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Weedy rice (Oryza spp.) has successfully adapted to invasion of cultivated rice (O. sativa
L.) fields by being a strong competitor from the early vegetative growth stages to crop
harvest. While seed shattering and seed dormancy have been shown to contribute to
competitiveness at the reproductive stage, much less is known about the traits that could
contribute to weedy rice adaptation at the vegetative stage. We examined several growth
and physiological traits in five different weedy rice lineages with different ancestral origins,
and found that no single vegetative phenotype characterizes all weedy rice. Divergence in
growth and physiological traits between weedy rice groups and their putative cultivated
ancestors has been limited, suggesting that altered vegetative traits have not been a
common path to weed adaptation. There is a lack of convergence in patterns of gene
expression in two independent weedy rice lineages, suggesting that there are few shared
genetic mechanisms in the evolution of vegetative traits. We conclude that it must not
be assumed that all weedy rice groups necessarily have altered vegetative growth or
physiological mechanisms compared to their ancestors, that facilitate their invasion of
crop fields.

Keywords: red rice, convergent evolution, parallel evolution, weediness traits, RNA-Seq, Oryza groups

INTRODUCTION

Agricultural weeds are plants adapted to infest crop fields and reduce agricultural production.
The adverse effect of agricultural weeds stems from their competitiveness, which decreases crop
yields. Competitiveness refers to the ability of an organism to reduce the fitness of another
organism through its presence. A plant can be competitive by having an efficient reproductive
strategy, capturing or using resources more efficiently (Radosevich et al., 1997), by having improved
tolerance to abiotic stress (Nadir et al., 2017), or by having improved resistance to local pathogens
and/or herbivores (Jia and Gealy, 2018). Understanding how competitiveness evolves is important
for understanding how noxious agricultural weeds can be curtailed.

Weedy rice (Oryza spp.), a type of weed that infests cultivated rice (O. sativa) fields throughout
the world, is a strong competitor of cultivated rice from the early vegetative growth stage to harvest.
Competition between weedy rice and cultivars leads to severe rice yield losses (Caton et al., 2003),
a serious concern in a crop that serves as the primary calorie source for more than one-third of
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the world’s population (Bhullar and Gruissem, 2013). For
example, in Malaysia, 74% of cultivated rice yield can be lost due
to infestations of weedy rice (Karim et al., 2004). In the US, weedy
rice infestations lead to estimated annual economic losses of over
$45 million (Estorninos et al., 2005; Gealy and Yan, 2012). In
China, infestