23 was generally high yielding in all environment groups,
and topped the ranking in E29 and E30. Replanted BN21 was often high
yielding, topping the rankings in E29, E32 and E24, but was lowest
yielding in the singleton group E3, the original crop at Hong Ta in the
2014 dry season. RD23 was highest yielding in original crops (E3, E31),
but low yielding in all ratoon crops. Likewise, G10 (lines 264 and Bt69)
were high yielding in E3, but otherwise performed poorly. G11 (Bt71
and ratooned-BN21) was lowest yielding in the high-cycle ratoon and
wet-season ratoon crops in Jing Hong (E24 and E30). G12 (line 139A
and mutant TZ) did poorly everywhere, but especially in E31, E29 and
E32.

For field duration (Table 4b), perennial rice PR23 (G6) was early
maturity (119 days) and relatively stable, with field duration only
varying by 30 days over environment groups. The early-mid duration
groups G9 (replanted BN21) and G11 (Bt71 and ratooned BN21) were
also stable, with their field durations varying by 26-31 days. In
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Fig. 1. a. Environment groupings applied to standardised yield data for nine perennial rice genotypes (Oryza sativa L., cv. RD23/Oryza longistaminata). The den-
dogram shows fusion levels at which the groups join. The fusion level is proportional to the increase in within group SS at each fusion. The vertical dashed line
represents the truncation of 19 environments into six groups using Ward’s agglomerative clustering algorithm. Refer to Table 1 for environment abbreviations. b.
Genotype groupings applied to standardised yield data for nine perennial rice genotypes (Oryza sativa L., cv. RD23/Oryza longistaminata) over 19 environments. The
dendogram shows fusion levels at which the groups join. The fusion level is proportional to the increase in within group SS at each fusion. The vertical dashed line
represents the truncation of nine genotypes into six groups using Ward’s agglomerative clustering algorithm. Refer to Table 2 for genotype abbreviations.
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Fig. 2. Principal component analysis (environment standardised) of the environment x genotype interaction for (a) Axis 1 and Axis 2, and (b) Axis 2 and Axis 3, for
grain yield over 19 environments and nine perennial rice genotypes (Oryza sativa L., cv. RD23/Oryza longistaminata). Refer to Tables 1 and 2 for genotype and
environment abbreviations. The GXE interactions for Axis 1 and Axis 2, and for Axis 2 and Axis 3, accounted for 79.8% and 34.5% of the sum of squares, respectively

(P < 0.01).

Table 4

a) Grain yield (t ha™ 1, b) growth duration (d), and c) rice ratoon percentage (%), of 6 genotype groups across 6 environment groups (l.s.d. = 0.99 for grain yield, 1
for growth duration, and 17.5 for rice ratoon percentage, respectively; P < 0.05).

Genotype Group E3 (1) E31 (5) Environment E29 (4) Group E32 (5) E24 (2) E30 (2) Mean
Yield (t ha™ 1)

G6 (1) 7.30 6.94 7.24 2.88 2.59 3.63 5.25
G7 (1) 8.25 8.19 1.82 0.49 0.25 1.48 3.28
G9 (1) 1.65 7.54 7.33 6.34 5.66 2.36 6.13
G10 (2) 6.43 1.77 1.03 1.61 2.27 2.46 1.94
G11 (2) 3.60 6.94 5.06 1.51 0.80 1.58 3.75
G12 (2) 0.00 0.65 0.81 0.48 2.31 2.18 0.94
Mean 4.14 4.60 3.35 1.88 2.14 2.21 3.10
Duration (d)

G6 (1) 124 107 137 117 125 112 119
G7 (1) 136 117 131 149 110 108 128
G9 (1) 117 116 130 140 118 114 125
G10 (2) 169 132 135 145 126 113 135
G11 (2) 123 112 140 128 116 109 123
Gl12 (2) M 135 163 145 135 121 142
Mean 137 122 142 138 123 113 130
Ratoon (%)

G6 (1) na.l n.a. 91.7 77.9 65.1 89.4 82.0
G7 (1) n.a. n.a. 5.6 11.1 12.1 56.4 16.5
G9 (1) n.a. n.a. n.a. n.a. n.a. n.a. n.a.
G10 (2) n.a. n.a. 86.4 64.7 78.9 90.0 77.5
G11 (2) n.a. n.a. 82.3 44.9 41.4 68.9 59.6
G12 (2) n.a. n.a. 88.6 77.0 64.7 79.6 79.1
Mean n.a. n.a. 76.5 57.8 55.9 77.9 66.4

Numbers of group members in parentheses.

2 M = no booting.
b

contrast, the medium duration (128 days) RD23 (G7) and late
(142days) lines 139A and mutant TZ (G12) were more variable in field
duration, varying by 41-42 days. Lines 254 and Bt69 (G10) were late
maturing (135 days) and most variable in field duration, with a range of
56 days. Field duration was greater (140 days) in low-cycle ratoon
crops (E29 and E32), compared to original crops in E31land E3 (130
days) and high-cycle ratoon crops (118 days). Ratoon percentage was
consistent over environment groups, with poor regrowth in RD23
(16.5%), moderate regrowth in Bt71 and BN21 (G11), and strong re-
growth in PR23 (G6), lines 264 and Bt69 (G10), and lines 139A and TZ
(G12).

n.a. = not applicable, as ratoon percent can only be recorded from regrowth.
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3.3. Trait associations

The main effects of environment group and genotype group on trait
expression are shown in Table 5. The 5 high-yielding original crops in
E31 had field duration of 122 days, were 115 cm in height, had 6 pa-
nicles per plant, 130 grains per panicle with 0.59 grains per spikelet,
18500 grains m ™2, 1000 grain weight of 23.4g, and a grain yield of
4.60 tha™!. Relative to E31, the singleton original crop at Hong Ta
2014 (E3) was delayed in maturity by 15 days, was 21 cm shorter in
plant height, had 2 fewer panicles per plant, and grain yield was
0.46 tha™! lower. The low-cycle ratoon crops at high altitude (E29)
were 20 days later, had 25% fewer grains m ™~ 2 and 25% less yield than
E31. Likewise, the low-cycle ratoon crops at low altitude (E32) were
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Table 5
Main effect of environment and genotype groupings on yield components of annual and perennial rice genotypes.
Growth Plant Ratoon Panicle Panicles per Grains per Panicle Grains per Grain weight Grains per m®>  Grain yield
duration (d)  height percent (%) length (cm) plant (pl™')  (panicle™!) spikelet (%)  (g1000™1) (10°m™?) (tha™")
(cm)

Environment Group

E3 (1) 137 94 NA 23.1 4.08 144 64.0 23.5 17.7 4.14
E31 (5) 122 115 NA 23.4 6.03 131 59.0 23.4 18.5 4.60
E29 (4) 142 112 76.5 21.0 6.25 115 77.0 24.3 13.8 3.35
E32 (5) 138 111 57.8 23.0 7.80 106 60.0 24.2 7.8 1.88
E24 (2) 123 105 55.9 22.3 7.48 107 83.0 21.5 10.6 2.14
E30 (2) 113 105 77.9 23.3 6.85 109 70.0 24.1 9.3 2.21
Mean 130 112 66.4 22.8 6.74 116 66.4 23.3 12.9 3.10
Ls.d.(P < 0.05) 1 4 6.2 0.9 1.10 12 3.7 0.9 1.4 0.35
Genotype Group

G6 (1) 119 98 82.0 19.1 10.49 105 76.0 24.5 21.4 5.25
G7 (1) 128 104 16.5 23.6 9.19 122 74.0 28.2 11.6 3.28
G9 (1) 125 104 NA 23.3 7.49 128 73.0 27.0 22.7 6.13
G10 (2) 135 112 77.5 24.1 5.57 121 65.0 19.2 10.1 1.94
G11 (2) 123 116 59.6 23.5 8.17 116 67.0 24.3 15.4 3.75
G12 (2) 142 122 79.1 22.7 3.32 106 53.0 21.5 4.4 0.94
Mean 130 112 66.4 22.8 6.74 116 66.4 23.3 12.9 3.10
Ls.d.(P < 0.05) 1 3 4.7 0.7 0.83 9 2.8 0.7 1.0 0.27

delayed 16 days in field duration, their regrowth was 57.8%, and their
grains m~ 2 and grain yield were both about 60% less than E31. In
contrast, field duration was similar to E31 in the high-cycle ratoon
crops at E24, but their plant height was 10 cm lower, their regrowth
was 55.9%, grain size was down 10%, and their grains m~2 and grain
yield were down 45%. Conversely, the wet season ratoon crops (E30)
were 9 days shorter in field duration, 10 cm less in plant height, showed
strong regrowth, but both grains m 2 and grain yield were halved re-
lative to E31.

For genotype groups (Table 5), replanted BN21 (G9) was medium in
maturity (125 days), short in plant height (104 cm), had 7.5 panicles
per plant, 128 grains per panicle with 0.73 grains per spikelet,
1000 grain weight of 27.0 g, 22700 grains m~ 2 and a grain yield of
6.13t ha-1. Relative to replanted BN21 (G9), perennial rice PR23 (G6)
was 6 days earlier in field duration, 6 cm shorter in plant height, with
strong regrowth (82%), 3 more panicles per plant, and similar grains
m~2 and grain yield overall. Perennial line Bt71 and ratooned BN21
(G11) had similar field duration to replanted BN21 (G9), were 12 cm
taller, had 59.6% regrowth, but were about 40% lower in grains m~2
and grain yield. Ratooned RD23 (G7) was also medium maturity and
short in plant height, but its regrowth was poor (16.5%), so its grains
m~? and grain yield were halved relative to G9. Lines 264 and Bt69
(G10) were 10 days longer in field duration and 8 cm taller with strong
regrowth (77.5%), but all yield components were lower, so their grain
yield was only 30% of G9. Finally, lines 139A and mutant TZ (G12)
were 17 days longer in field duration, 18 cm taller with strong regrowth
(79.1%), with the lowest values for all yield components, for 85% yield
reduction on G9.

These trait associations can be summarised using Pearson correla-
tion analysis (Supplementary Table 4). Among environments, grain
yield was positively correlated with grains m~2 and grains panicle !
(P < 0.05), but negatively with panicles m~2 (P < 0.10). Among
genotypes, grain yield was positively correlated with grains m~?2
(P < 0.05), grains spikelet™* (P < 0.05) and panicles m~?
(P < 0.10), but negatively with field duration (P < 0.05) and plant
height (P < 0.10). Other internal correlations followed, such as field
duration being positively correlated with plant height (P < 0.10).

4. Discussion

In this study, GXE interaction accounted for 37.7% of the total sum
of squares for grain yield, which, together with Genotype, accounted for
71.5% of the total variation. Three vectors accounted for 89.2% of
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G X E, suggesting a high repeatable component, which was consistent
with other studies in annual rice (Botwright Acuna et al., 2008) and
perennial rice (Huang et al., 2018). The genotype groupings of lines
139A and TZ (G12) and of lines 264 and Bt69 (G10) were consistent
with the previous study of Zhang et al. (2017), which indicated a strong
component of repeatable interaction, which was also consistent with
other studies (Wade et al., 1999). Consequently, cluster and ordination
analysis reduced the matrix from 9 genotype treatments X 19 en-
vironments (=171) to 6 genotype groups x 6 environment groups
( = 36), whilst retaining the repeatable variation for interpretation.

4.1. Environment groupings

In contrast to earlier studies in perennial rice (Zhang et al., 2017;
Samson et al., 2018), the majority of the environments here were
conducted with irrigation in the dry season, and the three wet season
environments at Jing Hong had adequate rainfall (Supplementary
Table 2), so rainfall and temperature (Supplementary Table 1) had only
a secondary impact on yield here. Consequently, the 19 environments
were grouped by cluster and ordination analysis into distinct environ-
ment groups that could be defined by their yield potential, and by
which crop in the ratoon cycle they represented, as explained below.

The highest yields (4.60 tha™!) were attained by the five original
crops at Jing Hong, Yuan Yang, Puer, De Hong and Lan Cang (E31), and
trait expression in this environment group can be taken as the standard
for comparison under favourable conditions, using the principles ex-
plained by Sengxua et al. (2017). Hong Ta 2014 (E3) separated, as
replanted BN21 failed there, perhaps due to pre-flowering stress, since
field duration was extended and plant height and panicles plant ™' were
reduced in E3 relative to the favourable standard E31. The third group
with high yields (3.35 tha~!) comprised four environments from early
ratoon cycles in the higher-altitude locations at Puer, Hong Ta and Wen
Shan (E29), where conditions were mild and favourable for regrowth
(Supplementary Tables land 2). In contrast, the three low-yielding
groups (E32, E24, E30) averaged only 2.01 t ha™?, half that of the high-
yielding groups. E32 comprised 5 environments from early ratoon cy-
cles in less favourable environments at Jing Hong, De Hong, Yuan Yang,
Lan Cang and Wen Shan (1.88 tha™!), which generally were lower in
altitude with higher temperatures than those in E29, so weather had a
secondary role in the environment groupings. Both of the remaining
low-yielding environment groups comprised ratoon crops from Jing
Hong only, the lowest altitude site, which could support two crops per
year, and which ran for three years. E30 comprised wet season crops in
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cycles 2 and 4, with a mean yield of 2.21 t ha™?, while E24 comprised
high-cycle ratoon crops (cycles 5 and 6) with a mean yield of
2.14tha™'. Thus environments grouped strongly by whether they were
original crops, low- or high-cycle ratoons, with their expression mod-
ified by seasonal favourability, and if wet or dry season.

4.2. Genotypes and traits

The nine genotypes were grouped by cluster and ordination analysis
by their responses to the environment groups above. This is clearly il-
lustrated in the biplots (Fig. 2), where Axis 1 represented yield poten-
tial, separating the high-yielding groups G9 (Replanted-BN21) and G6
(PR23) to the left, from intermediate-yielding groups G7 (RD23) and
G11 (Bt71 and BN21) to the middle, and low-yielding groups G10
(Lines 264 and Bt69) and G12 (Lines 139 A and TZ) to the right
(Fig. 2a). Axis 2 related to ratoon performance, which separated the
intermediate-yielding RD23 (G7) and Lines Bt71 and BN21 (G11),
which performed well in original crops but poorly in ratoon crops, due
to their lower ratoon percentages. Axis 3 separated the high-yielding
perennial rice PR23 (G6) from the Replanted BN21 (G9), with other
genotype groups intermediate (Fig. 2b). This can be interpreted as ra-
toon success, with low yield in ratoon neutral, and high yield positive or
negative on Axis 3, depending upon whether high performance was due
to replanting (BN21 — G9) or ratooning (PR23 — G6).

Table 4 summarised these relationships clearly, and was fully con-
sistent with the biplots (Figs.2a, b). Replanted BN21 (G9) did well ev-
erywhere, except at Jing Hong 2014 Dry Season, when early stress
presumably was a disadvantage to its establishment of a high yield
potential. There was a clear advantage for PR23 (G6) in being high in
yield potential, earlier in field duration, and strong in regrowth. Other
perennial and ratooned annual rice groups performed less well, de-
pending upon how they were able to regrow in subsequent cycles, and
in addition, their later maturity was also a disadvantage. Other yield
components were consistent with these relationships (Table 5), as
confirmed by the Pearson correlations (Supplementary Table 4). PR23
(G6) demonstrated desirable phenotypic characteristics, such as good
grain size, with other reports suggesting PR23 also had favourable grain
quality, milling and taste characteristics (Huang et al., 2018).

4.3. Implications

The superiority of PR23for release to farmers as a high-yield, stable,
widely-adaptable perennial-rice cultivar is again demonstrated in this
paper, consistent with our earlier reports (Zhang et al., 2017; Huang
et al., 2018; Samson et al., 2018). Further, this paper now establishes
the capability of PR23, and perennial rice, to successfully regrow and
yield for up to six cycles in the field (from one planting for two re-
growth cycles per year over three years). Huang et al. (2018) have also
shown the economic advantage of growing the perennial rice over the
annual rice, because of reduced requirements for labour as a result of
not having to transplant, and hence, increased profitability with re-
duced drudgery for the farmer’s family. Other perennial rice lines tested
were also able to regrow successfully in the field, whereas annual rices,
especially RD23, were very poor in regrowth capacity, which was
consistent with Samson et al. (2018).

In relation to regrowth, it was notable that the second crop at Jing
Hong in 2014, in the wet season, was severely damaged by rice hoppers
and rats, and yielded only 1.34 tha ™! on average (Table 1). Despite this
severe damage, the perennial rices survived, and yields recovered to
over 3.00 tha™! in both ratoon crops in 2015, and over 2.00 tha™! in
both ratoon crops in 2016, especially in PR23 (G6) (Table 4a). This
attests to a viable level of resilience among the perennial rice lines if
adverse conditions are encountered, such as has been reported for low
temperature (Zhang et al., 2017) or water deficit (Samson et al., 2018).

When this experiment was originally established in 2014, data from
a number of our previous experiments with perennial rice had been
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collected, but at that time, had not yet been properly analysed nor
published. Entries were selected for this experiment based on the best
evidence available at that time. Now that the previous work has been
published (Zhang et al., 2017; Huang et al., 2018; Samson et al., 2018),
we can reflect on our earlier choices. We chose three entries from what
was to become genotype group G3 in Zhang et al. (2017): lines 264,
Bt69 and Bt71 (Table 2). If the experiment were to be set up now, we
would only select one perennial rice line from Zhang et al. in G3,
perhaps line 264, and replace Bt69 and Bt71 with line 246 (from Zhang
et al. in G4) and line 56 (from Zhang et al. in G6). This would ensure all
of the adaptation groups identified by Zhang et al. (2017) were re-
presented in this experiment. Nevertheless, changing the entries is this
way would have been unlikely to have altered our conclusions, since
PR23 was so dominant in its performance over environments, as it was
in that previous report, and now, also in its performance over up to six
seasons.

Promising new lines are now coming through the perennial rice
breeding program, such as PR24, PR25 and PR101, and it will be in-
teresting to see how they perform across environments, as they have
been selected for alternative ecological niches. Recently, there have
also been efforts to further broaden the scope of the breeding program,
by back-crossing promising perennial rice lines with established culti-
vars adapted to different rice ecosystems and regions, such as upland
and rainfed lowland rice cultivars from Asia, Africa and Latin America.
Further crosses between Oryza sativa and Oryza longistaminata would
also be warranted, to further broaden the genetic base available for
selection. This would be especially so if F1 progeny of such crosses were
inter-crossed, in order to develop and select segregating populations of
perennial rice, whilst retaining consistent genetic composition, as ad-
vocated recently by Larkin et al. (2014) for perennial wheat. Such
breeding approaches are expected to continue to provide promising
lines of perennial rice for further evaluation.

Finally, the research reported here also draws attention to the need
for further understanding of longevity in perennial rice. How many
ratoon cycles can be grown before replanting is needed? Is there any
systemic yield decline over ratoon cycles, and if so, can any such de-
cline be arrested through improved management or improved disease
resistance? What trade-offs may occur as a result of the perennial
growth habit, and can they be compensated by any improved resource
capture in the perennial? Are there benefits from including perennials,
such as improved sustainability, biodiversity, soil health or livestock
integration? Some of these challenges may be best addressed using
long-term experiments, to ensure valid comparisons with error control,
as is currently planned in China.

5. Conclusions

The results showed that perennial rice PR23 was widely adapted,
and its yield was stable and comparable to the seasonally-replanted
annual rice BN21, over diverse environments, and for up to six growth
cycles (Table 4). Traits responsible for the adaptation of PR23 over
environments and regrowth cycles included a high yield potential,
earlier maturity and strong regrowth capacity (Table 4). The results also
demonstrated the ability of PR23 and other perennial rice genotypes to
recover from stresses in an earlier regrowth cycle, and increase sub-
sequent grain yields, attesting to the resilience of these perennial rice
genotypes (Table 4).
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Abstract: In the absence of tillage, perennial rice is an innovation and supplement to rice production.
Proper N fertilizer application connected to planting density has been proposed as an effective
way to improve rice yields. The tradeoff between crop N uptake and N supply is essential for
optimal N management and soil environment benefit in the perennial rice cropping system. To
assess the response of perennial rice to N fertilizer and planting density, field experiments with
four consecutive growing seasons within two years, from 2016 to 2017, were conducted in southern
China. Four nitrogen rates (NO, N1, N2, and N3 refer to 0, 120, 180, and 240 kg N ha~1, respectively)
combined with three planting densities (D1, D2, and D3 refer to 100 x 10%, 167 x 10% and 226 x 10°
plants ha™!, respectively) were designed. The results showed that both N rate and planting density
significantly affected crop production (p < 0.05), N uptake and soil N balance. Specifically, the N2D3
mode could achieve sustainable and higher dry matter accumulation (15.15 t ha~') and grain yield
(7.67 tha™1) among all the treatments over the four seasons. A positive relationship between N
uptake and dry matter/grain yield was observed. The N2D3 mode showed significantly higher N
uptake (201 kg ha~! each season) and less soil N loss (27.1%), relative to C.K. Additionally, the N2D3
mode could reach the optimal N balance (—0.2 kg ha~1) with a low N requirement (23.9 kg N Mg*1
grain), resulting in higher N use efficiency (NAE: 26.5 kg N kgfl, NRE: 64.9%). In the perennial
rice cropping system, therefore, 180 kg N ha™! integrated with 226 x 103 plants ha~! could deliver
higher grain yields with less N requirement, higher N use efficiency and less soil N loss. This optimal
combination between planting density and nitrogen rate can result in soil N balance for sustainable
perennial rice production.

Keywords: N balance; N fertilizer; N uptake; perennial rice cropping system; soil N loss

1. Introduction

Due to the ongoing growth of the world population, the demand for food is under
great pressure [1,2]. Rice is the staple food for more than half of the world’s population,
which faces more pressure than any other grain [3]. In rice production, chemical fertilizer
addition, increasing the planting density and improving cultivated area are proposed to
increase yields [4-6]. Due to the restricted arable land [7], fertilizer addition and increasing
planting density are proposed as the main ways to improve the yield [8]. In particular,
fertilizer has been proposed as the primary method for the strong desire of farmers to
pursue high grain yields [9]. Overfertilization has been a common phenomenon for farm-
ers. However, excessive or inappropriate fertilization does not always contribute to a
high grain yield, which may result in low fertilizer use efficiency and cause a series of
environmental problems [10-12]. The overall rice production mainly relies on annual
rice with a plowing cropping system, which is an intensive work for farmers that needs
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seeds, seedling, plowing, transplanting, crop management and harvest etc. annually, espe-
cially in terraces and mountains [13]. Annually plowing in the long term also intensifies
soil erosion and degradation, which is not conducive to sustainable soil production and
the environment [14].

Perennial rice is bred by the clone characteristics of the rhizome of Oryza longistaminata
and could survive and produce for several successive seasons or years [13,15]. With the
release of perennial rice cultivar 23 (PR23) in 2018, the revolution of rice production caused by
perennial crops has started. From the second season or year, perennial rice could ratoon from
the rhizome of the stubble of last season and produce for successive years [13,15-17]. Without
tillage, seeding and transplanting, perennial rice reduced labor and material input, resulting
in considerable economic profit for farmers [13,15]. The absence of tillage always reduces
soil erosion and enhances soil properties, would achieve sustainable and environmental rice
production and balance ecological and food security [15,18].

Nitrogen (N) is the essential element for perennial rice production. Increasing N
fertilizer rate and planting density have been regarded as the most effective ways to
improve the rice yield significantly [8,19]. However, unreasonable N management would
result in low crop yields, along with severe environmental problems [20]. Generally, the
averaged N application was 225 kg N ha~! and N fertilizer utilization efficiency was 35%
in croplands of China [21], which often caused serious N loss and pollution. The optimal
N fertilizer of perennial rice is often highly dependent on the planting density and soil
productivity. Due to the short term of perennial rice release, the response of perennial
rice to nitrogen and planting density in the perennial cropping system is still unclear.
Based on grain yield increase, evaluating the response of perennial rice to N rate and
planting density, soil N balance and loss, and N requirement could help us formulate
optimal N management and access the soil environment in the perennial rice cropping
system. Formulation of optimized N and planting density management would provide
scientific guidance for farmers to plant rice environmentally. Thus, a field experiment
with four N rates integrated with three planting densities was conducted to assess the dry
matter accumulation and grain yield, plant nitrogen uptake and requirement, soil nitrogen
balance and loss of perennial rice. The objective of this paper was to explore the response
of perennial rice to N fertilizer and planting density, evaluate the productivity and soil
nitrogen balance and loss in a perennial rice field, and formulate and provide proper N
fertilizer management in a no tillage-perennial rice cropping system.

2. Materials and Methods
2.1. Site Description

This study was performed over four successive seasons from 2016 to 2017 at the
Perennial Rice Research Station of Yunnan University, located in Gasa town (20°57'22” N,
100°45'43" E, altitude 555 m), Jinghong, southwestern China—a typically double rice area,
which is characterized by a tropical monsoon climate. The average sum of rainfall recorded
in the years 2016 and 2017 was 927.7 mm and 1342.6 mm (Figure 1), respectively, and most
rainfall occurred from June to October. The average monthly temperature was 23.8 °C
(Figure 1).
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Figure 1. Rainfall and temperature in experimental site Jinghong from 2016 to 2017.

Before 2016, the prevailing rice system-annual rice with plowing annually was con-
ducted in the trail field. The soil was classified as a ferritic soil with 5.05 pH, 34 g kg~!
soil organic matter, 2.1 g kg~! soil total nitrogen, 156 mg kg~! available soil nitrogen,
7.6 mg kg~ ! available soil phosphorus and 139 mg kg ! available soil potassium.

2.2. Experimental Design

A spilt-plot experiment with three replicates was applied over four successive seasons
from 2016 to 2017, as 2016F (first season) and regrowth seasons 2016S, 2017F and 2017S. Four
N rates, NO, N1, N2 and N3, with 0, 120, 180, and 240 kg N ha~! applied respectively were
used as the main plots. Three planting densities included D1, D2 and D3 with 100 x 103,
167 x 10% and 226 x 10° plants ha !, respectively, were used as subplots (Figure 2a). These
four N rates and three planting densities generated the following twelve combinations:
NOD1, NOD2, NOD3, N1D1, N1D2, N1D3, N2D1, N2D2, N2D3, N3D1, N3D2 and N3D3
(Figure 2a), each of them was with an area of 20 m? size.

The cultivar perennial rice 23 (PR23) was selected as the material that was sowed
on 15 Dec 2015 and transplanted in a plowing and level field on 30 January 2016, and
harvested in late June and October each year (Figure 2c). After the harvest of each season,
the rice stubble was cut back 5-10 cm above the ground to maintain the uniformity of
new tillers arising from rhizomes and to depress tillers from the stem. The new tillers
that emerged from the rhizome of the rice stubble were only maintained for successive
regrowth seasons (2016S, 2017F and 2017S). Meanwhile, no-tilling was conducted across
the successive regrowth seasons. During winter, perennial rice lies dormant in the soil and
emerges when warmer temperatures return in the next year.

N fertilizer (urea) was manually and evenly spread at four stages 50% at the transplant-
ing time for 2016F or new tillers emerging for regrowth seasons (2016S, 2017F and 2017S),
20% at the tilling stage, 20% at the heading stage and 10% at the filling stage, respectively.
For all treatments, the fertilizer P and K were 90 kg ha~! and 180 kg ha~!, respectively.
The P fertilizer was once applied as the base fertilizer each season. The K fertilizer was
used as a rate of 4:4:2 at the transplanting or cutting stubble, heading stage and 20 days
after heading (to keep the root activity and promote the new tillers of perennial rice. For
different planting densities, the plant spacing for D1, D2 and D3 were 27, 20 and 17 cm,
respectively, and row spacings for these were 37, 30 and 26 cm, respectively.
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Figure 2. Field experiment design, planting details, and N cycle in the perennial rice field. (a) Field
experiment design of different N rates and planting density. (b) N cycle in the perennial rice cropping
system. (c) Planting details of perennial rice. SW, sowing. TR, transplanting. H, harvest. R, regrowth.
M, stubble management (cutting back). 2016F, first season (red color) from sowing to the first harvest.
2016S, 2017F, and 20175, three regrowth seasons (blue color) from regrowth to harvest each season.
Overwinter, from the last harvest in the first year in winter to the first regrowth in the second year.

2.2.1. Irrigation Regime

The field was irrigated intermittently, and the details are as follows.

In the transplanting season of 2016, 3 cm water above ground was kept for 2 days and
then plowed. Perennial rice was transplanted 2 days after plowing, and the field was kept
in 3 cm water for 10 days. For the regrowth seasons of 2016 and 2017, the field should be
kept 3 cm in water for 10 days after cutting rice stubble. When the rice leaf turns green
in the transplanting season or the stubble regrowth is 1-2 tillers, the field should be kept
in 1-2 cm water until the tillering stage to promote the tillering of perennial rice. When
the tillers reached 75% of the objective total tillers, the field would be naturally dried to
control the tillers. When the jointing stage is reached, 2-3 cm water should be kept until the
heading stage of perennial rice. Fifteen days after heading, the rainy month arrives and the
rice does not need more irrigated water for growth, meaning we naturally dried the field
until harvest. In the winter, the field needs certain moisture to keep perennial rice alive
and overwinter.

2.2.2. Field Management
Weeds Control

In general, we sprayed herbicide 5-7 days after transplanting in the first season or
after tiller emergence in the regrowth seasons. Prometryn was applied to soil to control the
gramineous weeds, broadleaf weeds and Cyperaceae weeds. Cyhalofop-butyl or fluroxypyr
was used to control perennial weeds.

Pest Control

The main pests in this area are rice planthopper and Cnaphalocrocis. Thiamethoxam
and pymetrozine were used to control the rice planthopper. Dursban and indoxacarb were
used to control Cnaphalocrocis. The usage of pesticides was according to the emergence
and condition of pests each year.
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Disease Control

Perennial rice has high resistance to rice blast. This is derived from the parent of Oryza
longistaminata, which has high resistance to rice blast and a strong rhizome. Therefore,
the main disease in perennial rice field are Xanthomonas oryzae, Riziocotinia solani and
Ustilaginoidea virens. We controlled these three diseases at the tillering stage, metaphase
differentiation of the young panicle or the start of heading. Azoxystrobin and tricyclazole
were used to control Xanthomonas oryzae, chloroisobromine cyanuric acid and thiediazole
copper were used to control Riziocotinia solani, validamycin and isoprothiolane were used
to control Ustilaginoidea virens.

2.3. Sampling and Analytical Methods
2.3.1. Grain Yield

At harvest time, grain yield and dry matter were manually harvested at an area greater
than 5 m?, and grain yield was weighted and adjusted to a 14% water content.

2.3.2. Soil and Plant Nitrogen

Soil nitrogen (N) and plant N were determined by using the Kjeldahl method [22].
Soil samples were taken at five points as “S” at 0-20 cm soil and dried naturally without
sunshine, then milled by a grinding mill and sieved through a 0.25 mm screen for soil
nitrogen analysis. The plant samples were collected and divided into grain, stem, leaf in
three sections at harvest time, fixed at 105 °C and dried at 75 °C by using an air dry oven,
then milled by a grinding mill and crushed and sieved through a 0.25 mm screen for plant
nitrogen analysis. Plant N uptake, soil N loss, N balance, N requirement and N physical
effect were calculated by the formulae as follows [23-25]:

N uptake (kg ha~!) = N% in grain x Yg + N% in stem x Ys + N% in leaf x YI (1)

N input (kg ha!) = N application + N addition by stubble (2)

N balance (kg ha™!) = Y Ninput — Nuptake ®)

N loss (kg ha~') = soil based N variation (sowing-harvest) + N input — N uptake (4)

N requirement (kg Mg ™! grain) = plant N uptake/Yg ®)

N agronomic efficiency (NAE) (kg N kg 1) = grain yield (Ni-N0)/N application  (6)

N recovery efficiency (NRE) (kg N kg 1) = pant N uptake (Ni-N0)/N application  (7)
where Yg is the grain yield, Ys is the stem yield, Y1 is the leaf yield, i > 1.

2.4. Statistical Analysis

Split-plot analysis with three-way ANOVA (N rate and planting density were set as
two fixed factors, and the season was set as a random factor) was used to assess differences
of the significance of the main plot and subplot and interactions of the treatments. Before
ANOVA, tests on normality (by a Shapiro-Wilks test of the residuals) and homoscedasticity
(by a Bartlett test) were conducted. In cases when homogeneity of variances was not given
by the original data, we classified the data, recombined the data in SPSSAU, and then the
data met the requirements of ANOVA. Three replications were calculated for each measure-
ment, and one-way ANOVA was used to compare the effects of the different treatments
on the measured variables [15]. F-tests were conducted, and multiple comparisons were
performed using the least significant difference test (L.S.D.) (p < 0.05). We analyzed the
experimental data with the IBM SPSS statistical package v.20.0 (SPSS, Inc., Chicago, IL,
USA), and the figures were generated using Origin 2015 (Sys Software, Inc., Northampton,
MA, USA, 2015).
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3. Results
3.1. Yield
3.1.1. Grain Yield

There was a significant difference in the grain yield of different treatments (p < 0.05)
(Table 1). Season (p < 0.001), nitrogen (p < 0.001), density (p < 0.05) and the interaction
effects of nitrogen with density (p < 0.05) and season, nitrogen and density (p < 0.01) all
decided the grain yield of perennial rice. For the effects of N fertilizer, the N1, N2 and
N3 significantly increased the grain yield by 82.2%, 148% and 141% compared with NO
(2.69 tha~1) (p < 0.05). For the planting densities, the D2 (5.34 t ha—!) and D3 (5.64 t ha™!)
showed significantly higher grain yields than the D1 (4.59 t ha~!) (p < 0.05). In the four
seasons, N2D3 resulted in a significantly higher average grain yield, which was 7.67 t ha~1.

Table 1. Dry matter accumulation of perennial rice under different N rates and planting densities
over four seasons of 2016-2017.

Treatment Leaf Stem Panicle Dry Matter Grain
(tha 1) (tha=1) (tha=1) (tha-1) (tha-1)
Season
2016F 1.08 £ 043 b 3.96 £1.18b 750+£239a 12.54 +3.96 a 726 £215a
20165 1.13£0.33b 465+176a 471+ 184c 1049 £2.76 b 442 +£127b
2017F 150+ 0.13 a 400+1.64b 517 £ 1.43 bc 10.68 £2.54 b 476 £1.74Db
2017S 1.36 =047 a 328 +£1.04c 579 +£1.89b 1043 +2.75Db 432+205Db
N rates
NO 091 +£0.23¢ 255+1.01d 375+ 1.00c 722+245¢ 2.69 £097d
N1 1.16 £0.33b 3.88 £ 1.56 ¢ 556 £1.46b 10.59 £2.77b 490 £ 1.66 ¢
N2 1.47 £0.46 a 459+211b 7.07 £192a 13.14 £4.37a 6.68 =176 a
N3 1.54+047a 487 +1.79a 678 £214a 13.19 = 4.09 a 6.48 £1.48Db
Planting density
D1 116 £041c 3.40+1.69 c 494+2.03c 949 +4.15¢ 459 +182c¢
D2 126 +043Db 396 £1.72b 580 +201b 11.02 +4.03b 534 +£224Db
D3 140 £045a 456 +179a 6.63 =2.08 a 1259 £4.15a 564 +236a
ANOVA F-value
S (df=3) 7.330 ** 9.120 ** 5.792 % 2.729 (ns) 15.599 ***
N (df =3) 17.185 *** 54.708 *** 11.529 ** 28.399 *** 36.502 ***
D (df =2) 12.319 ** 22.538 ** 10.116 * 25.797 *** 9.332 %
N x S (df=9) 4.303 ** 4.041 ** 5.639 *** 9.051 *** 9.047 ***
D x S (df =6) 1.391 (ns) 4.129 ** 2.701* 4.018* 4.071 **
N x D (df =6) 1.524 (ns) 2.979 % 2.554 (ns) 5.088 ** 7.399 ***
N x D x S (df = 18) 1.757 * 1.040 (ns) 2.967 *** 1.916 * 2.521 **

Different letters within a column represent significant differences at p < 0.05 (LSD). S: season. N: nitrogen rate. D:
planting density. N x S: interaction effect between nitrogen rate and season. D x S: interaction effect between
planting density and season. N x D: interaction effect between nitrogen rate and planting density. N x D x S:
interaction effect between nitrogen rate, planting density, and season. * represents significance at p < 0.05,
** represents significance at p < 0.01, *** represents significance at p < 0.001, ns represents no significance.

3.1.2. Dry Matter Accumulation

In 2016-2017, the dry matter accumulation of perennial rice is shown in Figure 3.
The dry matter of regrowth seasons (20165, 2017F and 2017S) remained stable with the
transplanting season (2016F), which was significantly affected by season (p < 0.01), nitrogen
(p < 0.001) and density (p < 0.01) and interact effect of nitrogen and density (p < 0.001)
(Table 1). When the N rate and planting density increased, the dry matter of leaf, stem
and panicle increased. N2D3 showed the highest aboveground dry matter accumulation
(15.46 t ha™!) in four seasons (Table 1); the leaf, stem, and panicle weight were 1.67, 5.34
and 8.45 t ha™!, respectively, followed by N3D3 (15.15 t ha~!). For the effect of N fertilizer,
N1, N2 and N3 significantly improved aboveground dry matter accumulation (leaf, stem
and grain weight) compared to NO. The increments were by 43.2%, 77.5% and 77.1%,
respectively (p < 0.05). For the effect of planting density, the D3 and D2 significantly
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increased the aboveground dry matter accumulation by 38.6% and 19% when compared to

D1 (p < 0.05).
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Figure 3. Dry matter accumulation of different treatments. (a) Dry matter accumulation in 2016F.
(b) Dry matter accumulation in 2016S. (c¢) Dry matter accumulation in 2017F. (d) Dry matter accumu-
lation in 2017S. Dry matter accumulation, including the dry matter of stem, leaf, and grain. 2016F,
the first season of 2016 (transplanting season). 2016S, the second season of 2016 (regrowth season).
2017F, the first season of 2017 (regrowth season). 20175, the second season of 2017 (regrowth season).
Bars with different letters represent a significant difference at p < 0.05. The yellow letter represents
the difference in the leaf. The purple letter represents the difference in the stem. The dark letter
represents the branch and a difference in the panicle.

In the first season of 2016 and 2017, the panicle accounted for a large proportion of dry
matter, which was 50.46-56.03%, and the straw (leaf and stem) accounted for 43.97-49.54%
(Figure 3). In the second season (2016S, 2017S), the straw accounted for a large proportion
of dry matter, which was 54.39-62.67%, and the panicle accounted for 37.33-45.61%.

3.2. Plant N Uptake

N rate and planting density significantly affected the N uptake of perennial rice
(p < 0.05) (Figure 4); N uptake of perennial rice was stable in the first and second season,
respectively. Compared to the second season (28.7-59.9%), perennial rice uptake and
transfer of N in grain was higher in the first season (49.5-78.3%). The N uptake of grain
accounted for 54.5-59.7% of aboveground plant N content and in 2016F, 2016S, 2017F and
20175, these values were 73.5%, 50.6%, 65.1% and 37.9%, respectively. When the N rate and
planting density increased, N uptake by stem, leaf and grain increased (Figure 4). For the
N uptake by grain, NO, N1, N2 and N3 were 43, 73, 95 and 95 kg ha~1, respectively and D1,
D2 and D3 were 66, 74 and 89 kg ha~!, respectively. For the N uptake by stem, N3 and D3
showed the highest value, 57 and 55 kg ha™!, respectively. N uptake by leaf, N3, and D3
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showed the highest value, 18 and 16 kg ha~!. N3D3 and N2D3 showed the highest averaged
N uptake values across the four seasons, which were 204 and 201 kg ha ™!, respectively.
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Figure 4. N uptake of aboveground dry matter. (a) N uptake in 2016F. (b) N uptake in 2016S. (c¢) N
uptake in 2017F. (d) N uptake in 2017S. Plant N uptake, including the N uptake of stem, leaf, and grain.
2016F, the first season of 2016 (transplanting season). 20165, the second season of 2016 (regrowth
season). 2017F, the first season of 2017 (regrowth season). 20175, the second season of 2017 (regrowth
season). Bars with different letters represent a significant difference at p < 0.05. The yellow letter
represents a difference in the leaf. The purple letter represents the difference in the stem. The dark
letter represents the difference in the panicle.

After accounting for all treatments, the dry mater, straw (stem and leaf) and grain
yield were significantly and positively related to the N uptake (p < 0.01) (Figure 5). The

high N uptake of grain, straw yield and dry matter in N2D3 and N3D3 resulted in high dry
matter and grain yield.
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Figure 5. The relationship of N uptake with grain yield, straw biomass, and aboveground dry matter.
(a) Relationship of N uptake by grain and grain yield. (b) N uptake by straw (stem and leaf) and
straw biomass. (c) Relationship of N uptake by dry matter and aboveground dry matter.
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3.3. Soil N Cycle
3.3.1. Soil N

In the four seasons, the soil N was significantly affected by season (p < 0.001) and
the interactional effects of season. The interactional effect of season, N rate with planting
density (p < 0.001) and N rate with planting density (p < 0.05) significantly affected the soil
N (Table 2), neither N rate nor planting density had a significant effect on soil N (Figure 6).
As the growth season continued, the soil N declined significantly (p < 0.05).

Table 2. N uptake and loss of perennial rice under different N rates and planting densities over four
successive seasons of 2016-2017.

Treatment N Uptake (kg ha—1) N Loss (kg ha—1) Soil N (g kg 1)
Season
2016F 124.67 + 47.33 a 98.42 £5493 a 220+£0.05a
2016S 147.33 + 47.57 a 96.46 £+ 56.88 a 2.14+0.10b
2017F 128.50 + 48.85 a 104.81 + 65.72 a 1.92 £0.07 ¢
2017S 143.50 + 44.28 a 90.40 £ 68.74 a 1.83 £0.05d
N rate
NO 7992 £19.10d 1229 +£4.83d 2.00+£0.17a
N1 130.25 +24.93 ¢ 93.52 £21.18 ¢ 203 £0.18a
N2 163.67 £ 35.65b 109.67 £ 30.90 b 2.03+£0.17a
N3 170.17 + 37.68 a 171.60 + 21.05 a 202+£0.17a
Planting density
D1 11544 + 4245 ¢ 109.31 + 57.50 a 201+£0.17a
D2 133.31 £40.93b 100.67 £ 56.05 b 201+£0.16a
D3 159.25 + 41.59 a 82.58 +51.20 ¢ 2.04+£0.17a
ANOVA F-value
S (df = 3) 1.096 (ns) 0.987 (ns) 58.506 **
N (df = 3) 38.063 *** 129.932 *+* 0.612 (ns)
D (df =2) 8.054 * 24.154 ** 0.759 (ns)
N x S (df = 9) 3.514% 5.008 ** 0.876 (ns)
D x S(df =6) 6.307 *** 1.616 (ns) 1.783 (ns)
N x D (df = 6) 7.758 *** 17.010 *** 2.673 %
N x D x S (df = 18) 2.585 ** 2.289 ** 4.560 ***

Different letters within a column represent significant differences at p < 0.05 (LSD). S: season. N: nitrogen rate. D:
planting density. N x S: interaction effect between nitrogen rate and season. D x S: interaction effect between
planting density and season. N x D: interaction effect between nitrogen rate and planting density. N x D x S:
interaction effect between nitrogen rate, planting density, and season. * represents significance at p < 0.05,
** represents significance at p < 0.01, *** represents significance at p < 0.001, ns represents no significance.

3.3.2. Soil N Removal and Loss

In the perennial rice cropping system, soil N is mainly taken by the plant removal (N
uptake by plants) (Figure 2b), and there were significant differences among the different
treatments (Figure 7 and Table 2). With the increment in N rate, the N removal by perennial
rice significantly increased (p < 0.05) and NO, N1, N2 and N3 were 80, 130, 164 and
170 kg ha~1, respectively, but there was no significance between N2 and N3 (p < 0.05). For
different planting density, when the density increased, N removal by plants increased
significantly (p < 0.05); D1, D2 and D3 were 154, 178 and 212 kg ha~!, respectively. In the
four seasons, N3D3 and N2D3 resulted in the highest N removal values, which were 204
and 201 kg ha™!, respectively.
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Figure 6. Soil total nitrogen (TN) of different treatments. (a) soil total nitrogen in 2016F. (b) soil total
nitrogen in 2016S. (c) soil total nitrogen in 2017F. (d) soil total nitrogen in 2017S. 2016F, the first season
of 2016 (transplanting season). 2016S, the second season of 2016 (regrowth season). 2017F, the first
season of 2017 (regrowth season). 20175, the second season of 2017 (regrowth season). Vertical bars
represent the standard error for different treatments. p < 0.05 represent a significant difference among
other therapies, and ns mean no difference among treatments.
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Figure 7. N removal by plants and soil N loss in the perennial rice cropping system. (a) N removal
and soil N loss in 2016F. (b) N removal and soil N loss in 2016S. (c) N removal and soil N loss in 2017F.
(d) N removal and soil N loss in 2017S. Bars with different letters represent significant differences at
p < 0.05. The green letter represents the difference in N uptake. The dark letter represents a difference
in N loss.
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Different from the N removal by plants, soil N loss and loss rate increased with the
increase in N rate and decrease in planting density (Figure 7 and Table 2). The soil N losses
in NO, N1, N2 and N3 were 15, 94, 110 and 172 kg ha™1, respectively, but there was no
significance between N1 and N2 (p < 0.05). The soil N loss rates of N0, N1, N2 and N3 were
16.8%, 41.8%, 40.3% and 50.6%, respectively, while soil N loss in D1, D2 and D3 were 146,
134 and 110 kg ha~!, respectively. The soil N loss rate of D1, D2 and D3 were 57.3%, 50%.9
and 41.3%, respectively. High planting density significantly reduced soil N loss (p < 0.05).
N3D1 resulted in the highest soil N loss and loss rate, which was 191 kg ha~! and 59.1%,
respectively, and NOD2 resulted in the lowest value, which was 12 kg ha~! and 13.3%,
respectively (Figures 7 and 8d).

3.3.3. Apparent N Balance

Soil apparent N balance was calculated by the difference between soil N input and
soil N removal. In the perennial rice cropping system, soil N input includes N fertilizer
application and decomposition of rice stubble (Figure 2b). The N input by rice stubble is
mainly related to the N rate in straw and the biomass of straw. A high N rate and planting
density would lead to high N input for perennial rice (Figure 8c). In the four seasons,
N input by stubble of NOD1, NOD2, NOD3, N1D1, N1D2, N1D3, N2D1, N2D2, N2D3,
N3D1, N3D2 and N3D3 were 8.4,9.2,10.8,12.9,13.2,16.9, 13.1, 17.3, 20.8, 14.9, 19.7 and
22.2 kg ha™!, respectively. According to the soil N input and soil N removal, soil N balance
of NOD1, NOD2, NOD3, N1D1, N1D2, N1D3, N2D1, N2D2, N2D3, N3D1, N3D2 and N3D3
were —66.3, —71.6, —73.5, 8.1, 14.7, —10.6, 63.4, 37.0, —0.2, 122.3, 85.9 and 57.9 kg ha 1,
respectively (Figure 8e). In the four seasons, N2D3 achieved the soil N balance among
all treatments.

(a) 210 F (b)
~250 } 19
o —
= e 180 F
K 2
= glso -
2 2
3 —élzo -
=% E) L
g' Z 9% . I
z 60 4
NI KRR ANRNAANANNRNRAI
214 F (c) 200 (d)
~2a} L
s ~ 160
< 18 ‘5 140 |
el 120
S . 2 100
Z12F g 80f
2 9k z 60F
z [m I 40
o IANANNANANRNRANRNRRNNI 2
0 —_—
130, (e) '5
&
100 F =)
= =35
2 S0 z
3 i:,30
g 0 g
3 £25
z -50 3 I I I
I A AR RN R RAARN
.loo —.(\I-M —-‘N.f“n — o~ ""n.—'.(‘llm Z 0 — ol [sa] — ol o — o o — ol o
AAA A A RO S B O A A A AaAaAAaA . AN
f=3 (=] (=} —_ — — o o~ o o o on (= (=] o — — — o o o on o o
O R i Bl o e il e e el ik E ey % i I W e
Treatment Treatment

Figure 8. Soil N balance and N requirement under different N rates and plating densities in the
perennial rice cropping system. (a) N application. (b) N uptake. (¢) N addition. (d) N loss. (e) N
balance. (f) N requirement.
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3.4. N Effects and Requirement

N agronomic efficiency (NAE) and N recovery efficiency (NRE) are important indica-
tors of the N fertilizer effect. With the increment in nitrogen, NAE and NRE increased and
N2 resulted in better N effects (NRE: 46.5%, NAE: 22.2 kg N kg 1) (Figure 9). D3 performed
a better N effect for planting density, NRE was 55.9%, and NAE was 20.3 kg N kg~ 1. In the
four seasons, N2D3 resulted in the best N effect and NAE and NRE were 64.9 kg N kg !
and 26.5%, respectively.
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Figure 9. N agronomic efficiency and requirement under different N rates and plating densities in
the perennial rice cropping system. (a) N agronomic efficiency (NAE) of other further additional
treatments. (b) N recovery efficiency (NRE) of different treatments.

The N requirement refers to the amount of N required to produce 1 Mg of the rice
grain, which is an important indicator to evaluate the N effect in perennial rice cropping
system. In four seasons, the N requirement of perennial rice averaged 29.7 kg N Mg~!
grain, and the N requirement of NOD1, NOD2, NOD3, N1D1, N1D2, N1D3, N2D1, N2D2,
N2D3, N3D1, N3D2, and N3D3 were 37.1, 37.9, 36.3,29.2,25.7, 32.4, 25.1, 23.8, 27.6, 23.9,
27.1 and 30.7 kg N Mg~! grain, respectively (Figure 8f).

4. Discussion
4.1. Dry Matter Accumulation

Despite the high yield potential in the transplanting season, the sustainable dry matter
and grain yield of perennial rice over regrowth seasons illustrated that perennial rice has
a high and sustainable yield potential over the years (Table 1). Increasing fertilizer and
planting density have been proposed as effective ways to improve rice yields [8,26]. When
the N fertilizer and planting density increased, the grain yields increased to a certain
extent [4,12]. In accordance with the annual rice, grain yield and dry matter accumulation
of perennial rice showed the same response to N fertilizer and planting density (Figure 3
and Table 1). However, the improvement of fertilizer did not always result in a high crop
yield, but sometimes low fertilizer use efficiency and more fertilizer runoff, thus causing
a series of economic and environmental problems [27]. The more N fertilizer in N3 did
not result in a significantly higher grain yield but it did result in more soil N loss and low
N use efficiency (NAE and NRE) in the perennial rice cropping system. Additionally, N
fertilizer and planting density often have an interaction effect on rice yield [15]; dry matter
and grain yield of perennial rice are significantly affected by the interactional effect of N
rate, planting density with the season, season with N rate and season with planting density.
The proper N fertilizer rate and planting density in N2D3 are conducive to soil nitrogen
absorption and crop production. The high N uptake in N2, N3, and D3 would lead to a
high grain yield and dry matter accumulation by the positive relationship of N uptake with
straw and grain yield (Figure 5). Although the N3 also resulted in a high grain yield and
dry matter in four seasons as with N2, the high soil N loss and low N use efficiency would
lead to high N erosion risk and less economic profit. Proper N application and planting
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density could help to obtain a high grain yield and dry matter accumulation, improve N
use efficiency and reduce soil N erosion [28]. The optimal combination of the N rate with
planting density in N2D3 resulted from the highest dry matter accumulation and grain
yield in a perennial rice cropping system.

4.2. Plants N Uptake and N Use Efficiency

N is the essential element for perennial rice production. Plant N uptake is closely
related to dry matter accumulation and grain yield [29]. Recent literature reported that
increasing crop nutrient uptake has emphasized the need for greater synchrony between
crop nutrient demand and the nutrient supply from all sources throughout the growing
season [30,31]. A proper high N rate could help plants absorb more N for production [32,33]
and perennial rice should also show the same result. The N uptake of perennial rice
significantly increased with the increase in N rate and planting density. N3D3 and N2D3
showed exceptionally high N uptake, but there was no significant difference between
them. The N3 did not increase the N uptake of perennial rice but led to more soil N loss
when compared with N2. Excessive N fertilizer input leads to luxury N absorption but
also enhances soil N loss and leaching [10,11]. In four seasons, N uptake of perennial rice
remained stable. In the first season, N uptake by plants was mainly transferred into grain
yield, leading to a high grain yield of perennial rice. However, in the second season, more
N was absorbed by straw, and then the grain yield was lower than that in the first season.
The lower N uptake in the second season was one of the main reasons for the low yield of
perennial rice.

In recent years, more and more fertilizer loss and pollution have appeared in the field
by the desire for a higher crop yield, causing more environmental problems [12]. In China,
the fertilizer use efficiency was 30-35%, which was far below that in the world [28]. So, we
need to improve the N fertilizer use efficiency when pursuing a high crop yield. NAE and
NRE were effective indicators in order to evaluate fertilizer use efficiency. Higher NAE and
NRE values meant the fertilizer could produce higher grain yields and increase fertilizer
use efficiency [34]. The high NAE and NRE in N2 and D3 stated that perennial rice could
utilize N fertilizer efficiently in this nitrogen and planting density, resulting in the best N
effect in the N2D3 mode.

The N requirement is also an effective indicator to evaluate the N fertilizer use effi-
ciency and productivity, which refers to the N requirement to produce 1 Mg grain [23]. The
low N requirement stated that working to the exact grain yield requires less fertilizer. The
common N requirement in N2D3 indicated that N would produce a higher grain yield
and have high and efficient use efficiency with less N loss and pollution in this mode.
The highest NAE and NRE and proper N requirement in N2D3 also illustrated that the N
fertilizer effect was the best in this mode. The perennial rice would produce a higher grain
yield and less fertilizer loss and pollution and obtain more economic profit.

4.3. N Cycle and Balance

Soil N is the main soil nutrient for crop production. Soil N supply and balance
immediately decided the crop productivity [35]. The soil N decreased as the experiment
continued in the perennial rice field; this may be attributed to two reasons. First, the
continuous high crop yield of perennial rice brought excessive nitrogen from the field,
but the applied nitrogen could not compensate for this. Second, the no-till system with
frequent irrigation in the perennial rice cropping system carried more nitrogen leaching
and decomposition of soil organic matter. The N2D3 treatment reached the N balance of
N input and output but decreased soil nitrogen in the field. This may be the increased N
leaching carried by no-tillage with frequent irrigation. The majority of crop N came from
the soil. If soil N was balanced in terms of inputs and outputs, the gaps between soil N
consumption and fertilizer N replenishment would imply that other forms of exogenous
N compensated for the soil N deficits, such as N deposition and biotic N fixation [36]. In
the perennial rice cropping system, the source of soil N includes soil base N, N fertilizer
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application, and N from some stubble decomposition, while the output of soil N includes
N taken by plants and soil N loss. Maintaining soil N balance is the premise for sustainable
rice production. In this study, the N2D3 mode resulted in almost soil N balance in the field.
The minus N balance in NO would lead to soil degradation and a reduction in crop yields.
If exogenous N replenishment was lower than soil N consumption, it would hardly sustain
the soil N supply capacity, eventually leading to soil fertility degradation and crop yield
reductions [37,38]. In contrast, the high N balance in N3 would lead to surplus N and more
soil N loss, which would result in serious environmental problems.

5. Conclusions

Studying the N utilization and N cycle in the perennial rice cropping system helps
us to evaluate the N effects and soil N loss and formulate optimal N management for
sustainable perennial rice production. In this study, the N2D3 mode resulted in a higher
and more sustainable grain yield and dry matter accumulation with better N effects (NAE
and NRE). Additionally, perennial rice under N2D3 mode uptake more N nutrients from
the soil and this resulted in less soil N loss that could maintain the apparent N balance. In
the perennial rice cropping system, N2D3 (180 kg N ha~! integrated with 226 x 10° plants
ha~!) mode was the optimal N dependent planting density for sustainable production and
soil N balance with less soil N loss and pollution.
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Abstract: Perennial grain crops hold the promise of stabilizing fragile lands, while contributing
grain and grazing in mixed farming systems. Recently, perennial rice was reported to successfully
survive, regrow, and yield across a diverse range of environments in Southern China and Laos,
with perennial rice PR23 being identified as a prime candidate for release to farmers. This paper
reports the evaluation of PR23 for release, by (1) comparing its survival, regrowth, performance,
and adaptation with preferred annual rices across nine ecological regions in southern Yunnan
Province of China; (2) examining the economic costs and benefits of perennial versus annual rice
there; and (3) discussing the evidence for the release of PR23 as a broadly adapted and acceptable
cultivar for farmers. Overall, the grain yield of PR23 was similar to those of the preferred annual
rice cultivars RD23 and HXR?7, but the economic analysis indicated substantial labour savings for
farmers by growing the perennial instead of the annual. PR23 was comparable to the annuals in
phenology, plant height, grain yield, and grain size, and was acceptable in grain and cooking quality.
Farmers were keen to grow it because of reduced costs and especially savings in labour. PR23 is
proposed for release to farmers because of its comparable grain yields to annual rices, its acceptable
grain and milling quality, its cost and labour savings, and the likely benefits to soil stability and
ecological sustainability, along with more flexible farming systems.

Keywords: adaptation; cultivar release; genotype by environment interactions; grain quality; labour
savings; perennial grain crops; performance; regrowth; survival; yield

1. Introduction

Perennial crops can regrow after normal harvest, and have been adopted as part of the global
toolkit for climate change mitigation and food security in the long term [1,2]. The potential benefits of
perennial crops in sustainable farming systems are now drawing the attention of scientific researchers
and government officials, not only because of the likely positive ecological effects on landscape and
biodiversity conservation, but also the likely significant economic benefits for smallholder farmers [3-6].

Sustainability 2018, 10, 1086; doi:10.3390/su10041086 www.mdpi.com/journal/sustainability
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In particular, the rice-growing lands in Asia are largely threatened due to pressure on soil resources [1].
Thus, the development of high-yielding perennial rice cultivars would address the environmental
limitations of annual rice while helping to feed the rapidly increasing human population.

With a successful wide hybrid being reported between the wild perennial rice Oryza longistaminata
and the annual rice Oryza sativa [7], it was originally proposed that perennial rice should be developed
in order to stabilize fragile upland farming systems. Greater understanding of the genetic architecture
of perenniality [8,9] was obtained from the study of viable progeny from the wide hybrid segregating
for perenniality [10,11]. This led to proposals to introgress additional traits from the wild perennial
species into the annual cultivated rice germplasm, and to the perennial rice breeding programs at
Yunnan Academy of Agricultural Sciences and Yunnan University.

Rice is one of the most important crops grown worldwide, so the opportunity for the successful
development of perennial rice has great potential. Viable progeny from the wide-hybrid segregating for
perenniality also acquired nematode resistance and drought tolerance from the wild species, through
linkage drag [10,11]. For the development of perennial rice to stabilize the fragile soils of rice-based
farming systems, perennial rice breeding using derivatives of the original wide-hybrid and research
on the genetic control of perenniality in rice have been continued [1,8-11]. These efforts offer the
opportunity not only for the commercial use of perennial rice, but also for further understanding of
the genetic architecture of perenniality in rice.

A successful perennial rice breeding program has been established in the Yunnan Academy
of Agricultural Sciences and Yunnan University, with the high-yielding and broadly-adapted
experimental line PR23 recommended for pre-release testing under paddy conditions in southern China
and Laos [12,13]. Consequently, this paper reports the field evaluation of PR23 in comparison with
the main conventional rice cultivars in pre-release testing under paddy conditions in nine ecological
regions of Yunnan Province in China, between 2011 and 2017. The objectives were: (1) to compare the
survival, regrowth, field performance, and adaptation of perennial rice PR23 with two conventional
rice varieties across nine ecological regions of Yunnan; (2) to consider the economic costs and benefits
in cultivation of perennial rice relative to annual rice; and (3) to discuss evidence for the commercial
release of PR23 as a high-yielding and broadly-adapted perennial rice cultivar for farmers in the
Yunnan Province of China.

2. Materials and Methods

Three experiments were conducted in 45 site-year (Environment E) combinations in the Yunnan
Province of China (Table 1). Eleven sites were used: Jinghong (21°59' N, 100°44’ E), Xingping
(24°02' N, 101°34" E), Dehong (24°26' N, 98°35’' E), Menghai (21°58' N, 100°25' E), Menglian
(22°33' N, 99°59" E), Mengzhe (21°57' N, 100°14" E), Wenshan (23°23’ N, 104°13’ E), Honghe (23°07' N,
102°40" E), Puer (22°45' N, 100°51" E), Lancang (22°26' N, 99°58' E), and Yiliang (24°58' N, 103°11’ E).
Minimum temperature was generally lower at the higher-altitude sites (Supplementary Table S1), with
rainfall generally lower December to April, and higher May to November (Supplementary Table S2),
according to long-term weather data.

2.1. Experiment 1

In Experiment 1, a randomized complete blocks design with three genotypes and three replicates
was used at each site. Plot size was 4.0 x 5.0 m, with 0.2 m row spacing and 0.4 m between hills.
Environments are indicated by their environment code; e.g., Jinghong in the first harvest season of
2011 is JH11F (Table 1).

The three genotypes (G) comprised two Oryza sativa cultivars (RD23 and HXR?7), and one perennial
rice hybrid (PR23) obtained from the cross between Oryza sativa cv. RD23 and Oryza longistaminata
(Table 2). RD23 is a popular Indica lowland rice cultivar from Thailand, and is grown widely across
south-east Asia because of its broad adaptation, high yield potential, good disease resistance, and high
grain quality [14]. In contrast, Oryza longistaminata is a wild rhizomatous perennial with poor
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agronomic characteristics which comes from swampy areas. The cross between the two species was
made in 1997 to combine the perennial habit of O. longistaminata with the agronomic features, broad
adaptation, and yield potential of RD23 [7,11,12] via iterative selection in segregating populations
from F2 in 2003 to F10 in 2010. HXR7 is another locally popular Indica lowland rice cultivar grown
widely by farmers in Yunnan Province due to its high grain yield and its exceptional grain quality.
Further details of HXR7 and other Chinese cultivars are available from the China Rice Data Center
(http:/ /www.ricedata.cn/variety /varis/). At some sites, farmers substituted a local cultivar with
reputedly similar genetic background due to local preference or for greater cold tolerance at higher
altitude (Supplementary Table S3). Nevertheless, the substituted cultivars were similar in phenotypic
characteristics to the designated cultivar they replaced, so for analytical purposes, were considered
this consistent with the designated cultivar. The perennial rice derivative PR23 was not substituted in
any environment. Genotypes are referred to by their genotype code (Table 2).

The basal soil fertility of the nine sites used in Experiment 1 is shown in Table 3. Each site
received a basal dressing of 30, 30, and 30 kg ha ! of N, P and K, respectively, and was established
by transplanting from nearby seed beds. After harvest, stubble was cut to 10 cm, so regrowth was
consistent. The perennial rice PR23 was allowed to regrow, while RD23 and HXR7 were replanted in
each subsequent cycle (Table 1). Each site had access to irrigation, which was used to minimize any
yield reduction resulting from any periods of rainfall deficit. Timings of key events were recorded
in each environment (as indicated in Table 1), with field duration (days) being from transplanting in
the initial crop or stubble cut-off in the ratoon crop to maturity. Plant survival, flowering time, plant
height, and panicles per plant were recorded. Regrowth percent is the proportion of plant stand which
regrew in subsequent crops. Grain yield and yield components were measured using a five-point
sampling method in each location.

2.2. Experiment 2

In Experiment 2, the same three genotypes were evaluated in larger unreplicated plots of about
25.0 x 25.0 m, with similar row and plant spacing to Experiment 1, in order to evaluate the genotypes
at smallholder field scale. These larger experiments were conducted at Jing Hong and Puer only
(Table 1), with genotypes, management, and measurements being identical to Experiment 1.

2.3. Experiment 3

In Experiment 3, larger plots of PR23 measuring 1.0-13.0 ha in size were established for
validation and official release purposes. The plantings took place from 2016 to 2017 in Mengzhe,
Menghai, Menglian, and Xingping in southern Yunnan. Field management by farmers was based
on the high-yield cultivation protocol devised for perennial rice by Yunnan University. Grain yield
was estimated by header harvesting of these commercial areas and compared with results from
Experiments 1 and 2.

2.4. Statistical Analysis

Yield data were extracted from single-site analyses in Experiment 1 and combined with data
from Experiment 2, so that data for three genotypes (G) across 35 environments (E) were available for
analysis. To test combinability over experiments, analyses were conducted for 3G x 23E (Experiment 1),
3G x 12E (Experiment 2), and 3G x 35E (Combined). G x E interactions were analysed using the
pattern analysis tool in CropStat [15], using cluster analysis of the G x E matrix transformed by
environment standardization, in order to understand genotype adaptation for breeding and variety
evaluation [16]. An agglomerative hierarchical algorithm based on minimizing incremental sum of
squares was used to cluster the transformed data [17]. In this paper, cluster analysis was used to identify
environmental groupings for genotype x environment interaction, but the three individual genotypes
were retained for G x E interpretation, as three is minimal for valid analysis [18]. Patterns of grain
yield and other selected parameters were then examined for the three genotypes over environment

97



Sustainability 2018, 10, 1086 40f18

groups. Means were compared using l.s.d. with appropriate degrees of freedom for main effects and
interactions [19].

2.5. Experiment 4 and Economic Analysis

Financial data related to cost of inputs, rice cooking quality, milling, and popularity were directly
obtained via a survey (Experiment 4) that was distributed to 20 farmers in Experiment 1 in 2016 to
2017. Although this was a small sample, the results reflected the situation throughout the study area,
where farmers generally faced similar prices and costs. However, variability of these parameters in
time and space must be considered, and this was examined via analysis of variance [19]. The cost of
inputs for rice production included diesel, water, fertilizer, pesticide, seed, and human labour required
to perform arable farming related to crop production processes such as land preparation, sowing,
transplanting, irrigating, spraying, and harvesting. Output and profit were calculated as follows:

Output = Grain yield (kg) x The unit price of grain (Yuan/kg),

Profit = Output (Yuan) — Input (Yuan).

Four parameters were obtained to assess cost-benefit ratios and returns to investment per unit of
financial input and per unit of labour, as shown below:

Cost-Benefit by Investment in Inputs = Output (Yuan)/Input (Yuan),

Cost-Benefit by Investment in Labour = Output (Yuan)/days of labour (Yuan),
Return to Investment from Inputs = Profit (Yuan)/Input (Yuan)
Return to Investment from Labour = Profit (Yuan)/days of labour (Yuan).

Means of the parameters were again compared using l.s.d. with appropriate degrees of freedom
for main effects and interactions [19].
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Table 3. Characterisation of soils at nine sites in Yunnan Province, China.

SOM Total N Avail N Avail P Avail K
Site pH
(gkg™h (gkg™ (mgkg™) (mgkg™") (mgkg™!)

Jinghong 5.05 34.00 2.10 155.60 7.58 139.10
Xingping 5.35 30.20 141 112.40 12.34 109.15
Dehong 4.95 29.60 1.64 116.00 89.99 177.18
Mengzhe 523 31.75 1.35 162.89 17.16 120.78
Wenshang 5.34 29.70 1.40 120.12 13.24 111.21
Honghe 5.39 24.49 1.74 120.12 22.38 111.18
Puer 6.10 39.00 2.50 123.00 12.30 108.00
Lancang 5.78 29.72 1.35 120.13 10.35 110.21
Yiliang 7.81 33.95 147 158.00 18.16 222.00
Mean 5.67 29.39 1.52 132.75 16.96 147.80

Note: SOM: soil organic matter; Total N: total nitrogen; Avail N: available nitrogen; Avail P: available phosphorus;
Exch K: exchangeable potassium.

3. Results

Throughout the duration of the study, long-term mean monthly maximum temperature was
generally favourable at all sites, exceeding 30 °C only at Honghe in August and Jing Hong
in February—March (Supplementary Table S1). In contrast, long-term mean monthly minimum
temperature was below 15 °C for 3 months in Jing Hong (550 m), 4 months in Honghe (1300 m),
5 months in Wenshang and Dehong (900 and 1260 m), 6 months in Lancang and Mengzhe
(1150 and 1255 m), and 7 months in Puer and Yiliang (1305 and 1600 m), respectively (Supplementary
Table S2). Overall, Jinghong at the lowest altitude was warmest with higher evaporative demand,
and Yiliang at the highest altitude was coldest with lower evaporative demand (Supplementary
Table S1). Rainfall was higher in 2017 than 2016 at all sites, with December—April generally drier than
May-November (Supplementary Table S2). Soils were generally mildly acidic and sufficient in soil
organic matter, total N, and available N, P, and K (Table 3).

Data were available for G x E analysis from three genotypes at 23 environments (Experiment 1),
12 environments (Experiment 2), and 35 environments (Combined) (Table 1 and Supplementary
Table S3). Site mean yield ranged from 4.81 to 9.71 t ha~!, with yields in the first season generally
higher than in the second season, and with yields gradually declining in successive crops (Table 1).
Field duration ranged from 100 to 169 days, with longer durations generally at cooler, higher-altitude
sites (Table 1). The three genotypes were quite similar in mean field duration and mean grain yield,
averaging 108 days and 6.12 t ha~!, respectively, but only PR23 was able to successfully regrow in
subsequent seasons, averaging 89.8% regrowth over its 23 crops (Table 2).

Data were analysed separately for Experiments 1 and 2, as well as combined over all environments.
In all three analyses, genotype main effects accounted for less than 5% of the total sum of squares,
environment main effects accounted for more than 70% of the total sum of squares, while the genotype
by environment interactions accounted for 11.4%, 17.3%, and 25.7% of the total sum of squares, for three
genotypes by 12, 23, and 35 environments, respectively.

Membership of environment groupings from the three analyses is shown in Table 4,
with groupings aligned by environment membership. Remarkably, groupings from the separate
analyses are retained in the combined analysis, with two groups in combined (E58 and E56) being
composed solely of groups from Experiment 1 (E38 and E36), one group in combined (E34) being
composed solely of one group from Experiment 2 (E11), and the remainder combining groups from
both Experiments 1 and 2. There were only 3 of 35 environments which were exceptions, as underlines
in Table 4. Consequently, combined analysis was chosen for interpretation of the data.
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Table 4. Membership of environment groups for Experiment 1(23), Experiment 2 (12) and Combined (35)
analyses. Groupings from the separate analyses by individual experiment were retained in the combined
analysis, with only three exceptions, as underlined.

Experiment 1 (23) Experiment 2 (12) Combined (35)
- E11 (1) E34 (1)
- JH13F JH13F
E35 (4) E14 (2) E59 (5)

PU17E, YL16F, YL17F, JH17S JH12S, JH13S JH12S, JH13S, PU17E, YL16F, YL17F
E38 (7) - E58 (7)
MZ16S, MZ17S, JH17F, XP17F, MZ16S, MZ17S, JH17F, XP17F, HH17E,

HH17E, PU15F, JH16S ) PU15E, JH17S

E36 (3) - E56 (3)
XP16S, PU16F, WS17F XP16S, PU16F, WS17F

E37 (3) E17 (2) E63 (7)
JH11S, PU15FA, JH16F, WS16F,

JH16F, WS16F, DH17F JH11S, PU15FA DHI7F, JH16S, HHI16F
E20 (1) E18 (3) E61 (4)
LC16F JH12F, PU12F, PU13F LC16F, JH12F, PU12E PU13F
E21 (1) E16 (3) E57 (4)
LC17F JH11F, PU16FA, PU17FA JHI11F, PU16FA, PU17FA, LC17F
E40 (4) E1 (D) E60 (4)
MZ16F, MZ17F, DH16F, HH16F PU11F PU11F MZ16F, MZ17F, DH16F

Cluster analysis on environment-standardized residuals was used to identify six environment
groups for the three genotypes, which preserved 95.8% of the G x E sum of squares. The cluster
dendrogram for environments (Figure 1a) initially separated a set of 12 environments (Fusion 67)
from the other 23 environments (Fusion 68). Among the 12-environment set (Fusion 67), a group
of four environments separated first (Environment group E60), then the remainder split into two
groups of four environments (E61 and E57). Likewise, among the 23-environment set (Fusion 68),
a group of six environments separated first (E62), then the remainder split into groups of seven and
ten (E63 and E64), respectively. Membership of these groups is shown in Table 4, with E62 comprising
E34 and E59, and E64 comprising E58 and E56. Although RD23 separated from PR23 and HRX7 in the
cluster dendrogram for genotypes (Figure 1b), all three genotypes were retained for interpretation.
Consequently, cluster analysis reduced the matrix from 3 genotypes x 35 individual environments
(=105) to 3 genotypes X 6 environment groups (=18), whilst retaining the repeatable G x E variation
(95.8%) for interpretation.

Grain yields, growth durations and regrowth percentages are shown for all three genotypes
across each of six environmental groups in Tables 5-7, respectively. On average, grain yields were
highest (7.40 t ha~1) in E60 (PU11F, MZ16F, MZ17F, DH16F) and lowest (5.66 t ha~!) in E64 (ten sites),
E63 (seven sites), and E57 (four sites) (Table 5). RD23 yielded 6.41 t ha~! on average, was highest
yielding in E62, E64, and E63, and was lowest yielding in E61 and E60. HXR? yielded 5.90 t ha—! on
average, was highest yielding in E61 and E57, but lowest in E64 and E63. In contrast, PR23 was more
stable in grain yield, averaging 6.04 t ha~!, and was generally intermediate in yield, except in E62 and
E60, where it ranked third and first, respectively. On average, growth duration was longest at E60,
where yields were highest (Table 6). HXR7 was longer in growth duration (151-171 days), RD23 was
intermediate (145-161 days), and PR23 was shortest in growth duration (137-147 days), except in E60,
where PR23 took 163 days and was highest yielding (8.49 t ha~!). PR23 successfully regrew in all six
environment groups, whereas RD23 and HXR?7 did not (Table 7).
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(a) Cluster Dendrogram for Environments

PUIIF 7.18
MZI16F 8.85 |60
MZI17F 7.32
DHI16F 6.25

67

JHIIF 5.72
PUI6FA 5.23 |57
PUI7FA 5.86

LCI7F 6.12

LC16F 6.07
JHI2F 5.15 |61
PUI2F 6.70
PUI3F 6.49
69

JHI3F 5.07
JHI2S 6.12
JH13S 5.03 |62
PUI7F 6.41
YLI6F 9.71
YL17F 8.89

JHI11S 5.20
PUISFA 5.11
JH16F 5.78 68
WSI16F 6.42 |63
DHI7F 6.05
JHI6S 5.25
HHI16F 5.15

66

MZ16S 6.32
MZ17S 5.62
JH17F 5.89
XP17F 5.35
HHI7F 5.15 |64
PUISF 5.67
JH17S 4.81
XP16S 6.23
PUI6F 5.85
WSI17F 6.13

(b) Cluster Dendrogram for Genotypes
RD23 6.41

PR23 6.04

HXR7 5.90

Figure 1. (a) Environment and (b) genotype groupings applied to standardized yield data for perennial
rice PR23, and annual rice RD23 and HXR?7, over 35 environments. The dendrograms show fusion
levels at which the groups join. The fusion level is proportional to the increase in within-group sum of
squares at each fusion. The 35 environments were truncated to six environment groups using Ward’s
agglomerative clustering algorithm. Refer to Tables 1 and 2 for environment and genotype codes.
Mean grain yields (t ha—!) are also shown for each environment and genotype.
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Table 5. Performance of three genotypes across six environment groups: grain yield (t ha=1).

Genotype  E62(6) E64(10) E63(7) E61(4) E57(4) E60(4)  Mean (35) Ls.d.

G1-PR23 6.40 5.20 5.84 6.09 5.45 8.49 6.04
G2-RD23 7.15 6.81 6.07 5.83 5.54 6.39 6.41 0.28
G3-HXR?7 7.06 5.10 4.78 6.39 6.22 7.33 5.90
Mean 6.87 5.70 5.56 6.10 5.73 7.40 6.12
L.s.d. 0.48 0.68
Environment group codes are as in Figure 1a; 1.s.d. are provided in each table for genotype, environment, and G x E
for each trait (p < 0.05).

Table 6. Performance of three genotypes across six environment groups: field duration from
transplant/cut to mature (days).

Genotype E62 (6) E64 (100 E63(7) E61(4) E57(4) E60(4) Mean (35) Ls.d.

G1-PR23 135 129 127 127 135 134 131
G2-RD23 119 116 123 119 112 119 118 6.3
G3-HXR7 112 111 113 110 114 133 116

Mean 122 119 121 119 120 129 122

L.s.d. 10.9 15.4
Environment group codes are as in Figure 1a; 1.s.d. are provided in each table for genotype, environment, and G x E
for each trait (p < 0.05).

Table 7. Performance of three genotypes across six environment groups: regrowth percent (%).

Genotype  E62 (6) E64 (10) E63(7) E61(4) E57(4) E60(4)  Mean (35) Ls.d.

G1-PR23 86.8 88.4 92.1 92.0 924 93.3 89.9
G2-RD23 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
G3-HXR7 n.a. na. n.a. n.a. n.a. n.a. na.
Mean n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ls.d. 8.7 n.a.
Environment group codes are as in Figure 1a; 1.s.d. are provided in each table for genotype, environment, and G x E
for each trait (p < 0.05).

Cost-benefit analysis of perennial and annual rice across eight locations in Yunnan in Experiment 1
was compared by location (Table 8) and by growth habit and season (Table 9). Although locations
did not differ significantly in cost-benefit per unit of investment, cost-benefit per unit of labour,
or profit per unit of investment, locations did differ significantly in profit per day (Table 8), with Yiliang
(226 Yuan/d) being the most profitable, and Puer the least profitable (118.5 Yuan/d). In contrast,
all four parameters were statistically significant for the interaction between growth habit and season
(Table 9). In each case, the ratoon crop of PPR23 was more profitable than the re-sown crop of HXR? in
the second season. As a consequence, the second crop was more profitable than the first, and PR23 was
more profitable than HXR7 on average. Thus, allowing the perennial rice PR23 to ratoon resulted in
greater profit, especially per unit of labour, due to substantial savings in the amount and cost of labour.

Different traits of perennial rice PR23 and annual rice RD23 and HXR? are presented in Table 10.
The grain yield of PR23 (7.05 t ha~!) was significantly higher than RD23 (5.69 t ha—!) and HXR7
(5.89 tha~!) in Experiment 1 in both seasons. The major causes for this result were the lower number of
panicles and the higher 1000-grain weight of PR23 in comparison with RD23 and HXR7. However, the
number of spikelets per panicle of PR23 was slightly fewer than those of RD23 and HXR?. The growth
duration of PR23 (135 d) was shorter than RD23 (152 d) and HXR7 (152 d) in the second season, though
they were similar in the first season (157 d). Panicle length of PR23 (20.0 cm) was less than RD23
(25.4 cm) and HXRY7 (22.9 cm) in both seasons. There was no significant difference in plant height.
The duration of flowering in PR23 was longer than RD23 and HXR? in both seasons, which may be
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conducive to adequate pollination and fertilization in PR23. Grain quality of PR23 was similar to RD23,
although it ranked behind HXR7, which farmers prefer. Nevertheless, the cooking quality of PR23 was
comparable with HXR?, and higher than RD23. In addition, PR23 was preferred by millers due to its
high rice yield and high milling percentage (73%). Overall, farmers preferred PR23 due to the savings
of labour and decreased intensity of labour, as a result of not having to till and replant each season.
Thus, PR23 had obvious economic benefits, resulting in its growing popularity with farmers.

Finally, perennial rice PR23 was successfully grown and mechanically harvested from four large
demonstration areas of 1.0 to 13.0 ha on-farm in southern Yunnan (Table 11). Total grain yield of PR23
per year exceeded 13 t/ha in each demonstration area, with Mengzhe yielding 17.4 t ha~! in 2006 from
seasons 1 and 2, and 15.1 t ha=! in 2017 from seasons 3 and 4. Ratoon percentage of PR23 ranged from
90.0-98.2%, including 93.3% and 90.0% in seasons 3 and 4 at Mengzhe, indicating its strong perenniality
across a range of irrigated environments. Grain yield of PR23 was higher in the first season than in the
second season, due to the shorter growth duration, fewer panicles, and fewer spikelets per panicle in
the second season. These results confirmed that PR23 produced high yield, excellent regrowth, and
adaptability when grown at commercial scale on-farm. Consequently, there has been an upsurge in
demand for PR23 among local subsistence farmers and large commercial growers, indicating a bright
future for perennial rice production and application across wider areas. This evidence is consistent
with the need to release PR23 to farmers in Yunnan, as the first-ever perennial rice grain crop.
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4. Discussion

4.1. Survival, Regrowth, Performance, and Adaptation of PR23 versus Preferred Annual Rices

The performance of perennial rice (PR23) relative to two popular annual rice cultivars
(RD23 and HXR7) was examined across 35 environments in Yunnan Province of China, with cluster
analysis confirming the validity of this combined analysis over experiments 1 and 2 (Table 4).
On average, the three genotypes were quite similar (Table 2), which is not surprising since all three
genotypes were considered to be well-adapted from previous evidence [12,13]. Nevertheless, the
G x E interaction accounted for 25.7% of the total sum of squares in the combined analysis of variance,
while cluster analysis identified six environmental groups from the 35 environments (Figure 1),
which retained 95.8% of the G x E sum of squares.

While genotype mean yields were similar on average, the rankings changed among environmental
groups (Table 5). In environmental groups E62, E63, and E64 (Fusion 68), RD23 was highest yielding
on average (6.68 t ha~!), while in E60, E61, and E57 (Fusion 68), PR23 or HXR7 were highest yielding
(Figure 1 and Table 5).

Environment group E60 was the highest yielding on average (7.40 t ha~!), with PR23 performing
best there (8.49 t ha—!). The four environments in E60 (Table 4) were all first-season, mostly first
crops in the cycle, and at altitudes of 900-1300 m (Table 1). This suggested PR23 had a higher yield
potential in the first crop (also evident in Table 10), perhaps due to a higher seedling vigour in the
interspecific hybrid, as shown by its reduced time in the seedling nursery up to transplanting (Table 2).
Higher altitude and cooler temperature would also favour a high yield potential there. HXR7 was
highest yielding in environmental groups E61 and E57 (Table 5), which featured predominately
later-cycle crops (second and third crops; Table 1) and substitute cultivars for HXR?, especially in E61
(Supplementary Table S3). The slightly lower yield of PR23 in E61 and E57 could be associated with
ratoon crops of the perennial (also evident in Table 10), while HXR7 may have benefited from farmer
selection of locally-adapted cultivars—especially in E61.

Conversely, in environment groups E63, E64, and E62 (where RD23 was highest yielding),
its performance would also have benefited from farmer selection of locally-adapted cultivars,
which occurred in most of these environments (Supplementary Table S3). Given that the comparison is
always among well-adapted genotypes, it is not surprising that such changes can alter the rankings
within an environment group. However, it must be emphasized that all in cases, grain yields
were universally high, again emphasizing the broad adaptation of PR23 relative to leading popular
cultivars, and even locally preferred cultivars at individual locations. These data suggest that PR23
can be grown successfully across this range of environments, though it can be slightly exceeded at
individual locations by a locally-preferred genotype. Nevertheless, PR23 would be a good choice at all
locations tested.

Interestingly, the effects of cooler temperatures were less apparent in this data set than in previous
reports [12]. This appears to be due to improved management, with times of sowing and resowing
in the nursery (under cover for warmth during seedling establishment), allowing growth after
transplanting (annual rices RD23 and HXR?) or regrowth after cut-off (perennial rice PR23) to avoid
coincidence of sensitive growth stages with temperatures below 15 °C (Supplementary Table S1 and
Table 1). Likewise, with irrigation, and in the absence of lower latitude sites with higher evaporative
demand [13], rainfall deficit was not an issue here. As a result, the grain yields recorded here were
generally much higher than in previous reports [12,13].

The major difference between genotypes was in capacity for regrowth, with PR23 able to regrow
at every location in every environmental group. In contrast, RD23, HXR?, and the substitute genotypes
were universally poor in regrowth, lacking in vigour, and failing to contribute grain from any border
sections not resown as intended. Phenology was generally quite similar among the three genotypes
overall, although sowing to transplanting was less in PR23, allowing it a little extra time in flowering
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duration and grain filling (Tables 2 and 6). The three genotypes were also similar in plant height
(Table 2).

Importantly, the evidence in Table 11 clearly confirms the transferability of perennial rice
technology across scales from small experimental plots of 20 m? (Experiment 1) to smallholder fields of
about 1 mu or 625 m? (Experiment 2), to large fields of 1.0 to 13.0 ha on commercial farms with header
harvesting (Experiment 3). This is strong evidence supporting the need to release PR23 to farmers.

4.2. Economics and Farmer Preference of PR23 Perennial Rice versus Annual Rice Cultivars

The results from economic analysis demonstrate the economic advantages to the farmer of
growing perennial rice, which accrue predominately via savings in labour and labour intensity by
not having to sow and transplant in each crop cycle (Tables 8 and 9). Labour scarcity is increasingly
an issue in rice production [20-22], so it is not surprising that farmers liked the capacity of PR23 to
regrow after harvest (Table 10), thereby reducing labour demand, and also the drudgery implicit in
transplanting, especially for women and children.

Consequently, the first preference of the farmers was for perenniality, as it saved labour and
labour intensity by removing the need for tillage, sowing, and transplanting in subsequent crop cycles.
Second, the grain yield of PR23 was stable and similar to those of the currently preferred annual rice
cultivars (Table 10). Third, the farmers were happy with the grain, cooking, and milling quality of
PR23 (Table 10). In addition, the farmers observed that PR23 was more tolerant of rice blast, which
has caused serious damage in their rice fields, and is now included as a criterion for cultivar release
by government.

It is important to note that the observed regrowth in PR23 was never less than 65% (Table 1),
which was still sufficient to support a grain yield of 6.13 t ha~! at Wenshang 2017F. Further research
is needed to determine a minimum regrowth percentage at which grain yield may be compromised,
and hence, a further cycle of regrowth may become uneconomic. Nevertheless, the results presented
here are consistent with the viability of up to a six-crop cycle, at least under the conditions of
test. The results also suggest that a perennial rice, whilst retaining the advantages of ratooning
a conventional rice cultivar for reduced costs [23], should accrue even greater benefit to the farmers,
as a result of the sustained regrowth capacity in the perennial (Table 1).

4.3. The Case for Release for PR23 to Farmers

This paper clearly confirms the broad adaptation of PR23 at levels comparable to or better than
popular annual rice cultivars RD23 and HXR?. Consistently high yields were attained by PR23 across
sites, years, and cycles of regrowth, with the perennial habit, reduced labour requirement, and greater
economic returns seen as major advantages. Grain quality was equal to RD23, and milling quality
exceptional, so farmers and millers were happy with PR23. Consequently, we conclude that PR23
should be released to farmers because of its high yield performance, suitable quality, labour savings,
economic advantages, and likely benefits to system flexibility and sustainability, as a result of the
perennial growth habit.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2071-1050/10/4/1086/
s1, Table S1: Long-term mean monthly maximum & minimum temperature (°C) & pan evaporation (mm) for
9 locations in Yunnan Province; Table S2: Monthly rainfall (mm) in 2016 and 2017 relative to the long-term mean
monthly rainfall (mm) at 9 locations in Yunnan province; Table S3: Identities and mean grain yields (t ha~!) of
3 genotypes in each of 35 environments in Yunnan Province.
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Article history: Perennial grains have been proposed to stabilise fragile lands while contributing grain and grazing in
Received 17 October 2016 mixed farming systems. Genotype by environment (GxE) interactions for grain yield were investigated in
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22 perennial rice (Oryza sativa L.[Oryza longistaminata) derivatives over four successive growing seasons
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at three sites in Yunnan in southern China and one site in Lao PDR. The GxXE interaction accounted for
25.7% of the total sum of squares, with environment and genotype responsible for 57.4% and 16.9%,
respectively. Cluster analysis identified seven environment and six genotype groups, which accounted
Land stability for 55.6% of the GXE sum of squares. Principal component axes 1, 2 and 3 accounted for 42.3%, 19.1% and
Minimum temperature 16.5% of the GxE-SS, respectively, with PCA1 indicating yield potential, PCA2 delay in phenology under
Rainfall deficit environmental stress, and PCA3 ratoon percentage. Environment groups differed in mean temperature,
Perennial crops whether dry season or wet season, and occurrence of environmental stresses, such as periods of low
minimum temperature or periods of rainfall deficit. Genotype groups differed in adaptation to these
diverse environments. For genotype groups, G5 (PR23) was highest-yielding and broadly adapted across
environments, while G1 (line 188, both 137s, both 139s, both 147s) was low-yielding and poorly adapted.
Other genotype groups showed preferential adaptation: G3 (lines 60, 251, 264, Bt69, Bt71) to Simao/Dry
Season (E3 and E4), G4 (lines 75, 243, 246, 249, 255) to Menglian/Wet Season (E1 and E2), G2 (line TZ)
to Jing Hong 2013 (E7), and G6 (lines 56, 59, 214) to Jing Hong 2102 and Na Pok (E6 and E5). The results
imply that regrowth success and maintenance of spikelet fertility over regrowth cycles are important for
adaptation of perennial rice, especially to low minimum temperature at higher altitude and rainfall deficit
at lower altitude, and future breeding programmes in perennial rice should address these environmental
stresses. The high yield and broad adaptation of PR23 (G5) over environments makes it a prime candidate
for release to stabilise fragile lands in the humid and subhumid tropics, while contributing grain and

forage in mixed-farming systems.
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(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Global food security is under threat, due to rising global popu-
lation, pressure on the resource base, and climate change. While
the best lands (16.5 millionkm?) have soils of low to moderate
risk of degradation and capable of sustaining high-yielding annual
crops, more than 50% of world population relies on marginal lands
(43.7 million km?), which are at high risk of degradation under
annual cropping (Eswanan et al., 1999). For sustainable production,
marginal lands in particular require agroecosystem consideration,
to ensure their health and viability in the long term. Most likely,
this requires maintenance of ground cover and biodiversity, so soil
resources are retained in situ (Tilman et al., 2011). Perennial grains
have been proposed to have an important role there (Glover et al.,
2010), by stabilising land and soil resources, while contributing
grain, grazing and forage in a mixed farming system, in conjunc-
tion with associated rangeland, pasture, forage, annual crops and
vegetables. Livestock usually form part of the farming system on
marginal lands, so integration of livestock with crop, pasture and
forage should enhance farmer livelihood and system sustainabil-
ity, and perennial crops can serve as both grain and forage (Bell
et al.,, 2008; Pimentel et al., 2012). While the pressure is on the
best lands to sustain the grain pool for food security under high-
yielding irrigated crops, marginal lands can assist food security via
system flexibility and diversity, with integrated crop-livestock sys-
tems. The intent is not to displace high-yielding annual grain crops
from the best land, as that would require extra land be brought
into cropping to compensate. Rather the intent is more efficient
integrated systems for marginal lands, with dual-purpose perennial
grains (Wade, 2014).

Research is underway to develop perennial versions of a num-
ber of annual grain crops (Batello et al., 2014), in order to facilitate
the expected systems benefits. Two approaches are possible; either
domestication of a perennial species, or wide hybridisation of
the annual crop with a perennial relative. Domestication requires
selection for agronomic type including non-shattering and larger
grain size (Dehaan et al., 2014). Wide hybridisation, which requires
embryo rescue in some instances, can be used to introgress desired
characteristics such as perenniality into the annual crop germplasm
pool, via selection for ratooning ability and sustained floret fertility
(Cox et al., 2002). The development of perennial rice was proposed
in order to stabilise fragile upland farming systems (Schmit, 1996).
A successful wide hybrid between the annual rice Oryza sativa and
the wild perennial rice Oryza longistaminata was reported (Tao and
Sripichitt, 2000). Viable progeny from the wide-hybrid segregat-
ing for perennality were created (Sacks et al., 2003, 2006), which
allowed for greater understanding of the genetic architecture of
perenniality (Hu et al., 2003, 2011), and proposals for additional
traits that could be introgressed from the wild perennial species
into the annual cultivated rice germplasm. Perennial rice breed-
ing using derivatives of the original wide-hybrid and knowledge
about the genetic control of perenniality in rice continues in Yunnan
Academy of Agricultural Sciences and Yunnan University (Zhang
etal, 2014).

This paper reports the first study of genotype by environment
interactions for grain yield of perennial rice in the field, and the
relationships between yield-related traits, using perennial rice
derivatives from the cross between O. sativa and O. longistaminata
(Tao and Sripichitt, 2000). Field experiments were conducted at
three sites in Yunnan Province of China and one site in Lao PDR
over two years, with the evaluation at each site potentially covering
two successive dry and wet seasons. This initial set of derivatives
was evaluated under rainfed lowland conditions with access to sup-
plementary irrigation, which was available to assist survival under
harsh dry season conditions if needed. The objectives were (1) to
assess survival, regrowth and field performance of perennial rice
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Table 1
The 12 environments used to discriminate perennial rice genotypes (l.s.d.=0.34;
P=0.05).

Number Site Year Season Code Yield (tha1)
1 Jing Hong 2012 Dry J2D 6.04
2 Jing Hong 2012 Wet 2w 2.05
3 Menglian 2012 Dry M2D 3.07
4 Menglian 2012 Wet M2W 4.06
5 Simao 2012 Dry S2D 2.63
6 Na Pok 2012 Wet N2w 0.94
7 Jing Hong 2013 Dry J3D 2.23
8 Jing Hong 2013 Wet BwW 117
9 Menglian 2013 Dry M3D 3.15
10 Menglian 2013 Wet M3W 1.79
11 Simao 2013 Dry S3D 1.42
12 Na Pok 2013 Wet N3W 1.93
Mean 2.54

derivatives in up to four growing seasons in each of four locations,
(2) to consider traits needed for successful adaptation to this tar-
get population of environments, and (3) to identify implications for
selection, release and farmer livelihood.

2. Materials and methods
2.1. Planting location, experimental design and plot management

The experiments were conducted in 12 site-season-year (Envi-
ronment E) combinations, at Jing Hong (21°59'N, 100°44’E,
611 m), Menglian (22°33’'N, 99°59’E, 955 m) and Simao (22°79’N,
100°96'E, 1340 m) in Yunnan Province of southern China, and at
Na Pok (17°57’'N, 102°34'E, 171 m) in Vientiane Province of Lao
PDR. Each of the four sites was continued for two years, 2012 and
2013, with the potential for up to two crops to be harvested each
year, from the dry and wet seasons, respectively. While rice may
ratoon or reshoot from basal nodes after harvest in suitable condi-
tions (Douthwaite et al., 1995), ratoon potential is expected to be
stronger in perennial rice derivatives being evaluated here. At each
site, a randomised complete blocks design was used, comprising
22 genotypes with 2-3 replicates. Long-term weather data showed
minimum temperatures were lower at the higher altitude sites in
the north (Supplementary Table 1), especially at Simao, so only one
dry season crop per year could be harvested there. Likewise, rainfall
declined from Na Pok to Simao and Menglian to Jing Hong (Supple-
mentary Table 2), but with a more pronounced difference between
wet and dry seasons at Na Pok, which allowed only one wet sea-
son crop per year to be harvested there. Consequently, data were
available for GXE analysis from a total of 12 Environments (Table 1),
which for simplicity, are referred to by their environment code, e.g.,
Jing Hong in the dry season of 2012 is referred to as J2D.

The soil at Jing Hong had a pH of 4.6, organic C 24.7gkg™ !,
total N 1.37gkg™!, available P 15.3mgkg~!, exchangeable K
144.1mgkg1. At Menglian, the pH was 5.4, with organic C
25.5gkg1, total N 1.49 gkg~!, available P 19.8 mg kg, exchange-
able K 108.0mgkg~!. The soil at Simao had pH 6.1, organic C
3.90gkg1, total N 0.25gkg™!, available P 12.3 mgkg~!, exchange-
able K 108.0mgkg~'. At Na Pok, total N was not measured, but
the pH was 5.8, organic C 1.30gkg~!, available P 15.7 mgkg~!, and
exchangeable K 12.0 mg kg~!. Each site in China received 189, 108
and 121 kgha~! of N, P and K respectively as a basal dressing, while
60, 30 and 30kgha~! of N, P and K was applied in Lao PDR. At
Simao and Jing Hong, plot sizes of 2.0 m x 2.0 m were used, with
a row spacing of 0.20 m, and with hills within the row spaced at
0.20 cm apart. Menglian used 1.2 m x 1.2 m plots with spacings of
0.15 and 0.15 m, while Na Pok used 1.5 m x 2.0 m plots, with 0.25 m
rows and 0.15 m between hills within the row.
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Table 2

Genotypes evaluated in perennial rice experiments at Simao, Menglian, Jing Hong
and Na Pok in 2012 and 2013. Perennial rice entries were derived from the cross
between Oryza sativa cv. RD23 and O. longistaminata (1.s.d.=0.62; P=0.05).

Number Genotype Code Yield (tha™)
1 2011_HN_FS_56 56 3.61
2 2011_HN_FS_59 59 3.31
3 2011_HN_FS_60 60 2.74
4 2011_HN_FS_75 75 1.94
5 2011_HN_FS_188 188 1.57
6 2011_HN_FS_214 214 3.56
7 2011_HN_FS_243 243 2.56
8 2011_HN_FS_246 246 2.74
9 2011_HN_FS_249 249 3.13
10 2011_HN_FS_251 251 2.77
11 2011_HN_FS_255 255 2.37
12 2011_HN_FS_264 264 2.99
13 2011_HN_Bt_69 Bt69 2.81
14 2011_HN_Bt.71 Bt71 2.82
15 2011_HN.1475 147a 1.90
16 2011_HN_1479 147b 1.73
17 2011_HN_139-12 139a 1.90
18 2011_HN_139-20 139b 1.62
19 2011_HN_137-12 137a 142
20 2011_HN_137-4 137b 1.30
21 Mutant TZ TZ 2.25
22 PR23 PR23 4.25
Mean 2.54

After puddling, each site was established by transplanting from
adjacent seedbeds, with individual plants spaced 0.15m apart in
0.25m rows, and a plot size of 2.5m x 1.5 m. After harvest, stub-
ble was cut to 10 cm, so that consistent stubble for regrowth was
available. Each site had access to irrigation, which was used to
assist survival during the dry season, if needed. For each site, mean
timings of transplanting and maturation, and successive cycles
of stubble cut-off and maturation, were obtained, which defined
growth duration in each cycle. Mean timings for each event were
as follows, for dry season 2012, wet season 2012, dry season 2013,
and wet season 2013, respectively: Jing Hong: 11 February to 21
May, 25 June to 28 October, 24 December to 12 June, and 1 August
to 5 November. Menglian: 29 April to 12 August, 30 August to 7
January, 5 February to 9 July, 18 July to 22 October. Simao: 21 April
to 23 August, and 25 February to 1 August (2012 and 2013 dry sea-
sons); for the wet seasons at Simao, cut-off dates were 5 September
2012 and 1 September 2013, but no panicles were formed. At Na
Pok, flush irrigation was applied in the dry season to keep plants
alive, but no panicles were formed. Hence, at Na Pok, transplanting
on 22 August 2012 meant its first crop was harvested at the end
of wet season 2012, and a ratoon crop was harvested at the end of
wet season 2013 only, but unfortunately, harvest dates were not
recorded at Na Pok.

2.2. Germplasm and traits evaluated

The 22 genotypes (G) comprised O. sativa mutant TZ, and 21
perennial rice derivatives obtained from the cross between cul-
tivated O. sativa cv. RD23 and the wild species O. longistaminata
(Table 2). RD23 is a popular indica lowland rice cultivar released in
Thailand, which is widely grown across south-east Asia, because of
its broad adaptation, photoperiod insensitivity, high yield poten-
tial, good disease resistance and high grain quality (Chakhonkaen
et al., 2012). In contrast, O. longistaminata is a wild rhizomatous
perennial adapted to swampy regions, but with poor agronomic
type (Hu et al., 2003). The cross between them was made with the
intent of combining the perennial habit of O. longistaminata, with
the agronomic features, broad adaptation and yield performance of
RD23. Despite the interspecies cross, which required use of embryo
rescue techniques, it proved possible to identify progeny able to

regrow after harvest, a few of which were also able to set seed. Fur-
ther cycles of selection for fertility and agronomic type resulted
in the materials tested here; specific details about the develop-
ment of these breeding lines are reported by Zhang et al. (2014).
The mutant TZ line, an off-type from line TZ, had been observed to
ratoon strongly in breeding nurseries over cycles, so was included
for comparison as an alternative perennial line. The 22 genotypes
are referred to by their genotype code, e.g., 2011_HN_FS_56 is line
56 (Table 2).

Growth duration (days) was calculated from dates of transplant-
ing and maturation, and successive cycles of stubble cut-off and
maturation. Grain yield (tha=!), plant height (cm), rice ratooning
rate (percent of plants with regrowth), ratoon tiller number (tillers
per plant), and effective panicle number (fertile panicles per plant)
were recorded from 0.9 m sections of the central four rows of each
plot (24 plants or 0.9 m2). Ten panicle samples were used for panicle
length (spikelets per panicle), grain number per panicle (grains per
panicle), seed set rate (grains per spikelet), and grain size (weight
of 1000 grains in g). Grain number per square metre (m~2) was
calculated from grain yield and grain size.

2.3. Statistical analysis

Yield data for 22 genotypes and 12 environments were extracted
from appropriate single-site analyses of variance (AOV). GXE inter-
actions were analysed using the pattern analysis tool in Crop Stat
(DeLacy et al., 1996). This method involved the joint application of
cluster analysis and ordination to a transformed GXE matrix. Since
the objective was to understand genotypic adaptation for breeding,
the GXE matrix was transformed by environment standardisation
(Cooper, 1999). The transformed data were clustered using an
agglomerative hierarchical algorithm based on minimising incre-
mental sum of squares (Ward, 1963). Scores for both genotypes and
environments from the two-component interaction principal com-
ponents model (IPCA) were computed for Axes 1, 2, 3 and 4, and
plotted as biplots, with environment points at the end of spokes
withlabelsasinTable 1, and genotype points as symbols with labels
as in Table 2. Patterns of grain yield and other selected parame-
ters were examined for genotype groups over environment groups,
with means compared using l.s.d. with appropriate degrees of free-
dom for main effects and interactions, and associations among
traits examined using Pearson correlations (Steel and Torrie, 1960).

3. Results
3.1. Environments

The range in temperatures at Na Pok was narrower than at
the Chinese sites (Supplementary Table 1). In winter, minimum
temperatures at Simao and Menglian dropped below 15 °C, while
in summer, maximum temperatures at Jing Hong and Na Pok
exceeded 35 °C.In the wet season, cut-off dates were later in Simao,
exposing crops there to minimum temperatures as low as 6°C, so
no grain was harvested from wet season crops there. In contrast,
rainfall effectively ceased in Na Pok in late September 2012 (Sup-
plementary Table 2), and despite life-saving flush irrigation, growth
was insufficient to allow grain formation in the 2013 dry season,
as rainfall was well below average until April 2013. The soils at
Menglian and Jing Hong were quite fertile, while those at Simao
and Na Pok were lower in soil organic carbon (Table 3).

Site meanyield ranged from 0.94 tha~! at NaPok in the 2012 wet
season to 6.04 tha~! at Jing Hong in the 2012 dry season (Table 1).
Yields were generally lower in the wet season than in the dry sea-
son, in the second year than in the first year, and thus tended to
decline from growing season 1 to growing season 4. Genotype mean
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Table 3

Cross site AOV for 2012 and 2013 GxE interaction studies with 22 genotypes in 12 environments.
Source dF SS MS F %TSS %GXE-SS
Environment 11 4,853,660 441,242 64.22** 473
Genotype 21 1,426,702 67,938 9.89** 139
GXE 231 2,170,891 9398 1.36™* 21.1
Residual 264 1,813,842 6871 17.7
Total 527 10,265,095
Stability regression 21 468,150 22,293 21.6
Regression deviations 210 1,702,741 8108 78.4
PCA component 1 31 104.364 3.367 15.73** 423
PCA component 2 29 47.036 1.622 7.58** 19.1
PCA component 3 27 40.754 1.509 7.05** 16.5
PCA component 4 25 22441 0.89 4.16** 9.1
Residual 151 32.290 0.214
Total 263 246.884

yield (Table 2) ranged from 1.30tha~! inline 137b to 4.25tha~! in
PR23, with mutant TZ intermediate (2.25tha1).

Environment main effects accounted for 57.4% of total sum of
squares (T-SS), with genotype 16.9% and GxE interactions account-
ing for 25.7% (Table 3). Stability regression accounted for only 21.6%
of GXE-SS. Cluster analysis on environment-standardised residu-
als identified 6 genotype groups x 7 environment groups, which
preserved 74.4%, 91.4% and 55.6% of the E-SS, G-SS and GXE-SS,
respectively. The ordination analysis of these residuals indicated
four interaction principal component axes, accounting for 42.3%,
19.1%, 16.5% and 9.1% of the GxE-SS, respectively, or 87.0% in total
(Table 3). Hence, two axes from ordination analysis preserved a
similar proportion of interaction variability to the 6 G x 7 E group-
ing identified by cluster analysis.

The dendogram for environments from cluster analysis (Fig. 1a)
initially separated Menglian and Simao at higher altitudes in the
north (Fusion 21) and Jing Hong and Na Pok at lower altitudes in
the south (Fusion 22) (Fig. 1a). In the north, three Menglian environ-
ments (Fusion 18) separated from both dry season environments at
Simao and the 2012 dry season environment at Menglian (Fusion
20). These Fusions (18 and 20) then split in turn, with Menglian
2013 Wet Season (Fusion 10-environment group E1) separating
from Menglian 2012 Wet Season and Menglian 2013 Dry Season
(Fusion 14-E2), and Simao 20013 Dry Season (Fusion 11-E3) sepa-
rating from Simao 2012 Dry Season and Menglian 2012 Dry Season
(Fusion 16-E4). In the south, the Na Pok environments (Fusion
17-E5) split from Jing Hong (Fusion 19), which in turn split into
2012 environments (Fusion 13-E6) and 2013 environments (Fusion
15-E7).

For the biplots from ordination analysis (Fig. 2a-c), all environ-
ments were negative for Axis 1, while Axis 2 separated the higher
altitude environments in the north at Menglian and Simao which
were positive (E1-E4), from the lower altitude environments in the
south at Na Pok which were neutral to positive (E5),and at Jing Hong
which were negative (E6 and especially E7) (Fig. 2a). Axis 3 (Fig. 2b)
separated the positive Menglian 2013Wet Season (E1) and Simao
2013 Dry Season (E3) environments from E2 and E4, respectively.
Axis 3 also separated the negative Na Pok environments (E5) from
the Jing Hong environments (E6 and E7). Axis 4 then separated the
positive Menglian set (E1 and E2) from the negative Simao set (E3
and E4), with Jing Hong and Na Pok neutral (E5-E7) (Fig. 2c).

3.2. Genotypes and traits

In the dendogram for genotypes from cluster analysis (Fig. 1b), a
set of seven genotypes separated first (Fusion 37-genotype group
G1), comprising lines 188, both 137s, both 139s and both 147s.
Line TZ (Fusion 21-G2) separated next, then the remaining 14 lines
(Fusion 41), separated into a larger group of 10 lines (Fusion 39),
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and a smaller group of 4 lines (Fusion 40). Fusion 39 separated into
two groups of five lines, comprising lines 60, 251, 264, Bt69 and
Bt71 (Fusion 35-G3), and lines 75, 243, 246, 249 and 255 (Fusion
36-G4). In Fusion 40, PR23 (Fusion 22-G5) separated from lines 56,
59 and 214 (Fusion 38-G6).

In the biplots for genotypes from ordination analysis (Fig. 2a-c),
biplot Axis 2 separated TZ (genotype group G2) which was negative,
from all other entries, which were neutral (Fig. 2a). Axis 1 separated
the positive G1 (lines 188, both 137s, both 139s and both 149s) from
the negative G5 (PR23) and G6 (lines 214, 56 and 59), with the
remaining ten lines neutral. Axis 3 then separated G5 (PR23) which
was positive from G6 (lines 56, 59 and 214). Axis 3 also separated
the positive G3 (lines 60, 251, 264, Bt69 and Bt71) from the neutral
G4 (lines 75, 243, 246, 249 and 255). Axis 4 then aligned G3 with
Simao (E3 and E4), G4 with Menglian (E1 and E2), G2 with Jing Hong
2013 (E7), G6 with Na Pok and Jing Hong 2012 (E5 and E6), while G1
was poorly adapted to all environments, and G5 was well adapted
everywhere (Fig. 2c).

Grain yields are presented for 7 E x 6 G groups from cluster and
ordination analysis (Table 4a). Among environment groups on aver-
age, the Jing Hong environments in 2012 (E6) were highest yielding
(4.05tha™1), followed by the pairs of northern environments (E2
and E4) which were intermediate (3.23 t ha~!). The remaining envi-
ronment groups were low yielding (1.59tha~1), including Jing
Hong 2013 (E7), Na Pok (E5), and the singleton Menglian 2013 Wet
Season (E1) and Simao 2013 Dry Season (E3). Among genotype
groups on average, PR23 (G5) was highest yielding (4.25tha™1),
followed by lines 56, 59 and 214 (G6), and these genotype groups
were highest yielding in most environment groups. In contrast, G1
(lines 188, both 137s, both 139s and both 147s), which was lowest
yielding at 1.54tha~!, was also lowest yielding in most environ-
ment groups. While line TZ (G2) was also low yielding on average,
it performed well in Jing Hong, especially in 2013 (E7) and was
intermediate in Na Pok (E5), but failed at most northern sites. The
remaining two groups were intermediate in yield, with G3 (lines
60, 251, 264, Bt69 and Bt71) performing well in Simao 2013 Dry
Season (E3) but poorly in Na Pok (E5), while G4 (lines 75, 243, 246,
249 and 255) did poorly at both Simao 2013 Dry Season (E3) and
Jing Hong 2013 (E7).

Growth duration (Table 4b) was quite variable across environ-
ments, ranging from an average of 96 days at Menglian 2013 Wet
Season (E1) to 173 days at the 2 northern Dry Season sites (E4).
Genotype TZ (G2) was considerably longer in duration (163 days)
than the other lines, which averaged 136 to 149 days. The wide
range in growth duration was mainly due to delayed maturity of
genotype TZ in the Jing Hong environments (E6 and E7) and the 2
northern Menglian environments (E2). Without genotype TZ, the
range in growth duration in each environment was only 4 to 15
days. But with TZ included, the range within environments was 8
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Fig. 1. (a) Environment groupings applied to standardised yield data for 22 perennial rice derivatives (Oryza sativa L., cv. RD23/0ryza longistaminata). The dendogram shows
fusion levels at which the groups join. The fusion level is proportional to the increase in within group SS at each fusion. The vertical dashed line represents the truncation of
twelve environments into seven groups using Ward’s agglomerative clustering algorithm. Refer to Table 1 for environment abbreviations. (b) Genotype groupings applied to
standardised yield data for 22 perennial rice derivatives (Oryza sativa L., cv. RD23/Oryza longistaminata) over 12 environments. The dendogram shows fusion levels at which
the groups join. The fusion level is proportional to the increase in within group SS at each fusion. The vertical dashed line represents the truncation of 22 genotypes into six
groups using Ward’s agglomerative clustering algorithm. Refer to Table 2 for genotype abbreviations.

Table 4

Grain yield (tha—'), growth duration (d) and rice ratoon percentage (%) of 6 genotype groups across 7 environment groups (1.s.d. =0.89 for grain yield, 1 for growth duration,

and 12.2 for rice ratoon percentage, respectively; P=0.05).

Genotype Environment Group Mean
Group E1(1)° E2(2) E3 (1) E4(2) E5(2) E6(2) E7 (2)

Yield (tha ")

G1(7)° 1.22 2.14 0.83 1.69 0.91 2.37 1.11 1.54
G2 (1) 0.0 2.08 0.0 0.0 2.02 535 4.03 2.25
G3(5) 217 3.68 2.65 3.36 1.08 4.42 2.00 2.82
G4 (5) 1.81 4.38 0.40 2.98 1.50 4.05 1.26 2.55
G5 (1) 491 6.29 2.88 3.63 1.67 6.56 343 4.25
G6(3) 1.40 4.02 1.96 4.22 3.00 6.09 1.95 3.49
Mean 1.79 3.61 1.42 2.85 1.45 4.05 1.70 2.54
Duration (d)

G1(7) 98 144 158 171 Mm? 126 135 141
G2 (1) 95 145 158 204 M 161 179 163
G3(5) 92 146 164 172 M 128 129 140
G4 (5) 92 139 153 170 M 124 125 136
G5 (1) 107 143 159 164 M 127 137 141
G6 (3) 103 138 152 179 M 128 137 149
Mean 96 143 157 173 M 128 133 141
Ratoon (%)

G1(7) 41.6 60.5 50.1 nab M 96.5 57.8 60.6
G2 (1) 81.7 83.4 44.6 n.a. M 100.0 83.8 79.9
G3(5) 42.7 73.4 66.2 n.a. M 97.1 80.2 733
G4 (5) 25.8 74.5 20.8 na. M 98.5 34.6 51.9
G5 (1) 70.0 86.9 64.2 n.a. M 100.0 79.0 80.8
G6(3) 135 71.4 30.3 n.a. M 97.6 45.8 53.7
Mean 375 70.4 44.8 na. M 97.6 58.1 62.4

2 M= missing.

b n.a.=not applicable, as rice ratoon percentage can only be recorded from regrowth.

¢ Numbers of group members in parentheses.

to 54 days, with the greatest delay (to 179 days) at the Jing Hong
2013 sites (E7).

Rice ratoon percentage (Table 4c) could only be recorded from
ratoon crops, not the first crop at each site, i.e., the 2 northern Dry
Season sites in 2012 (E4), Jing Hong 2012 Dry Season (in E6), and
Na Pok 2012 Wet Season (in E5). Hence, ratoon percentage was not

applicable in E4, and the only missing values were for Na Pok 2013
Wet Season (in E5), where this trait was not recorded. Among envi-
ronments, rice ratoon percentage ranged from 97.6% at Jing Hong
2012 (E6) to 44.8% at Simao 2013 Dry Season (E3) and 37.5% at
Menglian 2013 Wet Season (E1). For genotypes, rice ratoon per-
centage ranged from 80.0% in G2 and G5, to 53.0% in G4 and G6. TZ
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Fig. 2. (a)Principal component analysis (location standardised) for the environment
x genotype interaction for Axis 1 and Axis 2 for grain yield for 12 environments and
22 perennial rice derivatives (Oryza sativa L., cv. RD23/Oryza longistaminata). Refer
to Tables 1 and 2 for genotype and environment abbreviations. The GXE interac-
tion for Axis 1 and Axis 2 accounted for 61.4% of the sum of squares. (b) Principal
component analysis (location standardised) for the environment x genotype inter-
action for Axis 1 and Axis 3 for grain yield for 12 environments and 22 perennial rice
derivatives (Oryza sativa L., cv. RD23/Oryza longistaminata). Refer to Tables 1 and 2
for genotype and environment abbreviations. The GXE interaction for Axis 1 and
Axis 3 accounted for 58.8% of the sum of squares. (¢) Principal component analysis
(location standardised) for the environment x genotype interaction for Axis 1 and
Axis 4 for grain yield for 12 environments and 22 perennial rice derivatives (Oryza
sativa L., cv. RD23/0ryza longistaminata). Refer to Tables 1 and 2 for genotype and
environment abbreviations. The GxE interaction for Axis 1 and Axis 4 accounted for
51.4% of the sum of squares.
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(G2) had the highest ratoon percentage, except in Simao 2013 Dry
Season (E3), where only G3 and G5 exceeded 60.0%. G4 and G6 gen-
erally had the lowest ratoon percentages, with G1 lowest at the 2
northern Menglian sites (E2). PR23 (G5) generally had high ratoon
percentages in every environment group.

3.3. Trait associations

The main effects of environment group and genotype group on
trait expression are shown in Table 5. Among environments, Jing
Hong 2012 (E6) was highest yielding, and was also highest in grain
number m~2, seed setting rate, panicle length, grains per panicle,
plant height and rice ratoon percentage. The 2 Menglian Dry Sea-
son environments (E4) were also high yielding, and were high in
grains m~2, rice ratoon percentage and ratoon tiller number. The
Jing Hong 2013 environments (E7) were high in ratoon tiller num-
ber but low in grain number m~2. Na Pok (E5) also had low grain
number m~2 and the smallest grain size. Simao 2013 Dry Season
(E3) was long in growth duration and highest in ratoon tiller num-
ber and effective panicle number, while the 2 northern Dry Season
sites (E4) had the longest growth duration and the largest grain
size. Menglian 2013 Wet Season (E1) was low yielding, shortest in
growth duration, had the lowest ratoon percentage, ratoon tiller
number and effective panicle number. Among genotypes (Table 5),
PR23 (G5)was highestin grainyield, and also in rice ratoon percent-
age, ratoon tiller number, effective panicle number, grain number
m~2, seed set rate and grain size. G6 (lines 56, 59, 214) was next
highest yielding, and also had high values for these parameters. In
contrast, G1 was low yielding, and had generally low values except
for ratoon tiller number. Line TZ (G2) was tall and late, with lower
grain number m~2. G3 and G4 were intermediate in yield and most
parameters, but had the largest grain number per panicle.

These trait associations can be summarised using a Pearson cor-
relation analysis. Among environments, grain yield was correlated
with grain number m~2 (r=0.99**), ratoon percentage with grain
number m—2 (r=0.45*) and grain yield (r=0.46*), seed set rate
with grain size (r=0.42*) and grain yield (r=0.41%), ratoon tiller
number with growth duration (r=0.58*) and effective panicle num-
ber (r=0.59%), and grain size was inversely correlated with grain
number per panicle (r=-0.66%). For genotypes, grain yield was
correlated with grain number m~2 (r=0.98**), seed set rate with
grain size (r=0.47*) and both grains m~2 (r=0.85**) and grain yield
(r=0.88""), ratoon percentage with ratoon tiller number (r=0.73**),
and grain size was inversely correlated with grains per panicle
(r=-0.49%).

4. Discussion

In this study, GxE interaction accounted for 25.7% of the total
sum of squares for grain yield, which, together with Genotype,
accounted for 42.6% of the total variation. Four vectors accounted
for 87.0% of GXE, suggesting a high repeatable component, which
was consistent with other studies in rice (Botwright Acuna et al.,
2008). The consistent grouping of sister lines (e.g., lines 137a and
137b) within the same genotype group (Fig. 2) also indicated
a strong component of repeatable interaction, which was also
consistent with other studies (Wade et al., 1999). Consequently,
cluster and ordination analysis reduced the matrix from 22 individ-
ual genotypes x 12 individual environments (=264) to 6 genotype
groups x 7 environment groups (=42), whilst retaining the repeat-
able variation for interpretation.

4.1. Environment groupings

The 12 environments were grouped by cluster and ordination
analysis into distinct groups that could be defined by the condi-
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Table 5

Main effect of environment and genotype groupings on yield components of perennial rice derivatives: growth duration (Duration), plant height (Height), plant ratoon
percentage (PRP), ratoon tiller number (RTN), effective panicle number (EPN), panicle length (PL), grain number per plant (GN), grain number per spikelet (GPS), 1000 grain
weight (GWT), grain number per unit area (GNO), and grain yield (Yield) (l.s.d. are shown for P=0.05).

Duration (d) Height (cm) RRP (%) RTN (pl'') EPN (pl'') PL(panicle') GN (panicle') GPS (spikelet’) GWT (g 1000') GNO (103m=2) Yield (tha™)

Environment group

E1(1)* 96 82 39 9.6 3.9 223
E2(2) 143 80 70 13.0 6.8 19.3
E3(1) 157 102 47 154 21.1 23.1
E4(2) 173 109 63 13.0 8.9 224
E5(2) na. n.a. n.a. n.a. n.a. 21.7
E6(2) 128 107 80 12.8 11.7 239
E7(2) 133 99 58 139 113 22.6
Mean 138 96 60 12.9 10.6 222
Ls.d. 3 2.3 6 13 0.9 0.5
Genotype group

G1(7)* 140 100 62 14.0 10.2 22.2
G2(1) 163 122 77 13.6 9.8 23.2
G3(5) 141 99 70 13.0 9.8 22.7
G4(5) 136 92 56 11.7 103 22.0
G5(1) 141 96 75 14.7 10.8 19.6
G6(3) 142 87 56 121 10.9 22.0
Mean 144 100 66 13.2 10.3 21.9
Ls.d. 10 10.6 12 3 2.9 1.81

121 0.67 23.6 7.6 1.79
82 0.67 23.8 15.2 3.61
121 0.68 233 6.1 1.42
135 0.60 24.0 119 2.85
n.a. n.a. 20.1 7.2 145
146 0.72 23.6 174 4.05
124 0.66 233 7.3 1.70
121 0.67 23.1 104 2.54
9 0.02 0.5 0.9 0.34
118 0.6 23.4 8.2 1.91
117 0.73 25.0 9.0 2.25
124 0.70 22.6 14.2 3.18
125 0.7 23.7 11.6 2.76
111 0.78 25.5 16.6 4.25
122 0.75 24.7 14.6 3.59
120 0.7 24.2 124 2.54
22 0.11 1.7 3.7 0.62

2 Numbers of group members in parentheses.

tions encountered, and the way they influenced genotype response.
At higher altitude in the north, the environments in Simao were
defined by minimum temperature (Supplementary Table 1). In
the Wet Season, crops failed to produce grain, due to low tem-
perature slowing growth and delaying flowering. In the 2013 Dry
Season, ratoon percentage was restricted by low minimum temper-
ature in combination with rainfall deficit during February-April,
with grain number m~2 also limited by low minimum temper-
ature during panicle elongation and flowering during May-June
(Supplementary Table 1). At Menglian, the 2013 Wet Season crop
encountered heavy rainfall in August which may have affected
ratoon percentage. It also encountered low temperature around
flowering in October-November (Supplementary Table 1), restrict-
ing its grain number m—2. At lower altitudes in the south, minimum
temperature was less of a problem, but periods of rainfall deficit
in combination with high evaporative demand and high temper-
ature could become limiting (Supplementary Table 2). The Jing
Hong 2013 Dry Season crop encountered high evaporative demand
together with rainfall deficit up to flowering through January-April
(Supplementary Table 2), which restricted its grain number m=2.
Na Pok 2012 Wet Season encountered a severely dry finish in
September-December (Supplementary Table 2), which restricted
its grain size. Lack of rainfall precluded dry season crop yield at
Na Pok, though plants survived the dry season with the benefit of
life-saving flush irrigation. These environmental factors defined the
environment groupings, and the basis of genotype group response,
as discussed in Section 4.2.

In the dendograms (Fig. 1a), environment groups were initially
separated by mean temperature, with the cooler environments in
Menglian and Simao at higher altitudes in the north separating
from the lower altitude and warmer environments in Na Pok and
Jing Hong in the south. Seasonal conditions provided the next sep-
aration. In the north, mainly Dry Season environments at Simao
separated from mainly Wet Season environments at Menglian.
Minimum temperatures then separated Simao 2013 Dry Season
and Menglian 2013 Wet season from their respective Simao and
Menglian groups. In the south, environments at Na Pok separated
from environments at Jing Hong, with Jing Hong in turn separating
by year. This separation of environments in the south was mainly
due to high evaporative demand in conjunction with rainfall deficit
(Supplementary Table 2), especially for Jing Hong 2012 Dry Season
and Na Pok 2013 Wet Season.

For the biplots (Fig. 2a), Axis 1 was interpreted to represent
yield potential, which was clearly shown by the genotype group-
ings discussed below in 4.2. The genotype groupings in 4.2 also
clearly demonstrated Axis 2 represented delay in phenology, which
was affected by the environmental stresses discussed above, and
delay was most severe in Jing Hong in 2013. Axis 3 (Fig. 2b) repre-
sented rice ratoon percentage, with low values in Simao 2013 Dry
Season and Menglian 2013 Wet Season in particular. Finally, Axis
4 (Fig. 2c) separated Menglian (positive), from Simao (negative),
with Jing Hong and Na Pok neutral, and clearly revealed patterns of
genotype group adaptation, as discussed below.

4.2. Adaptation of genotype groups to low temperature and
rainfall deficit

The 22 Genotypes were grouped by cluster and ordination anal-
ysis by their responses to the environmental challenges above. This
is best illustrated in the biplots (Fig. 2a-c), with Axis 1 separat-
ing high-yielding groups G5 (PR23) and G6 (lines 56, 59 and 214)
to the left, intermediate-yielding groups G3 (lines 60, 251, 264,
Bt69, Bt71) and G4 (lines 75, 243, 246, 249, 255) to the middle,
and low-yielding group G1 (lines 188, both 137s, both 139s, both
147s) to the right. Axis 2 separated the remaining group G2 (line
TZ), whose phenology was strongly delayed under environmental
stress, from the other groups. Axis 3 separated genotype groups by
ratoon percentage, with strong regrowth in G5 (PR23) at the top.
Axis 4 summarised the patterns of genotype adaptation across the
environment groups, based on the projection of each genotype or
genotype group on the respective environment vectors (Yan, 2002;
Botwright Acuna and Wade, 2013). Thus, G5 (PR23) was widely
adapted to all environments, G4 (lines 75, 243, 246, 249, 255) pref-
erentially adapted to Menglian environments, G3 (lines 60, 251,
264, Bt69, Bt71) preferentially adapted to Simao environments, G2
(TZ) to Jing Hong 2013, G6 (lines 56, 59, 214) to Jing Hong 2012 and
Na Pok environments, while G1 (lines 188, both 137s, both 139s,
both 147s) was poorly adapted everywhere (Fig. 2c).

These relationships imply genotypic differences in trait expres-
sion among the genotype groups, not only in the measured
parameters presented, but also for traits implicated in providing
adaptive advantage across the range of environments sampled. For
example, the preferential adaptation of G3 (lines 60, 251, 264, Bt69,
Bt71) to Simao implies these lines may possess some escape of
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or tolerance to low temperature conditions, in ratooning ability,
spikelet fertility, or both. Likewise, G4 (lines 75, 243, 246, 249, 255)
may possess some preferential adaptation to wet season condi-
tions, since that dominated the Menglian response. In contrast, G6
(lines 56, 59, 214) may possess traits of benefit in the south, where
higher temperatures and rainfall deficit were more important. It
would be worth screening for these traits, as discussed below.

The high yield and broad adaptation shown by PR23 makes it a
compelling candidate for release to farmers, and it is already under
pre-release field testing in small plots, as well as field-scale evalu-
ation with a commercial company. With access to supplementary
irrigation in the dry season, these results confirm PR23 can sur-
vive, regrow and produce grain over four successive seasons from
asingle planting at a number of locations. This is an important find-
ing, since, in a companion study in southern Lao PDR, Samson et al.
(2016) reported that the annual rice cultivar RD23 failed to survive
the dry season, despite access to life-saving flush irrigation, and had
to be replanted. In contrast, of the 12 perennial rice derivatives they
tested, all survived, regrew and contributed grain, with the best
lines yielding comparably to RD23 from regrowth in the following
wet season. Nevertheless, further testing is needed to determine
the extent of this longevity in perennial rice, and whether perfor-
mance can be retained in subsequent cycles of regrowth.

4.3. Implications for breeding of perennial (and annual) rices

Relative to studies of genetically-diverse rice cultivars under
upland (Lafitte and Courtois, 2002; Atlin et al., 2006) and rainfed-
lowland (Cooper et al., 1999; Wade et al., 1999) environments,
where GXE was large relative to G, the ratio here was only 1.5. While
this could be taken to suggest GXE is lower in perennial than annual
rice, care should be taken in drawing this conclusion. The prelim-
inary lines evaluated here are all effectively selected from a single
cross between one O. sativa cultivar (RD23), and one O. longistami-
nataaccession (Zhangetal., 2014). The advantage of these materials
is the combination of capacity for post-sexual cycle regrowth and
retention of spikelet fertility, which is not readily attained. In order
to broaden the genetic base, however, effort is now being made to
backcross these traits into a range of annual rice cultivars of diverse
origin and adaptation. Not only would this allow these perennial
traits to be tested in different backgrounds, but intercrossing the
progeny would facilitate the development of and selection in segre-
gating populations, in a manner analogous to the model proposed
by Larkin et al. (2014) for perennial wheat.

The patterns of adaptation revealed in this paper suggest peren-
nial rice lines should be selected for adaptation to low temperature,
especially during early regrowth for effective ratoon tiller number,
and around panicle elongation and flowering for spikelet fertility.
Selection procedures for adaptation to low temperature based on
those developed in Australia (Farrell et al., 2006; Ye et al., 2009)
should prove beneficial, in developing improved annual or peren-
nial rices for more northern locations such as Menglian and Simao.
Conversely, adaptation to rainfall deficit would be beneficial in
more southern locations such as Jing Hong and Na Pok. Selection
procedures developed in Thailand, Laos and Cambodia (Fukai et al.,
1999; Xangsayasane et al., 2014) for improving drought tolerance
of rainfed rice should also be beneficial here, for both annual and
perennial rice. The intent should be to retain yield potential while
also improving survival, regrowth and performance under drought
(Atlin et al., 2006; Venuprasad et al., 2008; Blum, 2009, 2011).

5. Conclusions

Current lines of perennial rice were able to survive, regrow
and produce grain for up to four successive growing seasons at
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a number of locations, especially when supplementary irrigation
was available to assist survival during the dry season. The results
demonstrated that PR23 was high-yielding and broadly-adapted,
making it a prime candidate for release to farmers. Besides being in
pre-release testing in Yunnan Province of China, PR23 is also under
commercial evaluation there in lowland fields under irrigation,
with mechanical transplanting and harvesting, and an expectation
of cost-savings relative to annual rice. Indeed, the promising results
here suggest that, with further selection, high-yielding perennial
rices could even have a place alongside high-yielding annual rices
in favourable and irrigated environments in the future. Neverthe-
less, many perennial rice lines survived environmental stresses in
the field, including rainfall deficit, implying a capacity to perform
without supplementary irrigation where dry seasons are mild or
short, but this remains to be properly tested, as does the extent of
longevity beyond four successive seasons in the field. The ways in
which farmers may utilise the availability of perennial rice for their
farming system remains to be examined, given in many situations,
livestock are part of the system, so perennial rice could contribute
fodder for grazing as well as grain, while retaining ground cover and
viable root systems. The ecosystem benefits of perennial rice for soil
and nutrient retention remain to be tested. Socio-economic impact
should also be assessed, as should farmer perception of perennial
rice. Finally, any trade-off in yield potential due to perennial habit
needs to be quantified, in relation to resource capture and allocation
in the plant.
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(PR EARE B i UMH) 100 FEATHG B PR 858 . R
TEFEECHN 0 FR Pt (HR) ,0~5%#7R90 (R), 5.1%~
15% 2% 75 4L (MR) , 15.1%~25% J5 H 8 (MS) ,25.1%~
509 MIE(S) , >50% J = B (HS) o /KR i MR PTIE

W g B H1.2020-11-23
HEWB: =84 E AL F £ A3 &
52 J %7 (20192G013)
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R 1 KFEEEMEIES RARHE (IRRI)

e ZEFH Ptk
0 e BE FPL(HR)
1 TP RS K/ IME 15 PL(R)
2 (Y=L PN P (R)
3 [ AR RO (O BE , T 2048 € i BE A% 1~2 mm FHT(MR)
4 MHEAGHE, 1< 1~2 em, 18 H PR T 9 4% K IA] , 3% 26 i AU B i i ALY 29% BT (MR)
5 RIEISBE , 22 F MRS L AR 10% FRE(MS)
6 MBI, 32 F A A T AR 11%~25% FUE(MS)
7 WRIEIBE , 22 RS L AR 269%~50% J&(S)
8 MBI, 327 F A AS AR Y 51%~75% J&(S)
9 SRS FR(HS)
FR2 BERIMEEERRNNSIMESIIREXER
H 5L IS 2531 VEEIL 2] H s H Bt/bp B KR SCHR
POm(R)  BYK(S) /°C
Pizt ATGTGGATGCTGTGTTAT TAGTTTGCTGCTCAATAAGTA 176 55 [10]
Pi2 CAGCGATGGTATGAGCACAA CGTTCCTATACTGCCACATCG 450 282 53 [11]
Pi9 GCTGTGCTCCAAATGAGGAT GCGATCTCACATCCTTTGCT 291 55
Pikh CCCAACATTGGTAGTAGTGC TCCTTCATACGCAACAATCT 258 401 51 [12]
Pi5 ATAGATCATGCGCCCTCTTG TCATACCCCATTCGGTCATT 206 307 57 [11]
Pik GGATAGCAGAAGAACTTGAGACTA  CATGTCTTTCAACATAAGAAGTTCTC 140 55
GGATAGCAGAAGAACTTGAGACTG ~ CATGTCTTTCAACATAAGAAGTTCTC 140
Pikp GGTGTTTGGGAACCTGAACCCT TTTCTGTTCGTCGGATGCTC 158 55
GGTGTTTGGGAACCTGAACCCTG TTTCTGTTCGTCGGATGCTC 158
Pil GTGCTGCTGTGGCTAGTTTG AGTCCCCGCTCAATTTTTCT 460 58 [13]
Pikm~1 CAGTAGCTGTGTCTCAGAACTATG AAGGTACCTCTTTTCGGCCAG 290 323 56 [14]
Pikm~2 TGAGCTCAAGGCAAGAGTTGAGGA TGTTCCAGCAACTCGATGAG 174 213 58 [14]
“Pita-2 TTGAGAGCGTTTTTAGGATG TCGGTTTACTTGGTTACTCG 169 55
Piz GCATTTTTAGCTATGAATCTGGAT ~ TGTAGAATGAGGTGAGTTATTAACA 200 55
“Pish CCACTTTCAGCTACTACCAG CCACTTTCAGCTACTACCAG 136 55 [15]
‘Pi7 CCACTTTCAGCTACTACCAG GAGCCTTCTGGTTTCTGCTATGC 184 55 [15]
Pi20 GAGATGGCCCCCTCCGTGATGG TGCCCTCAATCGGCCACACCTC 255 55 [16]
Pis7 GTATTACGCTCGATAGCGGC GTATCCTTTCTCGCAATCGC 148 55 8]
GTATTACGCTCGATAGCGGC, GTATCCTTTCTCGCAATCGC 169 55

" SSR # 4 FARIT.

STHRIRAENLER 1,
1.3 EEREKFETESR

VL LTH 2%t B, R 5% GEFR % RD23 .
PR23.PR24.PR25.PR101.PR107 Ff 7 L K | M %5 2
FEIH T 2R RA L AT R, B DM BHERS R &
(FA% R 30 emx10 em) H3% 2 47, 54T 10 Bk, 2L 20 £k,
Rz 3 0 1 DA R R T . REIE A IR CHO91C
PR T M4 {97 56 (7 10.0 ¢ 3l 4.0 ¢ % 5.0
g, 7K ZE 300 mlL, 120°C = i i K ) b iE 4736 AL ks
IR T d R 2 PR s TORIRKE FRAE D,
3% 2 d SR E MR R 2 1x10° N /mL 7 B2 0. FmE
ST TR b, R TR AR T 25°CHE
Kig® 24 he A0 7 d 5, 2 R E bR KRBT T iR E

123

Y RE S AR UEIEA TP AT S0
14 TBEREERGN

FIHEHNG 24 R TP E L R D e AR 10 A 2
A SSR bRic Xt ZAEA MR T PCR UG (3£ 2),
PHa= A 1.0%( BAR4)>500bp) % 2.0% M 3R
R IS 8 9% 3R VA 94 ok e B Je v Wk B A T AN (s ™=
#1<500 bp) .

2 ZER50HT

21 BEFRHERBHAELER
T JE A 2 AR A R s YU AR IR AR T
B, R IMZAE AR S R (R ) FACAS K e B A= AR G B 8
AR IR, S IR Y R R U , PR23 \PR24 \PR25
.]0.



AIZESES « 2 AR DU AN

$ & £ 2021,27(1):9-13

®3 ZFERRRF) HEFREHENSHEREITNER

MR FH ] S 2 FH (R348 250/ % M [R] R BT IR
KR A=A 0% 0 HR R
RD23 3~8 4 63.33 HS S
F, 0~1 4 0.74 R -
PR23 0~1 %% 1.44 R R
PR24 0~2 %% 1.47 R R
PR25 0~2 %% 1.56 R R
PR101 0~1 4% 1.11 R R
PR107 0~2 % 1.33 R R
LTH - - - S
x4 10 REFESEEBMR(T) REARDHS RN
R A K RD23 F, PR23  PR24  PR25 PR101  PR107 Yes/No FFERAR  CHO91C Mg [
Pik + - - - - - - - N KRBLK KA R
Pikp - - - - - - - - N KRBLKP-K60 R
Pi5 + - - + - + - + Y IRBL5-M R
Pi2 - - - - - - - - N IRBLZ5-CA R
Pizt + + + + + + + N IRBLZT-T R
Pil - + + + + - - N IRBL1-CL R
Pi54 + + + - + - - N KRBLKH-K3 R
Pi9 + + + - - - - N IRBLO9-W R
Pikm + - - - - - - - N IRBLKM-TS R
Piz - + + + + + + + N IRBLZ FU R
SR R AR R R AR
x5 SO REFESFEBREEARFHS TR
R LA KB RD23 F, PR23  PR24 PR25 PRIOL PRIO7 Yes/No HILH R CHO91C %58 i
Pish R S H S S S S R Y IRBLSH-S R
Pi7 S R H S S S S S N IRBL7-M R
Pita-2 R S H R R R S S Y IRBLTA2-PI R
Pi20 S S S S S S S S N IRBL20-IR24 R
Pi57 R S S S S S S S N - R

R4 35 B A& ;S 4384 B AW H 3 8 20 R B 2 A SE AN B 3 fude B AR

PR101.PR107. K Mt 5 4 &5 \F, 95 16 48 2000 5
1.44% 1.67%.1.56% . 1.11%.1.33%.0.0.74% (3 3) . 1
LA RD23 HA7 SRR IR B, VA2 i AR fe e 28 3
G (0 HE AR 1520 B¢ AR BE ), R 430 Bk % o0 A 1
5~7 H(ZEHF 10%~50%) , Fern it al ik 8 e (M3
ZEMARHR 519%~75%) i TEHRECH 63.33%(5£ 3) .
22 EEMEKFEEN

F2 R0 o B0 77 I % A CHO9LC T ik 7 d J5
PR23.PR24 .PR25.PR101.PR107 F1 I ¥ 4E R A
FHRR/INKEBE , Fe B AHUI o T2 %o BTN VLT AT R 4y
(LTH) M Z ARG A (R) 848 RD23 ¥ H A fAln:
JERER RIS (36 3) . SRR R (R) 0
PRSI PR R4 T R U M KO S5 2 5 R 17 R 2
SR — 8, UL 2 AR AR R A R (B B B bt
I [RIEHZ R W] RER IR F A A K e B A A

. 1] .
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23 BERIEEEE

FIADhEERRICAIN 10 A>T AT R L E 24
R34, 7E PR23 Fl PR25 Hh 4 46 i 31 4 1 5
Pizt \Pi5 Pil \Piz {8 JA Pis 7 K ERF ARG L K PR23
PR25 FiAs 453, HAE RD23 fhfike, ArlA PR23.
PR25 Fr #4711 Pis & A ok U TR MEMF AR /Y (3R
4).

PR107 #7F Pizt \Piz Pi5 FOEIRPUR LA, L PiS
FEK R A R A 2], 1 RD23 sk, AR IR T
HEEF A= REEY Pi5 W RE A PR107 FORSRLGHUR AL (3
5.

FIH 5 Pish.Pita-2.Pi7 .Pi20 . Pi57 (1) % [H 43 %) %
i) SSR Fric RM212(Pish) \RM6905 ( Pita-2) .RM273
84/RM27386 (Pi7) \OSR32 (Pi20) .RM5364/RM7102 (Pi
57(0)) X 5 A ZAE AR R B 47 36 ALPEAY , &
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I PR23.PR24 .PR25 i ok A K MERF A RS 1Y Pita—2
i, T PR107 5t >k H A MERF A AF Y Pish 037 55
(5% 5). I PR23.PR24 . PR25 [R50 s Hi Pk BL A ]
BEK T T K MERF AE RE Y Pita—2 57 5., 11 PR107 B9 RS9
S TS R ] RESR IR T K HE P AR AR 1Y Pish o7 55,

A, PR23 1 PR25 % Fet i s B 2 A v e ke U
TR A FE ) PiS RN Pita—2 07 45, PR24 FEIEIR
B 1 L PR AT RE Ok VR T B B AR RS Y Pita—2 57 A,
PR107 REJER BT SRE A o] Gk U5 F < 1 B A= s 1) Pis
FLPRURN Pish AN 55, AR SCHS B 3 BRI B P L PR s 7
1 PR101 XA I LRSS Pu ok B 1 e
A= FEAR ARSI BT SE A

3 HhieHihe

LI A2 6 3 B ™ K R T 2 —, W E A
JpU A H TR A RIBR R  T R
ARSI, KRR R R 2 A N
[ B 1 T 2 AR BRI R, R, 5 BN E
B TGO S A TR B R BUIRSH TR
RERHRA T F b o A SCE BA RN 1 )
(4 5 A TR Z AR AR AR (50 BBTHRF2E T TR0
WIT . e RS A X 5 D ZAEARR R (5 1Y
TR B AR A B I R DU RE P X 5 D24
AR R (R ) X FE I R IR T 7 e S S AT
ARAIA N I 86 AR A R HURRIRNG . IR IR 22 4F A A T 1]
PUHERI PP R BT 00 H A SRS T 9 2o s LRI E
SR T 224 R AR TH TR B HARDLTE R 2557, 4 e AT LA
iE— A N I XS 22 AT A A (85T K A T S )
WE o BRILZ A, Xt Z AR R YR K (1 2 i A b 75
HE— 25 A F B 22 A3 BN o BT i A7 I
IFEE 5 T E5E

ZAF ARSI T [B) g 5] 2 25 R AT 4 e 4
R MR AR AR Rl , RD23 B i il , 224
A RER AR DTIE P REAR IR T ACA KR A=A . HAY
BUNIRGE ,  JE T M A A e s 4 vp R R = B0,
R SR SR ) AL 7 B £ e v 82 A ARG B AR
(3 S, ISR AR A ] BE R AR L P PR S
ASCR S REME ST TARIC N R B BT SSR FRic X 24>
R IERE N AL Z AR LR R R A (R B9 A1 St AL
ST, R 3 D PIMERE LR Pish Pita-2 \Pi5
FIRE A ZAE AR ORI T K MR AR R R BT RE A . )
b, AWk A BLER S 22 A7 LE R B R R LT P BE
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SRVR TR B A AR A B RS R sl R I A, st
I PRIAR AT B B A A v AR A2 4 ) R e Bt
PEBE I, T T R A BIBIESR

TCi 2 [B) F AR AR FERN A E I 2 2 e R B
AR DU R S i, HRWCEF M Z 4
R 23 a K24 5K 25. 5K 101, =K 107 A
U PRI PIYE , XA AR AR R e AR
Jry AEORFEAR GG 7RI HE ) B i bt S

S0k

TFIF IR AT 4L, . KRR 22 2 4 Bl i A
FEHERE(). 4O RHEEIR, 2018(7) :237-239
O BRIN, AR SF. KRS BURIRS 2 TOLHI IR o kR ()], h
K RERE:,2019,33(6) - 489-498
AETHE T AT 45 AR B S D S T A AR i FF
KB R, 43 FAR B R, 2016, 14(10) :2 739-2 748.
TAO D, SRIPICHITT S. Preliminary report on transfer traits of vege—

(1]
2]
[3]

[4]
tative propagation from wild rice species to oryza sativa via distant
hybridization and embryo rescue [J]. The Kasetsart J, Natural Sci,
2000, 34: 1-11.

B RES . K MEET A A8 (Oryza longistaminata) 1 2553 F 5 7 Flist
FEBFIE[D]. FPR : TG RIAIL IR, 2002.

EAR R AR A= A T 25 FE A Rhz2 Rhz3 M5 A05E 7 Kb R 22
AFED A FR G D]. JLst: h VR BE , 2010.

HUANG G, QIN S, ZHANG S, et al. Performance, economics and po—
tential impact of perennial rice PR23 relative to annual rice cultivars
at multiple locations in Yunnan province of China [J]. Sustainability,
2018, 10:1086.

XU P, DONG L, ZHOU ], et al. Identification and mapping of a novel
blast resistance gene Pi57(t) in Oryza longistaminatal[J]. Euphytica,
2015,205 (1): 95-102.

International Rice Research Institute (IRRI). Standard evaluation
system for rice[S]. 2002.

FETIEE, TESCHR  PRIA, 45 BURRRON Pi2/9/z—1 2455
FRICHTR L. ER AR, 2015,29(3) :305-310
A LS B, 55, 4 D PO HE A 23 T hRiC Ry diar X
TEKRESEA Y T[] 22387K A ,2010,25(suppl 1) :294-298
RAMKUMAR G, SRINIVASARAO K, MOHAN K, et al. Develop—

9l

[10] nF

[11]

[12]
ment and validation of functional marker targeting an InDel in the
major rice blast disease resistance gene Pi54 (Pikh)[J]. Mol Breed,
2011, 27(1): 129-135.

[13] XUJToik  AL5E, GURE, 55, KREPURRI RN Pil B0Re 20745
ICTF A RA]. P24, 2016,29(6) : 1 241-1 244,

[14] COSTANZO S, JIA Y. Sequence variation at the rice blast resistance
gene Pi—km locus: implications for the development of allele specific
markers[J]. Plant Sci, 2010, 178(6): 523-530.

[15] KOIDE Y, EBRON L, KATO H, et al. A set of near—isogenic lines for
blast resistance genes with an indica—type rainfed lowland elite rice

(Oryzasativa L..) genetic background [J]. Field Crop Res, 2011, 123
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(1):19-27. TLPGAE N ,2006(3) : 111-115.

[16] LI W, LEI C, CHENG Z, et al. Identification of SSR markers for a [18] HE R, SALVATO F, PARK J, et al. A systems—wide comparison of
broad—spectrum blast resistance gene Pi20 (t) for marker-assisted red rice  (Oryza longistaminata) tissues identifies rhizome specific
breeding[J]. Mol Breed, 2008, 22(1): 141-149. genes and proteins that are targets for cultivated rice improvement|J].

(171 ZRIEAS, XU B 22/ INH A58 AR T B0 1A S AE 5 e (). BMC Plant Biol, 2014, 14(1): 1-20.

Evaluation of Rice Blast Resistance in Perennial Rice

HE Yifei', QIN Shiwen', ZHANG Shilai', HUANG Guangfu', ZHANG Jing', YANG Qinzhong?, HU Fengyi"”

("Research Center for Perennial Rice Engineering and Technology of Yunnan/School of Agriculture, Yunnan University, Kunming 650504, China; *In—
stitute of Agricultural Environment and Resources, Yunnan Academy of Agricultural Sciences, Kunming 650205,China; st author: heyifei@mail.ynu.e—
du.cn; “Corresponding author: hfengyi@ynu.edu.cn)

Abstract: Perennial rice has been developed successful by utilizing the rhizome trait of the wild rice species, Oryza longistaminata
and demonstrated widely, exhibiting broad—spectrum resistance to rice blast. To understand the reason of resistance to blast of peren—
nial rice, disease investigation in famer’s field, inoculation identification and molecular detection of rice blast resistant genes were car—
ried out among nine accessions including five perennial rice varieties (lines) as Perennial Rice 23(PR23), Yunda24 (PR24), Yun-
da25 (PR25), YundalOl (PR101), Yundal07 (PR107), male parent O. longistaminata, female parent RD23, F,(RD23/0. longistami—
nata) and Lijiangxintuanheigu(LTH). The results showed that all the five perennial rice varieties(lines), their male parent O. longis—
taminata and the original F, (RD23/0. longistaminata) had high resistance to rice blast, while their female parent RD23 showed high
susceptibility, which indicated that the rice blast resistance gene of these five perennial rice lines may originated from O. longistami—
nata. The resistance of PR23 and PR25 might owing to the Pi5 gene and Pita-2 locus from O. longistaminata, and the resistance of
PR24 might due to the pita-2 locus from O. longistaminata, while that of PR107 might inherited from O. longistaminata with the Pi5
gene and Pish locus. However, none of the known rice blast resistance genes or loci mentioned in this study were harbored by PR101,
speculated that the unknown genes from O. longistaminata inherited by PR101 archived its blast resistance. The results of this study
provided a basis and strategy for blast disease resistance breeding, perennial rice varieties distribution and plant protection technology
decision in future.

Key words: perennial rice; rice blast; resistance evaluation; Oryza longistaminata
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[9] HORIE T. Global warming and rice production in Asia: Modeling, 32(2):411-418.

impact prediction and adaptation [J]. Proceedings of the Japan A- [12] JAZ:, E4LH, k. AT 95 8 F1 0 A 5 KR A = soR s

cademy, Series B, 2019, 95(6): 211-245 Re——F ARG R A (1] BN A RF2%,2014(3) 53—
[10] LOBELL D B, SCHLENKER W, COSTA -ROBERTS ] . Climate 65.

trends and global crop production since 1980[J]. Science, 2011, 333 [13] ARflude  AREET sk B 5E 55 MW s 380 0 [R50 B 7 (1.

(6042): 616-620. A F A, 2003, 18(5) :626-630.

Analysis of Characteristics of Temporal and Spatial Variation of Rice Production in the

World

ZHU Defeng WANG Yaliang

(China National Rice Research Institute, Hangzhou 310006, China; Ist author: cnrice@qq.com)

Abstract: The average annual growth rate of rice area, yield per unit area and total yield per unit area increased by 0.67%, 1.65%
and 2.33%, respectively, according to the analysis of global rice production from 1961 to 2018. Rice is cultivated in the continents of
Asia, Africa, America, Europe and Oceania. Among the rice planting areas in the world, Asia accounts for 87.9%, Africa accounts for
7.7%, America accounts for 4.0%, and Europe and Oceania account for less than 0.5%. Compared with the 1960S, the global rice
planting area and the distribution of total rice production in the near 10 years have changed. The harvest area of rice in Africa has in—
creased, and the harvest area of rice in Asia has decreased. Global rice yield growth factor analysis showed that 60% to 70% of the
total yield growth was contributed from the increase of yield per unit area. The contribution factors of total rice production growth var—
ied greatly among different continents.

Key words: rice; yield; growth rate; temporal and spatial distribution; world
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ZFEEBENREEIUEEmN

FmAR R

KA R FhE

AP BT WAL
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BRI A AT T 220 B R B 2 R C AT AR R AT TORYEHE ., v
AEAERE N () X IR A e 2RI, 38 5 FE )95 1 DA A (BT 7K T S 2 FRK AR 1 A s o SE R R 3 oy
B X2 EARAN(R) Z2HE4RT 23(FFK PR23, TR .=k 24(PR24) . =K 25(PR25) . =K 101(PR101) . =K
107(PR107) K HACARKAEEFAE RS BE7R RD23 il F,(RD23/MAHER A R 19 3 ARG O MEIEA T REAN . 5 SR R0, KOy
A FEE P A M s R PR23.PR24 .\ PR25.PR107 #54 F MR HLMEIL I Xal (Xad . Xa23 xa25 (207 3L (HA1E
HH i) [ SR A9 45T 34 5 8 A I ARs , DA J LA BT X 4 2 AF AR S RN (GR) A BURAERT 5 I PR101 7E
FH 5] [ 88 K9 5 B RIUAHT A , & USRS Bk S5 07 25 ] xa25 Xa27, BEEHIX 2 AR A fig /& PR101
U AR O SE R . AR, S B 22 A A RET 1 AR DA T S, DA BT A B ORI 2 AR AR R A R A

SR T — BRI
KBIF : ZAPAERT R BUETEMY
RE 4 2S.9435.111.47;8511 TERFRIAAD : A

LA R AR A — KT LE SR Z4E () 1Y
KA, BUNES 2 4F (Z2) AT 28Rl B R AL A
FH RS P AT K KBD T 95 sh B A TG T
SR TR AL R RS A P AR T AR A
6T ZA ARG A R PR ERR R H R 2 Aok,
RO IR MR A F (Oryza longistamina—
ta) W ZETCPE B AR B 2 AR AR R AR, B
W, ZAEA R 23(PR23) Cilid = M A e (HEH S
L RS 2018033 ) , 5 K 24(PR24) . = Kk 25(PR25) .
Z K 101(PR101) .z K 107(PR107) %5 & Z W T 4R
iRl S AT m A N ZAEZ AR A kA
JUE ZAEH RGN (FR) B AR K I B A R4 AT /KRG
FI AR P JE I Xa2 149 {0 AR ARG SRR (R ) 7245
WA A AP R A — . ZAEA RN (R) BH A
2 M RE ST I 4 A SE PR SR AN T i 2
FEUE Z LR ARG B AR AE R AR S
AN

SN B o 2N L1 L RN B £/ L1 4 7
e BT LA I 3 by vk, X AR A R S R
( &)PR23.PR24 .PR25 .PR101.PR107 J H 3% 7% K #fi
BF A F (RD23 Al F,(RD23/K M B AE ) HEAT F A G
oS e, DL AR ARG S Rl CRR) 18 1 AR P
K, A G AR ARG IR AE B R A B, DA R
1 R — e B2 A

M E4HS :1006-8082(2021) 02-0063-05
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1 RSy
1.1 R

A PR23.PR24 .PR25.PR101.PR107., At A= A5
(ZAEHEREIACA) \RD23( ZAEAERERIREAS) (F (RD23/
KAMERF A FeD) 1t 8 MR T I AP E S e . H
oh KOS AR RO IE TR JE H /R ,RD23 4= [E 5
RIS , 2428 J 5 g R4 RO AR R4S T F, Ak, 280
Z MR A, % & H PR23.PR24,.PR25 .PR101,
PR107 244 R M (R) .
1.2 i

IR 2019 AF B T 75 BUNR 24 M 22 45 A A
BRI RN 580 m, 4E IR 22.6 °CL4ERRK
1200 mmo PORURGN M M R IR S, KA AR 7 5
S A o FH (R A A PO SR A 8 1% IR M sy
e H BT
1.3 HEZERE

AR ()7 H 15 Hi&R,8 H 5 AR K
M, B SRR 4 17, B A AT AR R R 20 emx20 em, HAH
oAk, BT 10tk mTEHBRBFEMYA 1A ISH &
A3 H 1 H, AR RN AL AR S 4R ] SR

#s H#5:2020-12-23
. 63 .
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® 1 KEAMRHRSRIITNIRE

e PPk RN FRUEPEAY
0 B AR JCHR BE FPL(HR)
1 Y AN /MR EE, K EEA T 2 em Pi(R)
3 FEBE R AL 2 em DL, Al K 1/4 THL(MR)
5 BT A AR 14 LLEE 12 R (MS)
7 PR A 12 DL 34 J&(S)
9 SR PR B A i 11 3/4 I (HS)
=2 PCREEFAIMFS
PR 5957 -37) FIa 51957 -3) J Bt K/ Mbp BIGRE  Z2% 30k
Bim T IC

Xal ACTGCCCTCTTGCACACGCCATTGG — CCGGTACATCAGTATTGTCCATCGG 552 58 [11]
Xa3/Xa26 ATGGCTTGACCTAAGTGGA TGTTCTGAGTGCAGGAGTG 1 100 55 [11]
Xad ATCGATCGATCTTCACGAGG TGCTATAAAAGGCATTCGGG 157 61 [12]
xa5 CCGGAGCTCGCCATTCAAGTTCTTG TGCTCTTGACTTGGTTCTCC 145 170 53 [13]
Xal0 CATTAGCACAGCCGAAACTC ATGAAACGAACGGTCAAACA 540 59 [14]
xal3 AGCTCCAGCTCTCCAAATG GGCCATGGCTCAGTGTTTAT 1 000 280 57 [15]
Xa2l CGATCGGTATAACAGCAAAAC ATAGCAACTGATTGCTTGG 1 400 1 300 58 [16]
Xa23 TAAGTTCTACATCGACCCCA CACATGAAGAGCTGGAAAGG 760 58 [17]
xa25 TTCTGTTCCTGTGGCTTTG TGGATCACTCGCTTCTGCA 930 860 55 [18]
Xa27 TAGTGTCTAAATACAGGGACT GAGTACTTTGCTCTGATGCTC 149 174 54 [19]

—E B TERIE N 20 emx20 em, AEAER 1~2 Wi . %
A EE R 7% 91 FEFE ) 7K B A5 L 5 R 244 b K i AR R A
H.
1.4 BMHFEREEE
141 w@asmEiEAE

6 .10 H X 780U 48 M 58 F KR Y B
f) PR23.PR24 .PR25.PR101.PR107, D\ FZ K e ST AF Fe
RD23 il F,( RD23/AK I EF A= 67 ) 204 7 A% e e %) L (1]
I Ao 17 T A, SR S ORI A v IR T 2
O APREI(R 1) .
142 WAL E

VEH 9 ANAS [R50 77 1 7K A8 1 s A B /N
T K% %, B YPL.YP2.YP3.YP4.YP5.YP6,
YP7.YP8.YP9 Ttk (H = pg Mk K 2E AR s BRAM 9 3
OB MEIFIRAL) L Hod  YP1 S EUR SIERE, YP6
SREUR SRR . RS0 T PSA Hi R (D
200 g, HiZGHEEERE 20 g, B 15~20 g, 7848 7K 1 000
mlL) | 30°CH: 5% 72 h &, Bl 3x10° CFU/mL B 7%
H o BRI —S 2R AR B, T 15:00 0605
4 28°C~30°CHT , 2R FH B ik A0, B BY L 12 1~3
em AT HERD . BEASBERRIEFD 4 S HEAR TR RE
FERD 3~5 AN (SR 3 M) 36k 21 d JREAH
WA AR A 0
143 #HpARAR

c 64 -
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1.43.1 DNA ##& I 0.1 g PR23 .PR24.PR25.PR101
PR107 K MR RS \RD23 . F,(RD23/4K HERF A F6) B9 4
WO F, CTAB (AR EUCHIE 41 DNA, B T -20°CKFE
RAEEE I

1432 PCRETE ETOMEBEMFEERN 10 MHLH
MR EE I, EFE 7 S BAEBUR A (Xal (Xa3 Xad
Xal0.Xa2l . Xa23 . Xa27) F1 3 4> Btk Hods 32 A (xS
xal3 xa25) . FIFHE EZRNDIRENRIC S o> FAsic il T
PCR 934 (3% 2) , F| FH 2R V9 45 I e 26 Jse vl YK VRN 19 ~
2% B IR HHEE IS FEL IKUO%T PCR PEH EAT RGN

LR

2.1 HEFEERAE

M 3 AL KR A RS F,DPR10T 7R3 (MR AE 4
A B WX A A R R I BT LB BT KF s RD23
RS A TR PP EPiHEKY, e
Sy BERA A2 R R0 PR (3R 3) 55 NS
A (R PSRRI (A, b, PR107 J85 i
JUEE TR R B o0 B A A A R A B B
22 FUMEKFESR

MBEX RN E , YP6 FREC J1 e, B T T
RS, sl Z AR A AR AR () DL RD23 il F, ¥Jak
95 5 YP1 BRI BR BSOS 1 A 55, 8 WA Ak 35 % e B
(£ 4) .
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®3 zHEEBAMHFEHEREIESER

BV i 30 AR A A RD23 F, PR23 PR24 PR25 PR101 PR107
R T HR R R R R R R MS
Sy BEI R R R MS R MS R MS
Z T R MR MR MS MS MS R S
M AE T HR R R R R R R MS
ST BER R MS MR MS MS MS R S
ZEFE R S MR S S S MR HS
R4 SELEBRMW(R)REFERTF, HEFBAEMREKEENER
PR M A= R RD23 F, PR23 PR24 PR25 PR101 PR107
B A 8 &9 R S MR S S S MR HS
YP1 R R R MR MR R MR MR
YP2 R R MR MR MR MR R S
YP3 R MR MR MR MR MR MR MS
YP4 HR MR R MR R MR R S
YP5 R MS R MR MR MR MR MS
YP6 MR MS MS S MS S MS S
YP7 R R R MS MS MS R S
YP8 R R MR MS MS MS MR MS
YP9 MR MS MS S MS MS MR S
xRS AMEFRMEERESFEREEM R)PHSFRNER
R KA RD23 F, PR23 PR24 PR25 PR101 PR107
Xal + + + + + + + +
Xa3/Xa26 - - - - - - - -
Xa4 + + + + + + + +
xad - - - - - - - -
XalO - - - - - - - -
xal3 - - - - - - - -
Xa2l + - - - - - - -
Xa23 + - + + - + - -
xa25 - - + - - - -
Xa27 + - + - - - -
YRNEFRNER; - RANETRNER.

MZAFEAFEERF(R) F, KR AR 9 MK
R PLH H0 s PR101 XF YP6 T Ak B0 A sk, 10
XTHAl 8 SRR F I LA s PR23.PR24 FlI
PR25 X 9 AR EA AR PTHERBL, X YP6.YPT,
YP8.YP9 T Pk () Jipg 72 B 55 FH () 155 ) A 45 2R — 2
PR107 X YP1 ZM# 8 DRI R B (R 4) .

ANFIE 1 A B NP BT KPS e 5 R AR S
A S5 SR AP — e 22 57 (HRP U T IS AR ) &
VLUK 285 5 v] LA B 348 S H a) P A
EBIIA
23 HREREEN

K zs 5 (2 5) &M, KHERAR RD23.F,.
PR23.PR24 .PR25.PR101 #1 PR107 H H Xal Xa4.
Xa23 Fl xa25 S50 LR, U HA X S8 1 R AT B 7R Y
Xal Xad4 . Xa23 xa25 HiPEFE , HIEE A 25 R (R
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4) ZWH ,RD23.PR23.PR24 #il PR25.PR107 )& -
HR KR A4 R F, A PR1OT S459¢ 1 MR , 156
RD23.PR23.PR24 .PR25 . PR107 #45 1) Ay 8% S5 (v 3k
N, KHEEF RS F, PR101 ] GEHEAT 580 FH O FE R (1
USRI

Xa3/Xa26 FER W IIREARICAIN /R, 7ER R A
f4.RD23.F,.PR23 .PR25.PR101 il PR107 #&RAH $4
FE R Sy, HFE N A A B A5 R ORD23.F,.PR23.PR25.
PR101 Fil PR107 HA] BEANHEHT Xa3/Xa26 HEIH . Xa2l
FEF R IIREbRICKTN B, RA KR AR
B IE A Y, i 7E RD23.F,.PR23.PR25.PR101 FlI
PR107 ¥ 14 i /85 & [F 45 AL, PR24 v R 373 1 457
WM Xa21 F DA AR R o U5 e A A 19 1 Al s
PUbE RN, AER WA A% B AT A2 1Y 22 4R A A i b
(F) ™o FIrE Al 04 35 N va25 7€ RD23.PR23,

. 65 .
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PR24 . PR25 Fll PR107 & /8 5E 4 A (860 bp) , H.
RD23.PR23.PR24.PR25 Fl PR107 /8% 11 it A 9% , i
fE F, A1 PR101 FAHUR LR T (29 930 bp) , M xa25
AIRETE F, 1 PR101T (4T FH R PR 2] T R A .
Xa27 FEH D REFR G R BT, 7E KA A8 . F, A
PR101 g3 7 Ho S A5 Y, PR107 Hh R4 th
2547, 1F RD23.PR23.PR24 . PR25 " 4% M} J 5L K 45
A, X SRR A RS F, PR101T 78 [H a5 1% 74 A 4%
FHAF, UL PR101 PIREHERY Xa27 HURRSEIN , A 31 22
PUwEH

PR23.PR24.PR25 1 PR107 ¥4 T 110 11 Ak 955
YitEREH Xal Xa4 Xa23 xa25 (AL {H 2585
VB X TLAS I 25 37 3 PR 7 10 8 64 6} v Ay S 56 1R
U 5 B AR A T B A R4S Y 0 L AR R BT BE A Xl
Xad xa25.Xa2l Xa23 . Xa27, [AMNFF, BAidEm 5 4
ZAPAERG A (FR) 1Y H D17 18 2 45 SR Ay L [
F ,Xa27 1 xa25 F K 0] GE S p < M 0T A st 4% 4
PR101 %37 (1 bRl b ik 1) =22 A

KL, PRIOT HT FH A 2 i T L AT 45 ok B
K MERT A RE Y Xa27 xa25 X, 11 PR23.PR24 . PR25
1 PR107 3X 4 NZAEAR R (R) SRR H
FIH 10 A MRR LA

3 ZEieHTE

=]

1 I 7 RS RORE e b 2 e 1 0 LA — i 22
S, — A RE TR, MR T R, AR E X AN ]
W 71 E G B AR N R B E K OF S e &
PR101 X KB40 1 M-l 28 BN R B Stk JF S
FH 8] 2f 72 458 2 B— 20 PR23 . PR24 £l PR25 X%}
TRAT AR A BN A PUbE, SR T A
I B 3o A A BL 5 PR1OT X6 AT 43 1 A g A= B
JINFR I | R 2 AT N ) R EERR I R 2, 2T
HEAT RS P BT B R

£ 4F 4= F% PR23.PR24.PR25.PR101 Fl PR107
IR & waS Xa3/Xa26 xal3 Xal0.Xa2l P55 &5 i
[K. PR23.PR24.PR25 il PR107 $845 [ A s bt 1 25
i Xal Xad Xa23 xa25, {EARE ] 955 175 8 45 &
P IUA S R, W Xal Xad Xa23 xa25 HLTE
437 HE A 7E PR23 . PR24 . PR25 . PR107 H A 2 4t 9 1
s KR ARG P A BN #E A A Xal Xad Xa2l .
Xa23 xa25 Fl Xa27 5 FUM RGBS 07 L (R L
Fy RATHE ) S A ZAR ARG R (FR) 1 )05 1 R A 4
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ap HoY

SRR BN E ,xa25 Xa27 F[H ] BE 2 38
A FEAE S PR1OT [ AR BT SR SE A

xa25 JE— N FRPERPT A AR, 5 HX
I SR RE DR 2 Xa25 . xa25 PR S b 2 R 63, %iF
FA AL B A2 B NFR PXO339 3 B Ak tpi ke, i T
xa25 WIR 31T 2878 , S8 PthXo2 T g g, W) H 2
IMEARZIES RIUAPIER, xa25 (52 B
iR Xa25 Wi . T A 2525 i 7 3 TR B AR
xa25 MF45; DNA F Bt A BIKRE S A b, ) ek
TG SRR ARG SRR PTIE . BT AR AR PR10T 1] BB Hh
FAMEN T xa25 WIFERTFI AP AT A -

CVA R , A R BT S 3 ] Xa27 Ok /IR
WA A5 (0. minuta) ™, TR TR HERF A= F6 00 Xa27 55
A7 35 PRI ] BB 1 R IR P PR S 07 S PR L WU 25200
B, Xa27 W358 238 2 38 i i 7 A A8 R U A 2 i e
JEE AR I TR 2 2%, HE PR101 REHRHT F I A s

M B

TR A T A 96 0 SR A 0 Y B 1 R R R IR A 4R
%:O

ZAEAERG PR101 X (A A 2 90 R Aok, vl
VE RS0 KRBT A ARG B S R P L IR AR SR 24124
& PR10T X 4G 08 BL 1 SR, A5 B F 7K e 1 A
FRPURE FIFSE, S0 K AT MRS B R R R
fills M ZEA 1 PR23.PR24 .PR25 Fl PR107 #4782k
FERT, T B A R AT AR BT IA

SEH
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Identification of Bacterial Blight Resistance in Perennial Rice

LI Penglin', QIN Shiwen', ZHANG Shilai', HUANG Guangfu', ZHANG Jing', LU Jianping?, HU Fengyi'

(" Research Center of Perennial Rice Engineering and Technology in Yunnan/School of Agriculture, Yunnan University, Kunming 650504 , China; 2
Yunnan Plant Protection and Quarantine Station, Kunming 650034, China; st author: lipenglin@mail.ynu.edu.cn; “Corresponding author: hfengyi@ynu.
edu.cn)

Abstract: Perennial rice (PR), using vegetative propagation via Rhizome as perenniality donor from Oryza longistaminata, has been
bred successfully and demonstrated widely. In order to clarify the resistance performance of perennial rice varieties (lines) to bacterial
leaf blight, the perennial rice varieties (lines) PR23, PR24, PR25, PR101, PR107, and their male Oryza longistaminata, female par—
ents RD23 and F, (RD23/ Oryza longistaminata) were used as the materials to evaluate their resistance to bacterial blight by three
methods: field disease investigation, resistance level identification and rice bacterial blight resistance gene detection. The results
showed that, O. longistaminata presents high resistance to bacterial blight. Although PR23, PR24, PR25, PR107 carry the alleles of
bacterial blight resistance genes Xal, Xa4, Xa23, xa25, but they are all susceptible to bacterial blight in the field. It shows that these
resistance genes do not play a role in disease resistance in these four perennial rice varieties (lines). PR101 shows resistance to bac—
terial blight under natural disease conditions in the field, and contains the bacterial blight resistance alleles xa25, Xa27, indicating
that these two genes may be PR101 resistance genes to bacterial blight. The results provided a basis and strategy for both bacterial
blight resistance breeding and application of perennial rice in future.

Key words: perennial rice; bacterial blight; resistance evaluation
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—MARPARIT 2 F AR~ 2R TR

o9, ERAE, Fat’, T, Beesk’, ARA, kek!

(1. =8 AZEER, =8 BW 650201 ; 2. TR IRk e MNE TR VH A
WSHS, = EU 6661005 3. TN R A GRR BB N E R T B B E R b
HARSFS, =8 #A 666102)

#OE. IR R PR2S AR AL 5029 (RR1) . M4k 1540 (RR2) | 485 (RR3) . HiE 673 (RR4)
WAL 7075 (RR5) dikt, RAAEZERIS GO 2 PR S HAR G, . AF W, SPAD. MR I8 R0 5 7
ZEREN]. PR25 PHn S EAREHIL, kB EEE AR, 45 72 PR25 f2 4t 471.10 ke/667m°, W3 T ArA FRARE LR,
RR1. RR2. RR3. RR4 #l RR5 43 B4 7 48.22% . 34.79%. 60.95%. 31.71%. 45.58%; J4E7" & PR25 2 1 031.63 kg/667m?,
IR ERTFHARSF, % RRL, RR2, RR3, RR4 F1 RR5 735l ™= 5.82% . 10.41%. 47.00% . 13.19% M1 42.66%, 241 Fi
PR25 FAEZR M R AF - R A e e 1) R SR R . ARG P AR ZR i B T AR . A RO 45 S 3R ) s T AR R Y PR
Z¥; PR25 L5015 S SPAD ZEIlR B 5N, S BAT BRI A HE DT, Sk ZEnUAIIR RYEFER = 16 1K B A AR 135008,
SR EA SR R SRR YA A KIF I B K T AR, dhm a4 TR HEARZERK S, FlTF TR,
KER . ZAEERE; FERE; PRI R

FESES: S511 ZERERIRAD: A XEHS: 1006-060X (2020) 10-0031-05

Preliminary Study on Yield Potential of Perennial Rice Under Two-Harvest Model

CHENG Mao'?, HUANG Guang-fu', LI Hong-ping’, JIA Piao’, YANG Xiao-mei’, HU Feng-yi', ZHANG Shi-lai'

(1. College of Agriculture, Yunnan University, Kunming 650201, PRC; 2. Agricultural Technology Extension Center of Jinghong City,
Xishuangbanna Dai Autonomous Prefecture, Jinghong 666100, PRC; 3. Agricultural Comprehensive Service Center of
Menglong Town of Jinghong City, Xishuangbanna Dai Autonomous Prefecture, Menglong 666102, PRC)

Abstract: A single factor experiment was conducted to investigate the differences of yield, yield components, growth period, SPAD and
root activity between the perennial rice line PR25 and the ratooning rice varieties Yujingyou 5029 (RR1), Yongyou 1540 (RR2), Jiafuzhan
(RR3), Yiyou 673 (RR4) and Neiyou 7075 (RRS5). The results showed that: (1) the yield of PR 25 in the first season was approximate to or
slightly lower than those of the ratooning rice varieties; in the second season, PR25 yielded 7 066.5 kg/hmz, which was 48.22%, 34.79%,
60.95%, 31.71% and 45.58% higher than RR1, RR2, RR3, RR4 and RRS, respectively, reaching the significant levels; the annual yield of
PR25 was 15 474.45 kg/hm’, 5.82%, 10.41%, 47.00%, 13.19% and 42.66% higher than that of RR1 RR2, RR3, RR4 and RR5, respectively,
reaching significant increases; (2) the main reason why the annual yield of PR25 in ratooning season was higher than that of ratooning rice
was that the number of spikelets per unit area, effective panicles and seed setting rate of PR25 were higher than those of ratooning rice;
after full heading, the flag leaf of PR25 had a strong photosynthetic capacity with a slight decrease of SPAD value; at the maturity period
of the first season, PR25 maintained a high root activity and a strong regeneration ability; the period from vegetative growth to vegetative-
reproductive growth of perennial rice was significantly longer than that of ratooning rice, furthermore, the whole growth period of perennial
rice was longer than that of ratooning rice, which was beneficial to dry matter accumulation.

Key words: perennial rice; ratooning rice; yield and its composition; yield potential

PR R et — i AR B B, Sk AR Wi, TERGHTRORERE, R LG, SCEIUKAE— KR
W i R AR b PR HIR 25 4k 22 0 A K R i Ak 1) . £ (F) FUEk, WERBX—Fl2 3, —ZF
—ZKAg. MAEREAATIE. HmEke. A FEIX—AFISCHR 1 2, nTRISEEl 4RI 5 A2
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PR — ZEAE A A TR O ZE R A SO 2 A FEFRAT R A A T 250 E S R Mt (L A LAtk
PERE AR B AR A PRI b, R IR A AR O SR E I IR B R £
ARtz — ", ZHARIICEE, BT RIRE Y ARG (R), WFEZ44R 23 (PR23). PR25,
SRS, O T AR AR R TR L PRIOT ZESL R (£ ). Hid, PR23 fE AR AR,
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A, RIS AL ALH AL L BAREERT,
S AR AT DU I A PR A, KR R Ak
25 B ERITE = s B X E ST A e R, &
AEERESLZ PR25, L PR23 4R TR | KRS,

R, MkZRlcE] s B mA R v B
1260 d 2245, SRR E SRR ERA L, FERS
RS RO BRI 1/8~1/5, BRRIECR ™ ik £ 7
FEM 13 £i47, (EF5FRER UG 10 d FERDEAHER

BETR R 20%~70%, A RH 2 B A R R 4L
HJE ETAAN 2.7~6.0 fF 0 UMY BRI TR

ZEMEY S R, AR EERER e U AR
SO IR Y, SRS REE B e SPAD {EEEH,
BTV S R A I B bR . A A48 P O AR
B AT EE A BB T L B RBR IR R,
TR REE S ™ 1 5 S 2R U A AR 2R S A AR
RGN W E LA, L, SkZERA R
AU A E IS W A T L T AR R R ) EE
Febro ML, PAERSLERAVHYI R | R
¥Rk, S SPAD fH . AR &5 A F - s AE pAE
BhREUIASE . WFIE L Z2AF AR R 5L &R PR2S FIFACFS
mn AL 5029 (RR1), FfL 1540 (RR2), fE4 &
(RR3). HIL 673 (RR4 ). WAL 7075 (RRS) Ak},
KRR F I AR S e R
W, AFHW . SPAD. ARG EEMIRSTE, LN
ZAP A REAR I A PRI R FERIA: 7= o FH R A AR

1 MRl5h%E
1.1 XA

HER L R 24 A R b R PR2S FIHHAF8 i Fh
WHEEL 5029 (RR1). W 1540 (RR2 ) fE4 5 (RR3 ).
HAL 673 (RR4 ). WL 7075 (RRS), L6 /KR4
(R,

1.2 RI%it

5 F 2018 4F 4—12 H 1E = B 44 V4 XU 40
R A AN S b T B R AT, B A AR 4
100°39'47", b4 21°3334", V4K 666 m, K FH
HEBEILX i, M (R) w34 ESE, It
18 A/INX, /NXIEFL 20 m®, POREEARA 4T 4 170 |
1.3 WAL g2

HAF () YT 20184E 4 A 8 HEEFF, 5 H 7
H#ak, BRTIE 20 cm x 25 ecm, 65— &8
MERERIR 5 em, SRR A A 12 kg/667m’,
A WL BIERHILE 2012, Hirdh, AUIRHESE
AYEERE « BEAR « (RARAR =3:3:2: 2 M, BEIRAEAE
FEAEt, FPACHEIEAE - FEAR  PRARAE =4 :4: 2 561 ;
PREFRAE RS ZEREFHG 20 d ZEATEA . 45— 2Rk
A HRMA . B, BB S L ZME, Hdf, /e

732 < BHERGE - AEEN
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FRFEAE - ArBERR - REAR =5 :3: 2, SRR ERE
HEHE, APAEHR AT « B =1 1§, KA . ~F
AIERR . OKAIBE . BEETIGE, PR HhAEI AR H A
AR, FRBERHF . BARE 5~7 AR .
st o S LSRR AIBR R 5 R A RN 2T AT
Fe REL. BT RRARRARIRNITIA AT BE BRI I A
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PR BN S [R) 0537 B
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W1, A BBSCIN, FAR ZE SERERD  f ELAA
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144 AZRAEHA SLFERD/PXE2 R
Pl DESESR | T-hidE , BFREDRIEL, BA/NMXEL 30
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TSCEI s 5 PR 12 AR T H R, BERTRTY
PIAREE . Z550R . TR, ARS8 LAY
PR BTRR RIS /INXER 5 m? PR TS B
145 FHARE THREIHMBAEEE, /0K
W3 Bk, peErjerd, e ZRBEs, ARE AW, RS
OIS W R 3 R ERERE A RS AR
SERE, RERL 4 AR ), T 105°CAT 20 min, SRJE7E
80°C ML 48 h DA I, BHIEHEFRTYE,
1.5 HIFEHH

BRI Excel F1 SPSS 23 #{#-4 THB /0T

2 EREHH
21 3 F AT B AT F R B M AR
2T

e 1 R, kZ“5- N RR1 > RR2 > PR25 > RR4
> RR3 > RRS, H:H RR1 F=Ef5 4 657.07 kg/667m’,
RR2 kN 584.83 kg/667m’, PR25 4=, Hit PR25
5 RR2 Al RR4 ZH AR E (HEE (P < 005) T RR3
FIRRS ; f4: 2775 PR25 1 471.10 kg/667Tm”, i3
T A FERE SRR, B RRI, RR2, RR3, RR4 il
RRS 41 51 ¥4 Jin 48.22%. 34.80%. 60.95%. 31.71%.
45.58%, JEAFF=H PR25 M 1031.63 kg/667m’, JRIEE
TSR, % RR1. RR2, RR3, RR4 fll RRS
AN 5.82% ., 10.41%. 47.00%. 13.19%. 42.66%.



7O —MAREXT ZF AR BB WK

AR RSk 2 i AR AR = 4 DL RRI demi, 46
1K 657.07 F11 974.90 kg/667m*, fij -4 Z= j i RR4
e, M 357.67 kg/66Tm’, T LLE H, PR25 AL
TR LE L R BB IR, (H A TR A
L AR SR

PR25 > RRI > RR5 > RR3, &40 RR2 > RR4 >
RR1 > PR25 > RR5 > RR3, T ki & RR4 > RR3
> RR5 > RR1 > PR25 > RR2, SN PR2S >
RR1 > RR3 > RR5 > RR4 > RR2, %53:%J RR1 >
RR3 > PR25 > RR2 > RR5 > RR4 >, 3LZ= PR25
A R 53k F RS AR —F, PR25 Bk
B T FRAIAE AN . A REBOR A S R T A

R SEABNBERTFEERIE  (kg/667m’)
i Sk F PR JRAE
PR25 560.50 £ 27.58 b 471.10+£20.68a 1031.63+34.00a
RR1 657.07+49.14 a 317.83+8.80 ¢ 974.90 £49.23 b
RR2 584.83+11.74b 349.50+8.89 b 934.33 +10.60 be
RR3 409.10+12.96 ¢ 292.70+0.72.d 701.78 +18.76 d
RR4 553.80 +20.30 b 357.67+10.71 b 911.43+18.65¢
RR5 399.57+1.43 ¢ 323.60+10.12 ¢ 723.16 £23.69d

TE: [P NG FR3oR 22 5 35 (P<0.05) , FIa) CA 20l R W) 2 L) o

W3 2 Fs, BHKRE , FAEF S LT 1, B

WRRIRL, TRIE A PTRRAR, A S BRI 4E 90 %
YA g, Sk AL HARBIAESCH RR2 > RR4 >

HAHAESUE RR1, RR2, RR3., RR4 il RRS 43513
1 10.82%. 0.68%. 50.76%. 35.00%. 32.00%, H:
BT 5 RR2 23Rk BEKT, SHAbM R G
= AREBUY BN 51.49% . 13.34% . 6.08% . 4.28% .
5.52%, BRY5 RR2 2253 240, HHAF RS
PR s G5SR4 BN 35.24% . 27.57%. 11.62%.
17.55%. 8.89%, HRFERECH TR EIIHEESS 3. ™
HHRHER, SAEBEES R EAERNE
Ly P WA B Y R VATTY 200 2 G S -2 A G | R
T AR,

R2 SEABNBLERETEMRST

Z= 3 A A FAEE ( x 10° 4 /m?) AR CRL) TR (g) A REE (B /m®) ZEYR (%)
PR25 393+ 16.86 b 145 +20.40 ¢ 27.83+0.67 d 273.50 + 26.68 a 76.83+0.46 b
RR1 388+31.99 b 147+ 2430 ¢ 9847 + 0.64 cd 269.03 +56.73 a 89.37 +2.96 a
RR2 546 + 16.84 a 261 +12.71 a 93.43+145¢ 210.10+16.68 b 68.67 +0.75 ¢
k F RR3 257 +9.04d 109 +1.00 d 30.33+0.25b 935.47 +7.52 ab 78.60+1.02b
RR4 413+ 1.43b 182+4.73b 33.40+0.02a 996.80 + 6.67 ab 60.27 +2.45d
RR5 325+ 051 ¢ 142+10.50 ¢ 29.47 + 0.16 he 230.10 + 16.68 ab 62.70 +1.39 d
PR25 297 + 1554 a 88=754b 27.30 + 0.69 be 340.20 + 46.69 a 87.73+151 a
RRI 268+2.39 b 101 +3.49 a 9547 +0.40 ¢ 22457 +10.19 b 64.87 +6.33
- RR2 295 +10.04 a 98+3.22a 25.90 + 2.06 ¢ 300.17 +20.01 a 68.77+1.37 e
- RR3 197 +6.21 d 61=1.22d 28.60+1.48 b 320.70 £19.19 a 78.60 +0.43 ¢
RR4 220+3.72 ¢ 67 +0.36 cd 31.13+0.32a 326.23+5.87 a 74.63+ 053 d
RR5 225 +3.40 ¢ 70+442¢ 26.80 + 1.37 be 322.40 +19.25 a 80.57 +0.65b
02 LHEAFAF AL T I E RO %3 SEABNEEBREEHLE
A AP A 2 A S S A LA i P f&ﬁ%& FHi— Ak
S = RN N 5 R T _ -~ R—IT 1 = +#
SEH4E%E 60.7 d, HodSrAan A B WA sk 2o A-F) (A=H) gy A (d) 1 (d)
Wgkh 61.2 d, i ed a g R R (£ PR25  07-22  08-27 110 36 146
3), BT A 5—27 0,3 7E- A 6 H— RRl  07-12 08-14 100 33 133
. RR2  07-24  08-14 102 31 133
OATH, 2AEFMIy125-151d, H A RRS kK, %k % RR3 07065  08-06 93 32 125
A =N = A = /. * e A v *
J3151d, RR3 ST, Oy 125 d, iR (5F RR4  07-23 0826 111 34 145
HE) 25 A, 4 31~36d, PR25 #1 RRS f K, RR6  07-27  09-01 115 36 151
; T KRS e K =
H36 d; MEFRAERKMERER ﬁi%ﬁiﬁﬁﬁ%ﬁ PRS 1110 1915 . 2 10
(FEFP ST ) S 93~115d, BiEmeEFHERN RR1 09-24 10-27 11 33 74
FEE, FASSMFTENIR A 6 H—11 A 10 sppp RRZ1005 11-12 52 38 90
=S hY \ e
H, BEWH10H 6 H—12 A 15 H, &MAhaiH2E RR3  09-06  10-06 31 30 61
RR5  10-02  11-05 31 34 65

RR3. RR4. RR5 73HlIFEK: 36, 20, 49, 41, 45d, 5
RS A E I 6190 d, Hr, PR25 S FA:
KW SCEFRE R S A A RIS ZRIGR 2 i
Z=5H] ) S 75d, % RR1. RR2. RR3. RR4, RRS
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SPAEK 34, 23, 44 41, 44d, AFEAERK (GRRS )
ERARRE., ZAEARBNEARSMMEENEREE
wEEFRARKW, AR E S AR, ZAEAR

BHERIS « ABAEL - 33 -
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FAEZE SR KR ERA K S AR A KR B
KFRAR, dhmned: TR mdm Tk,
23 3 FAAEAAAF K F At SPAD A&
A B E T T

WE PR, SkZBE&SFSFRES 10 d FIRgAH
SPAD i 2 A 2%, Hirh 57885 10 d PR25, RR1,
RR2, RR3., RR4, RRS [ &1 i SPAD {H 47 51| A 38.02.,
39.06. 39.84. 39.09. 36.77. 39.07, BN RR2 > PR2S
> RR5 > RR1 > RR3 > RR4 ; M HFEEEF A RR3 >
RR1 > RR4 > RRS > RR2 > PR25, J: 1 PR25 %
IR F AR N 9.71%, # RR3. RR1, RR4, RR5, RR2
435 48.38%., 43.50%. 32.68%. 28.34%. 15.86%.
VA 25 S ) 4% L R SPAD 25 BOR B B, (H R
SPAD FECR LA RN A RS, UiHE 244
FEm R R R AT RERE, SIMOE SRRt 4L
Ko ME 20, SkZE A BRRAR R 7 T i R
& PR25 > RR2 > RR4 > RR5 > RRI > RR3,

>N

o PR25 fx K, N 479 mgh, % RR2, RR4. RR5,
RR1. RR3 %548 /il 5.8%. 54.3%. 92.2%. 124.1%.
213.3%, HHBRT 5 RR2 25 AW E4h, 5 HAb,
Fh 22 SRR B K X UL AR A R AE Sk 2
W RE ARG E AR R IE T

B HUE10d G OEE (%)

RR1
L
E1 SEERWMBLERYM SPAD &
[ PR NS PR FoR R 2E 5 83 (P < 0.05) , T ]
60 r
50 + @ a
=
& 40
=
~ b
B 30
& e be
5
pe 20 .
0 | I
0 1 L L 1 1
5 RRI RR4 RR5

PR2 RR2  RR3
mh

B2 z&EEBNBLEBENRRGRE

24 SFAFEGIBAERGTHRREDH
HAEZEELE R, SRR R Y B

734 - BHERSE - AEEN
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B> (R 4), LI TN RR4 > RRS >
PR25 > RR2 > RRI > RR3, HH, RR4 ek, 412654
g/m’, RR3 f/y, 9002 gim’, 1N RR1 > PR25 >
PR4 > RR2 > RRS > RR3, Hrf1, RRI fizk, 418250
g/m’, RR3 ft/N, 13032 g/m’ FA= 2= R N
RR3 > RR4 > PR25 > RR1 > RR5 > RR2, &Y
( N&ZFEME ) A PR25S % KT RR1, RR2, RR3,
RR4 1 RRS, 437l 38 /i1 39.93%. 28.16%. 119.17%.
26.14% F1 48.69%. HAZE5LEMIL, ZHART
Y T BEIR AR T PR, T AR R T HER,
AR R T AR E R —,

x4 EEEBNBEBTYRRESESH

3k ZE (gm”) FAEZE (gm”)
iR A e
R IR ) (R
PR25 11522c¢ 1815.0a 789.3b 1742.0 ab 1486.2 a
RR1 942.3e 1825.0a 757.3bc 1257.1¢c 1062.1c¢
RR2 1107.7d 1687.8b 684.2c 1620.0 ab 1159.6b
RR3 9002f 1303.2d 9829a 1519.8 be 678.1e
RR4 12654a 1769.2ab 868.0ab 1711.2ab 11782b
RR5 12265b 15685.3c¢c 727.0c¢ 1847.6a 999.5d
3 S

JKFE HE A AR N AR . Rk, 45
SRR EA Y, X 4 AR F AR I
R EEAEM, (B/ERREAAE WA 1Y
ARG A e i S R A e e U], HAR R
TG, SkZm s R RO AR E AR LAl I TR
M, BB RM AR A2 5 5 1w AU
AR Y], Oy R, AR
N E E Z A, BB R ER R, e
W U Sk 5 RR1 > RR2 > PR2S >
RR4 > RR3 > RR5, M RR1 = HE S, N 657.07
kg/667m’, RR2 X 2, M 584.83 kg/667m’, PR25
5=, WK, Sk 2= AR AL SR
RR2 > RR4 > PR25 > RR1 > RR5 > RR3, #ff#hi
%08 RR2 > RR4 > RR1 > PR25 > RRS5 > RR3, h
ULAEBEREIE T RR2 Al RR1 - AR THIE £
BEEN, FEAEZEP RN PR25 N 471.10 kg/667m*, i
T HA AR R, % RR1, RR2, RR3, RR4
H1RRS 43 551 3490 48.22% ., 34.79% . 60.95%. 31.71%
H145.58%, JEAE=H PR25 M 1 031.63 kg/667m’, IR
WE R T RAERMSA, 2 RR1, RR2, RR3, RR4 Al
RRS5 43 51 B4 i1 5.82%. 10.41%. 47.00%. 13.19% i
42.66%, PR AR Sk 22 AR AR 7 1 24 DL RR1
5, Mk 657.07 1 974.90 ke/667m’, T AR ZE
5 RR4 i, M 357.67 kg/667m’, Fi4:Z= PR2S Hifi
TAFEIAEEL . A BOEEOMZS SR TR RS, o,



1%

g —HAREATSF LR ERIUR

AL B8 RR1, RR2, RR3, RR4 Fl RRS 43 5] 3 Jin
10.82%. 0.68%. 50.76%. 35.00% £1132.00% (& T 5
RR2 2 FARA R EKAS, SHALG A ZE R RE);
RO DI 0 51.49% ., 13.34%. 6.08%. 4.28%
f15.52% (BiY5 RR2 27 B & 240, SHAMFARE
SYIRNEE ) G5IR H BEERN 35.24% ., 27.57%.
11.62%. 17.55% Fi1 8.89%, H22R¥ik i EKF, M
FEEMNE RS, ZEARMEAS SRR AR
FoE R PR A R L T AR AR . A RN 2 5
AT AR,

AT, XFEAAEE T T 32 S A R e
JEFF . ZER ™ D PR R R, ARk
WRETFAE, BEE B ERR, AR, A4
BN 460, 5% P B fE . BAE 35 em
R R, VR, R EGR A2 B HE 50 em
FIALEL, BUBFIEH AR AR RS S TR AR AR G R R
5cm, XTFE2AERMNS, KEMZAITH, e
RIS B FEHE 25 em, PR25 FiAE oAb FHEREK,
7 110d, % RR1. RR2. RR3. RR4. RR5 /3 Hil4E
36.20.49.41.45d, HARGMEAEFTHN 61~90d,
Hrf, PR2S B FRA KRS A K 5EMA KR
I CRZRIBGRE FAZEFTE ) 8 75d, 8 RR1,
RR2. RR3, RR4, RRS5 43 ] 4E & 34, 23, 44, 41,
44d, HAEKI (GriE) 25 A5, 294
A AR E B AR BRI EFRA K, Mg
AR ORI o R T 2 S ) i DRI i )
25, SRR T AR EES R, AR5
WFoE. #m bt ™ SEstR i, kBRI P
J SPAD fH IR FEE AT /R b % P A D1 d bR, Hrp
PR25 FEUH R MK, N 9.71%, % RR3. RR1, RR4,
RR5 Fl1 RR2 43 %] W 71> 48.38%. 43.50%. 32.68%.
28.34% Fi1 15.86%. VI 45 52 10145 i Flt SPAD 22 548
BRI, 25 SPAD 8 R AR A R K T REAEF,
UL E 2R B R R LT HERE, 2t
BRm g, HEAE S PIA S B AR RS A )
BE(AE BB T L SRR IR R, FE PR
Fei 5 S 2R A AL A R SRR R 06 T
WL A, HI, k2RI R O T
YERZWI A . T B R L R BB S b, Sk
B BLPR AR 2R A0 U & I PR25 > RR2 > RR4
> RR5 > RR1 > RR3, Hr1 PR25 fik, 4 47.9 mg/
h, % RR2, RR4. RR5. RRI I RR3 4514111 5.8%.
54.3%. 92.2%. 124.1% 1 213.3%, ZAEATEM RIG
HAE LA R R R K ISR R 24 A R
AR e E S A R I A, R
KR Z A4 F PR2S Sk 2255185 €0 SPAD % s &
BUN, S BARREDCATETT, KRR R
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FRERG TG K, PHAERETIRGR 5 AR RLAFA R
BRI R E IR A RS AR A KO I T
AR, A E AR AR AR, AT
AR, MINFEm R ZAFER R 1. PR25 78 “—
M BT B B A

SR
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AEBHMEX ZFEEBREARKMBETH
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B KR AR (Oryza Longistaminata) H F 25T BHFHERT B 2 LR E RN . VIR 244
TEAN [ A, DX AR A A it B A 22 5%, T 2018 AREAEIEIR 550 m(5¢itt) (955 m(Fi) Al 1 250 m(@hifg) FfE 3 4>
ZAEA R SR (PR23.PR25 1 PR107) , ISCHR i AT REK i i 58 A0 ATT o 45 5838, PR23 76 St R 7 A R %
A BEZRMERTREA 1 B0 2 9%, 16800 i 2 A B E SARE R R A 3 9%, 26 5ot o i MBI Y ELBEVE By
TR A B FARES RS 1 9% PR2S 78 SEIURIT % H R R Rk B [ RASE RS 2 SR 1 9%, TERhERY
WA BEA B E RAME R 3 9, 76 50t i Ashifs 0 A VE A & E I A B AR EL R A 1 26, PR10T 7E
SR 1 R K R AT B E SR MEL BREAY 2 9O 1 90, e et Lo 2 RNBh I (0 5 (1 BE A5 1R b vl AL ARG 43 2
2 GORN | G, FE STt T BN () ELEEVE R % AT A E SR HE R R A 1 41

KR AP KA 5 MR
FE S Z%ES:S511 XERFRIAAD : A

IKFE(Oryza sativa. 1) /&2 3K i B2 R EED Z
— fH—AE A K R R AR TR SR B R R AL AT
FH A A 2 IR, PR AR (57 L 57 B B R, LA I b
AU FHOK LR, AR SIAERAR, AR, AT
H 25 G bR F 3 REE AT, IR A B T2 A
B W 2R BB KN S, R L, 5 0F 5
NG B AP A A KRG A = rh S B AR K
B T [RGB ERBE B AR, AR R
FEFPAE — R 0] DA SRR Z AR R EAE 72 7, SR
2 AE RS KA AR 7 N P B R B R AL R T AR A
R I T 57 A BRI T 55 B R —
TR AR EAE PP BOR B0, AR, = p R R
M A= e R 22 T B AR R B 2 A R IR A
Tfys0 AR A g D PR23 (4R AR 23) O & i i
O CH B S RS 2018033 5) ., Hilt NI E T £24F
AR PR25( Z4AFEAFS 25) # PR107 (&K 107) , 3% 86 5,
Tl AN i B 28 2 S BRI T B e, 2 30 R R
AR AN T (=00, SR, AR i 5052 b P st A5
PRI 25114 52 M AR, AN ]V b DX 5 8 K i B A7
IR ZR o Z AR A AR Sy S R, i,
HER LSS R 2 R BORPOR B B R N B B AR 2% |
R OK T B ZE B IR TS 4 500, 3 Z24E A
FEAEAN )R 4 b DX PR A RER T, 0 B AR 7™ X
B oy A e AT SR

MRS Tk
40 -

1
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X EHS :1006-8082(2020) 04-0040-04

1.1 RE R

AR A PR23.PR25 Fil PR107 % 3 S Z4EAHH

ZeE A TR E K, PR107 £ i “VELEG 449/RD23/K
i LA e A R e B Vi = I
1.2 RIEiET

ST 2018 4FFE &~ Fg 4 3 A AT 3R b X 2R A 7
(et VK 550 m; Wi MK 955 m @i, iR 1 250
m) . PR23.PR25 #l PR107 235 F 7 H 23 H.7 A 4
H.6 H 28 H#EFR,3 it 1 HAREER, #5505 | Sk
3, MR AN 667 m2, )RR B4 FR R YA
A (1) ARAE S 20 emx20 em, & hm? 3 0.11 J7 A, &
A 1~2 B 5 (2) NiP,OsiK0=2:1:2, Hirpr, 4% FENE 53 BE
NEFERE AL =5:2:2:1 F3 4 YRJitE 5 B A 4= R 3t 9 AT
FEALFEAL=1:1 43 2 it . EBREFAL = L Fh s 4N
195 kg/hm? P,05 97.5 kg/ hm2. K,0 195 kg/hm?, &
E B 23 51 h PR 2 (46% ) 3 B RS (129% ) A AL £
(60%) - (3) K4 PR S BRI 7 vk, B TR 7K 4 BE
ST H A ACH AL, TR BT, J5 00 G FE 75 AR 2
_—

o

A5 H 1 :2020-01-15

EETH: ¥4 i & A% 51(20192G013) ; 4 [
RIEEVFAAREHRTRFERSE LR (2019
NYZD-25-5) ; = 8 4 FH 011 %] & 4 7 E (2018FD006)



FEARTT 4% ARSI TR T

+ & F £ 2020,26(4) :40-43

*1 FEBERHME S EERE PR2IBARREBRRERRE

273 ST SR APk ZE AT
(m) IBER (%) KiKR(%)  BEKRE(%) Rk (mm) L% EFTRER(%)  EHEEER S R(%) BB (mm)
550(5uh) 81.6 73.0 67.7 5.0 8.3 40.0 13.9 75.0
955(hi%) 80.5 73.8 66.9 49 12.3 63.0 13.5 70.0
1 250( &hifg) 82.0 72.6 355 438 52 34.0 13.2 75.0
¥i{E 81.37 73.13 56.70 4.90 8.60 45.67 13.53 73.33
bR 0.78 0.61 18.36 0.10 3.56 15.31 0.35 2.89
5 ZH(%) 0.95 0.84 32.39 2.04 41.39 33.52 2.59 3.94
2 FRBHBXSELETR PR BARRLERTREH
%73 ST B ARSI e
(m) HAER(%) K%  HRRR(%) R (mm) W% WPIRERE(%)  HEEER (%) BAE (mm)
550( k) 81.7 74.5 61.0 5.0 8.5 32.0 13.2 73.0
955 (wi%) 81.4 72.7 67.6 4.9 10.6 58.0 132 70.0
1 250( i) 82.3 74.2 40.2 4.8 5.6 40.0 145 80.0
¥i{E 81.80 73.80 56.27 4.90 8.23 43.33 13.63 74.33
bR 0.46 0.96 14.30 0.10 251 13.32 0.75 5.13
5 780 %) 0.56 131 25.41 2.04 30.49 30.73 5.51 6.90
1.3 WETBE KA TR T 5 Se R A T, 2RI 4K 550 m Ak (Sit) Fiifg

PR ISOBGE TR A BT R4 TR T, 5 IR A
3 H I 26 2 AR AT AR (R0 £ B W A 20 )
TR RSN, DU AR KN T BT OB K 8 R KR Bk
KR B BT (S FOREAR 2 R ORGSR I #
JoT (EAEVE R & 1 AR ) 54848
14 HIES W

TRISHHE R Excel #5047 .

2 LR

2.1 AEBHKBEX PR23 iEXRR

MFE 1 AT, PR23 11 H R 6 B it 45 T v Je R IR
O, 7R 1 250 m Ab (EhiRE) fie & 82.0% ; K KR
Bt 4k T i S SR NS R a3, eI 955 m b
(i) fie 9 0 73.8% ; FNE AR S Bl T ve T B A1, 7
TR 550 m Ab(CFRih) fe @il 67.7%. 1R 550 m(5%
) IR 1 250 m(EITE) i BBl A, PR23 (1 H RS 28 F0kG
K FRAR S BN, VI 32 T s FEE RS /) 5 K
KR 5 R, BB AZ R 5 B s R

M 1 AT UL, PR23 K Bl 4k T e ifi R, HAR
W AR S R BSOS/ , U AZ VR 1 FEE S /)N 5 2 1
AV b7 23R B T A ) T s S 38 s FRAIG, 7RV 1250
m Ab (B A8, 2094 5.2%F01 34.0% ; fE#ER 550 m
CGReptl) I 1 250 m (bR ) (8], S F R R S oy R A
S RBURK, 2 R BE R R

MR 1 AT UL, PR23 ELBEVE N 7 et Bl 35 T v 1 A
I, AR 1 250 m &b (B AR 13.2% ; B8 B Fifi
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K 1 250 m 4k (EhF) 25K 75.0 mm; 7EEEIK 550 m( 5
) R 1 250 m(@BhF) (6], PR23 EAEVE RS 7 i A
PR A 5 BB, 2 W3 5 FEE B SERLZN

ZRAOKFE , PR23 75t (MR 550 m) Al i (ifF
P 955 m) (R BEE K ik ) [ AR HER B RE A (GB/T
178912017, F AR “E L") 1 A 2 9, FEBHIEF(1 250
m) A PR R B AR 3 ), 16 = Hb Ay ELBETE N & 1Y
FFEEE 1 2.
22 AREEHHE PR25 fE KRR

% 2 AT L, PR2S 11 HE R 5 B Vg 4 T s e B AR S
RN, AR 1250 m Ab (Bhi) fie i,k 82.3% ;KK R
B4 T S RS B0, AR #K 550 m A (GReith) die
15, N 74.5% ; BERE AKSR PR T =5 S 3 in 5 BEAIC, 76
VIR 955 m b (5 3%E) fein N 67.6% . FEUEHR 550 m( 5t
) B 1 250 m(EHVE) 18], PR25 B HH RE RS KR
AR S BRI, 2 IR FE R /N s R KR AR 5 R 40
K, SR FE T RE I R

JAFE 2 0] WL, PR2S R B4R T i N, HLAR
SR BN UL SZ P R /N 5 S A RN R SR
Bl 2 VP T = e G S BRAS, A BIFETRER 1 250 m
() AR 550 m(EeHt) 2%, P YE 551 7.05%
1 36.00% ; {H 4 1 J3 1 PR 670 N [R] VA b X1 A4
St RBOKR, 2R 0 B RE R

M 2 AT UL, PR2S A A3 5 i i VA 4 1) - e i
B, AE MR 550 m Ak CFRt) FNEE4K 955 m 4b (3%
BN 13.20% 5 Jc B8 B2 Vg A 1) - v ST RRAER s 38

. 4] .
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x3 AEBERBREZEETE PRIO7 FERBALBRRERRE

K Jin T 5 AN FEAE N

(m) HAER (%)  KiKR(%) HBREKRR(%)  kiK(mm) FEAER) EARERR) HEEERTE%) P (mm)
550(sih) 77.5 68.4 55.8 7.6 4.9 15.0 13.8 76.0
955( i) 79.3 70.0 56.8 7.3 4.8 28.0 14.9 65.0

1 250(#hikE) 77.9 69.3 36.6 7.5 1.0 5.0 13.7 75.0

Y 78.23 69.23 49.73 7.47 3.57 16.00 14.13 72.00

FrifE2E 0.95 0.80 11.38 0.15 222 11.53 0.67 6.08

A5 5 7 AU (%) 1.21 1.16 22.89 2.05 62.34 72.08 471 8.45
x4 SELEBEARBRMXBARREAS R

%73 BRI (%) (%) EAEE R A (%)

(m) PR23 PR25 PR107 PR23 PR25 PR107 PR23 PR25 PR107
550(5%it) —4 =Y ft’ Wi A —2 o o o
955(+fik) "t —2 —% g Epii % o o -
1 250( i) HiE i Sl = =% —% —% —Z —2

TEHEPR 550 m &b (b)) A1 1 250 m &b (Bh ) 805 s 76
TR 550 mOCRitt) =R 1 250 m(EhiE) Xl a] , Ha%E
VE R RIS A S RN, B 78 T a2 1
P 150 E LM/

LA, TEIFIK 550 m K 1 250 m 2 [8],
PR25 76 53 (550 m) Fl# 3% (955 m) FRE K A7 & [
2 A1 %, FESNE (1250 m) EHEAARED3
91— Hh I B TER S AR A A 1 4L
23 ARiEKEX PR107 FEK @R

MFE 3 AL, PRI07 B HRE R ORGSR RN K %
IR IR T o e G B, FE TR 955 m &b (3%
e, A 79.3% .70.0% 1 56.8% ; TEMEHR 550 m( 5t
HE) VAR 1 250 m(EhiE) (8], PR107 HH A SRR K 22
AR S ZR BN BRS KFAR S7 ZRBUR, UL AR
FIVRE KR Z MR/, TR K R Z 4R o 5
MR

M 3 0] UL, PR107 7K Bl 5 45 T 5 S B AIK 5 3
T, FL AR L e R AR S5 20N, B PR107 R K52
TR o BE RN s BEMSAR AG FH i PR107 3 P B A
FRL SR S I 5 BEAIS , 72V 4K 1 250 m Ab (Blifg) S5 fi%
539K 1.009% 1 5.00% ; T 1 FE RN R 5840 S R 400
K, VBN S AR |, 32U R0 FE S M R

MFE 3 AT UL, PR107 ELAEVE M 7 & Bl 3R 0 T
JEXEANIE R R, EMEIR 1250 m b (1) fA& A
13.7%;  J5c 18 8 Bt 44 1 7t oo SRR 36 T, e TR
550 m AbCEHt) 1 1 250 m &b (BRI B .

ZEAORTE ,PRIOT AE AN T JoT N 2% 28 i o 6 2
BONFAE AN AR 1 250 m &b (B i) 22 R4S
o PR107 £E 50 3E(550 m) Al % (955 m) FSEHRSG K%
FFE L 2 R 1 %, FE 5035550 m) (& i%E (955 m) Al
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A (1 250 m) B H EEAF A AL 2 2 A 1 e, B
BEVEN A AT A L 9

3 e 54

ANEEER 22 SRS MRS R R BB RN R 22—,
TENN T CHRES ) b Jo 75 1T, 5 A58 3R B, R oK A B
DR K 3R 22 P 1 45 5 M 38 /NS00 T 3 KR AZ VR
SEMA, BEVGER T, SRS K 3R B 18 finte=0), 3 5%
IR —8 . AWFTRERY, 7EK 550~1 250 m X
B, ZAE A FEAREK () HRE R AR AR A2 IR 2 /)N
R[] 3R DX 6 BERG KR B AR, FETRE4K 550~
955 m MR IR H X, ORGSR R 5, Yak ) T EAL 2
KU (FR 4) , AR HBIX (550 ~955 m) FifE £
AEAE R LA AN TS BT AR

FESNL AT T, BT NI 98 22 0, Vg4 s X Aok
MR, BEWAR T R R R R R s
20 ARWFFERI  TEMHE 550~1 250 m I, BTEFK T
ZAT A FERG A R PR R 2 S B N 5 R 8
P X IR PRI 45 R —B AR, AN
TP DX 22 A1 A R R K 138 R PR SR AR S R B
K, UEBH 247 A= RF AL 5 32 T4 R0 5 R, {E A v
WP 1250 m X ZAF AL R R R W BE k3 T 4 3
L (R 4) o UL ZAE AR REAE I DXIUR R A1 WL 7 5
Ak,

FEZEA (CEUR) b B T, IR HR 5 A A, A UE
o IR A AN, 2 S ROk A SRR )Y
FE5 TIREAORE BE X AR B s M A 9 2 L A
FERW, S REWIE 363 (1 AR EN & A Bl T
RN A A H . A9 25 SR 5 95 IR = O o 45
— 3 AR IR (550~1 250 m) X ZAEA RS R K B



TEARTT S - AR SRR T T

+ & 9 £ 2020,26(4) :40-43

FEVER S RN s R R B TR A T SR A
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Quality Analysis of Perennial Rice in Different Altitude Regions
SHI Jifang', HUANG Guangfu', ZHANG Yujiao', LI Xiaobo', WANG Chunrong?, ZHANG Shilai', ZHANG Jing', HU Fengyi'

(" School of Agriculture, Yunnan University, Kunming 650091, China; > Agricultural and Technology Service Center of Mengzhe Town, Menghai, Yun—
nan 666205, China; 1st author: shijf@mail.ynu.edu.cn; “Corresponding author: hfengyi@ynu.edu.cn)

Abstract: Perennial rice which is breeding by the clonal propagation characteristic via rhizome of Oryza longistaminata has been suc—
cessful. In order to clarify the differences in perennial rice quality at different altitudes, 3 perennial rice varieties PR23, PR25 and
PR107 were applied at 3 different altitudes of 550 m (Jinghong), 955 m (Menglian) and 1 250 m (Menghai) in 2018. The results
showed that the head rice rate of PR23 in Jinghong and Menglian reached the first and second grade of national standard for high
quality rice, respectively. But it’s chalkiness degree in Menghai reached the third grade of national standard for high quality rice, and
the amylose content in Jinghong, Menglian and Menghai met the first grade of national standard for high quality rice. The head rice
rate of PR25 in Jinghong and Menglian reached the second and first grade of national standard for high—quality rice, respectively. It’s
chalkiness degree in Menghai reached the third grade of national standard for high quality rice, respectively, the amylose content in
Jinghong, Menglian and Menghai met the first grade of national standard for high quality rice. The head rice rate of PR107 in
Jinghong and Menglian reached the second and first grade of national standard for high quality rice, respectively. It’s chalkiness de—
gree in Jinghong, Menglian and Menghai met the second, second and first grade of national standard for high quality rice, respectively,
and the amylose content in Jinghong, Menglian and Menghai met the first grade of national standard for high quality rice.

Key words: perennial rice; rice quality; altitude
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SEEBZKRK 107 FEBHOHT

=NV SIS S AT T ANES TS

N

%%9113 éf]}%3 ﬂ"/'é%l gﬂmﬁ 1

(" BRI EBE, B 650201 52 B BB HOREE S IS5 ol , ZR B8 66620553 Sk AL AR L, &/
ek 666101; 55 —1E# :lixiaobo@mail.ynu.edu.cn;* M HAEE : hfengyi@ynu.edu.cn)

o E P RMEE A R T 2RO R B B 2 AR MRS R A C RS T . &K 107 2t
“YELE 449//RD23AHERFAE ARG 243808 B ORI EA 24T ST, SHEREN 2 K 107 B7= 838 1, ki
A HAR R RS AR 2R , 255 F 22 v AR U0 R S R e 502 I 449 3CHRS 5 VEXTHIR, F 2018 AF4E B 5t
EUEART TR, A A0 T 45 S Al B3 TR R OGSt R B R . S5 RER, =k 107 77
HEATIA 564.52 kg/667 m?, B H 502 3CHE 5 FEEG 449 73347 25.94% .5.41%F1 2.93% , Hoh 5iEH 502 AH L2
SRR D= B R, 2~ K 107 BEREREL TR d ) Lo BE SRR 5 R 502 FINE R 449 5 R 2R R H S e
BRI AT, 2K 107 S1-066 3355 3] L E D 502 i 449 FISCRE 5 HE N 4.45% 4.65%F1 16.83% , 25 57 2 .
R, 358 2 K 107 P2 il 2 8@ AR L Bt i H AR 2, TRl RHE R SRR SIS & e 11, I B 2L &7,

T TR 1o B A 7 i

R ZAFLERR T SRR i e T T
XEHES :1006-8082(2020) 04-0035-05

hES#EES:S511.042 XEKERIRAD: A

VAR, 2o B R M) R I Y A A 250
FAFEMERS B 0 2 A RRAT T i, A5 AL A5 S R
ARG 23 D4 T oM d e (H e EH
5 2018033 *5) o ZAF AR 248 P — Y T LA SR
IRZAEMREVEA 75, R 2 AR KRS A P AN P
R BB AL AT ARBEEIT AN T 55 5
TIFEANFNE T AR RS T 55 3o, J&— iz
AL IIREVEAE P2 R o Tt , o= R AR 2 SO TE B
449//RD23HE IR ARG A A APk & T HA 245
AR RS S A = K 107, 8 TR = K 107 197=
W1, ORI RR AL PR M , AT = m 4k
AL BRI T 502 G 449, SCRE 5 AEXT IR, T
2018 4EAE =~ sk b A T T H A R B8, LA k= ok
107 W) 5B HR M P AL $ S S 85 F e i 4K
i

IR

1.1 kAR ki =

ML LR L 502 3CRS 5. S 449, 5K 107,
BT 2018 AEAE 2 g s Ut T MR a6 B 5 A 7 (T
550 m) . R+ HERLRIAE 7 . pH {H 5.05, 44 LT
T 34.0 o/kg, A 2.1 glkg, MR A 155.60 mg/kg, i
A 7.58 me/ke, HURAET 139.10 mg/kgo
1.2 RI®igit

KHBEPLIX H it ,3 REE, /NXHH 20 m?
(Kx¥i=4 mx5 m) . P 77 20 At AL 5 it 5 24 g
ACEZEML, 7 A 23 H#EFR,8 A 17 HAH, Bk kiE
20 emx20 cm, B 667 m? 4 1.67 J7 M\, M\ 1~2 3 A&
JIE A BR A 23 S FH R 3R (46%) 3t R4S (12%) Fil
SALE (60%) , 4l N I 13 kg/667 m?,P,05 6.5 ke/667
m?, K,0 13 kg/667 m?, Hrr, ZUIEHZ BN/ BENE - FEIE:
HAE=5:2:2:1 43 4 Wit , Wi AL 43 A L it B A e L A :
FERE=1:1 43 2 WKt 7K 045 BIURG HL5 Bl T6 5 BEK A
A P T
1.3 WEmMBRAZE
131 AFMH

TCEAR AN Y], I A R A e R KL
132 T#HHARER

O3 AIAE S AR R R BORE | B /N S N, ki
TeUb e 2L BER, AR5 B AR o SREIIPREAE i 2 2k
A3 ER A 5 B IYRE R o0 RS B REATE Sk R
W4 B4y FESRL B RO A LR 105°C AT 30
min, J5 P RE 2 75 CHE FE TR, 43900 % 4

Y AE H 1 :2020-02-25
BEETB:ERE A LT L RRENF AL
(2017YFDO100201) ; = B & B L F K & T 4 4y A b Ao
KRR fm 17 (2019ZD013)
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x1 ARMMTEERTEMHRRI

dn A AREEL BEHERIEL S THiE PRI EHUNES
(J7/667 m?) (fr) (%) (g) (kg/667 m?) (kg/667 m®)
502 17.23 ab 127.96 b 78.03 a 2932 a 500.73 a 44825 b
SCHE 5 18.89 ab 120.88 b 83.80 a 29.69 a 566.72 a 535.57 a
T 449 2278 a 120.07 b 82.35a 25.23b 569.34 a 548.46 a
=K 107 16.23 b 138.82 a 82.38a 30.80 a 570.59 a 564.52 a
Bl 7| #5385 A Bl /NG Tk om & s FE R £ R 72 0.05 K TFRZE., THE.
R2 AESMEFTHRN
AP AA R TR oA FrH G Fhn i Gy S 2EHH
(H-H) (H-H) (A-H) (A-H) (d) (d) (d)
JE T 502 10-22 08-17 10-30 12-03 91 42 133
XFE 5 10-04 08-17 10-13 11-18 73 45 118
JELH 449 10-25 08-17 11-03 12-06 94 42 136
=K 107 10-20 08-17 10-26 11-29 89 40 129

Ho
133 #hkboikEfertiiibs

TEFFRE, ] LI-6400XT fifl # X0% A iE AUAR T
2830 5E B G A R (Po) , BRAS/NX 3 7%, I 5E
it 8] e PR B RS0 2F 9:00—11:00 5 [7] Bob 45300 2 ¥
A 3 (Pn) G I X 7 A FR IC B A B 148
SR M e R E . MR S RNNE S %
ke HABR) T . AERINE R 3 W BOE YA,

134 FE5=FHm)

SRS s R EA T BORE PR 2, PR A AR
BB EES0R TR E AR TR R R
ANDKERC S m? FEA TSI A S
1.4 HIESWF

IR B K Excel A1 SPSS 23.0 4144 17 &b B
53T

2 HERST

21 FERFEMK

A 1AL UL, SRR S e R R K
107>{E 5y 449>3CHF S>TE TS 502, HAsLbr™ & oK
107 4 564.52 kg/667 m?, RHHL 502, SCHH 5 FIEL i
449 4y W3 25.94% .5.41%F1 2.93%, ST 502 4
=S RE . N B SHE RS, =K 107 Bk
R 138.82 #r, b 3 £ TE Sy 449 3CHE 5 FNEH 502,
IR E 8.49% . 14.84% K1 15.62% ; 2= K 107 A3 4L
16.23 J7/667 m?, 58 H , 502 CHE 5 Fl = K 107 2351
/L 5.80% . 14.08% 1 28.75% , Hirp 5 i3 449 2 5 4
FimK 107 THRIE 30.8 g, W& 75 T FG 449; 4% 5h b
ZIRGELREFARRE . AL, =K 107 r=m b = F

. 36 .

FARAR TR A S, RN R EE T AR E
(AR ORI 2 1 T-hE EE
22 H£EHH

FE 2 ] I, AR E RN S 44953 502>
R N07T>CHE 5, =K 107 BEA I 449 47%6 7 d,
ARTETE 502 4R 4 d SRS S K11 do AP IR E
255 FEERIAERE IR DI, o 3~21 d, T b i 22 i)
ERAHE ., WHAK 107 AETIES =/ RE
A E K
23 TYRMRE

MFR 3 AU, 2K 107 B T-9 B 1 984.8
g/m?, LESCHE 5O HE 502 T i 449 430380 28.87% .
19.94% 11.44% , Ho 5 3CHG 5 2257 B 3% S5 RN+
Fitt A 1305.4 g/m?, LU Hi 449 5239 308.7 g/m?,
M5 E T 502 30K 5 27 AR B3E ; =K 107 YakFs %
4 0.55, 5 EHT 449 JHTE 502 LUK CRE 5 ZRARE
K107 FFREE A AR KGR 20.0 ¢/ (m?-d) , 2
FEESg 502 MSCRE 5. X 4 NS R e R S
A T o A A R B B 2 TE ARG (1=0.7757,
1=0.778") (£ 4) . BWPKE , =K 107 16 K& ST
HAE T B 2 R F AL B Rg s, Wk ds B AE
K RN i, HLA I N 2 i TR XA T 7 o
24 HEHMH
241 vHEEAFE

ME 1AL, =K 107 (P43 o JEE DR
M2 a+b /NTHETE 502, BT R 5 HE
449, FH A K 107 78 = mE LR £ X HA B & ot
AR, A O AR R R
242 HkbkE
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£33 TE@EMTWRRR ERER WRIEHER

i SR i AT o i FEAEI - R A KR eI R
(g/m?) (g/m?) [¢/(m*+d)] (%)
il 502 1331.6a 1 654.8 ab 98¢ 048 a
YHE S 1063.3 be 1540.1b 13.2 be 0.59 a
¥ 449 996.7 ¢ 1781.0 ab 23.8a 0.51b
=K 107 1305.4 ab 1984.8 a 20.0 ab 0.55 ab
F4 FRASMTFYRRE ERKER WIRISHALED T
i H FEW Y SE T E SRR KR Wk s AL s
SR T 1
AT 0.403 1
KR -0.360 0.706" 1
[hEIR R -0.195 -0.103 -0.005 1
FeE -0.041 0.601" 0.615 0.464 1
TERORAE P<0.0S A TAER MR E, kR P00l AHETHAEEE. TH.
K5 ARMMENEGERRLE
r HOLA R AL M) CO, e i FEI R
[pmol/(m?+s) ] [mol/(m?+s) ] (wmol/mol) [pmol/(m?+s) ]
T 502 25.19 b 0.52b 261.97 ab 8.73 a
R 5 2252 ¢ 0.50 ab 267.39 ab 8.16 b
LT 449 25.14 b 0.48 b 25224 ¢ 792 b
ZK 107 2631 a 061 a 275.11 a 486 ¢
30T oy 5025k 5 » 0 4490 % K 107 TE7 BRI P A R A R SR B B
25 | H AR/ BB, TR TR S B U S P 1 5
= NN . . — .
EXN F1 § SERRRE . WFSE R AR K R AR R T, T
N N = N NAN=] S Al Sy )
21N § BT 57 R X 2 R K L AR SRR 2,
10| § § DL 2 B R A I T R AR, TR AR SE
05} § %@.ﬂ %§.ﬂ § TR JEARAT 2 P W ARAIE o BF9E IR, 35 iAo K5Orn -kr
oo LLINELL. NBUL LN g B RN, ORI TR
4R a Mgz b KRR 4% 2 a+h

B1 ZEERMEABIARRHMERSEER

M S AL, =K 107 FFRUHGIE0E A HR N
26.31 wmol/(m?+s) , ik 5 = T T 502 VL Hii 449 F15C
R 5,70 B I 4.45% .4.65%F1 16.83% ; i S FLF B &
0.61 mol/(m?+s), i 2 5 T E 502 Wik 449, 5 3CHH
5 F5F; Mg la] CO, #eBEE A 275.11 wmol/mol , FISCHT 5. 34
5 502 DA KF Ei 449 F5F 5 2515 UK 4.86 wmol/(m?-
s), E/INTSCRG 5.8 502 FITLE: 449, =K 107 )
LA BRI E a MR b LR a+h FIZEH
BN IEASEE (RO R 31N 0.8807,
0.906™.0.908.0.895™) (£ 6) . MIEAHRIEFIEHE Ak
KA LAF Y, =K 107 A B ROCE .

3 e

,nl/ﬁ
31 FEEFEMEXER

KN, ARG SR R MBS R Y R
K 107>{EEf 449> 3CHF S>TETE 502, 2K 107 [ EERERL
B 3 2 TE W 502 SCHFT 5 FNTE B 449, 100 TR 8
i T 502 30K 5 R 449, S5 A FMAELE, =
K107 P A BRI DR -, i
RG] LR — 25 U 7= SR B IR R,
P = K 107 PR T
32 FESTYRME WIKEHXR

IKFE 2B T W R SR 1T B SR, 7=
T B e T 2 b R ARG N A W e R AR
S SCRAE R OC R, 5 7 R AR B R = e Ak ks ]
PSR KR T S R B, R SR R
W B TP I A SR e, (o kBl T A o P 4 o i ) 26
AP, 2K 107 B G 9 AR R ok, Xt 2
K107 P T HAE AR EERE 2 —.
33 SMEXEER HEESEE5F2 . TURA
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R 6 ARG ELSEENMHEESENEXED N

SYE| MH4EE a M2k b FHAE FR M2E 3K ath IE Egr &
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Yield Potential Analysis of Perennial Rice Yunda 107
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Abstract: Perennial rice has been successfully bred by the clonal propagation characteristic via rhizome of Oryza longistaminata, can

survive for many years. Yunda 107 is a perennial rice variety with high quality, selected through the cross of ‘Dianrui449//RD23/0-

ryza longistaminata’. In order to explore the yield potential of Yunda 107, an experiment was conducted in 2018 using high quality

rice varieties Diantun 502, Dianrui 449 and Wendao 5 as controls. In the experiment, we investigated the traits such as growth period,
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dry matter accumulation, photosynthetic characteristics, yield and yield potential of each tested variety. The results showed that, the
yield of Yunda 107 can reach 564.52 kg/667 m? which increase by 25.94%, 5.41% and 2.93% compared with Diantun 502, Wendao
5 and Dianrui 449, respectively, and the difference is significant compared with Diantun 502. In terms of yield composition, the num—
ber of grains per panicle and the weight per thousand grains of Yunda 107 were higher than those of Wendao 5, Diantun 502 and Di-
anrui 449. The large number and size of grains were the main reason for its higher yield. At the same time, the net photosynthetic rate
of flag leaves of Yunda 107 increased by 4.45%, 4.65% and 16.83%, compared with Diantun 502, Dianrui 449 and Wendao 5, re—
spectively, with significant differences. Therefore, the main way to tap the yield potential of Yunda 107 is to increase the number of
grains per panicle and the photosynthetic capacity of flag leaves after full heading, so as to accumulate more photosynthetic products,
thereby increasing the biological yield at mature stage.

Key words: perennial rice; dry matter; photosynthetic characteristics; yield; yield potential.
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The Relationship Between Leaf Area Index and Yield of Rice: Research Progress
HE Mi, LI Xiaobo, HUANG Jing, HUANG Guangfu
(Institute of Resource Plants, Yunnan University, Kunming 650091, Yunnan, China)
Abstract: Leaf, as the material basis for constructing the rice organs, is closely related to the quality of the
light environment and the utilization rate of light energy. The leaf area index (LAI) is an important indicator
related to rice yield, and is significantly correlated with the light and effective radiation absorption coefficient
in rice canopy. In this paper, we reviewed the relationship between the LAl in different growth periods of rice
and the yield, and pointed out that the optimal LAI could be increased based on variety selection and

cultivation measures, to achieve the high yield. The study could provide a theoretical basis for developing a

nxxb.caass.org.cn

predicting system of the optimal LAI and for regulating the rational canopy structure of rice.

Keywords: hybrid rice; leaf area index; optimum leaf area index; rice growth period; yield
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Effects of Low Temperature on Photosynthetic Characteristics of Rice

HE Mi, LI Xiao-bo, SHI Ji-fang, HUANG Guang-fu

(Yunnan University, Kunming 650091, PRC)

Abstract: Photosynthesis not only plays an important role in the growth and development of crops, but also plays a decisive role in the
yield. Low temperature and chilling injury is one of the serious natural disasters that affect the growth and yield of rice. Therefore, many
studies have been carried out on the effects of low temperature and chilling injury on photosynthetic characteristics of rice. In order to
provide theoretical guidance for maintaining normal yield of rice under chilling injury, the effects of chilling injury on photosynthetic
characteristics of cultivated rice and wild rice at different growth stages, including photosynthetic rate, stomatal conductance, intercellular
CO, concentration and transpiration rate, were reviewed. At the same time, the prospect was put forward from the aspects of breeding low
temperature resistant varieties, rational use of exogenous substances and changing the height of irrigation layer, so as to improve the low
temperature resistance of cultivated rice and wild rice, and ensure that they still have normal photosynthetic capacity under low temperature
conditions, which has theoretical significance for ensuring the normal yield of rice under low temperature and cold injury.

Key words: cultivated rice; wild rice; low temperature; photosynthetic characteristics; review
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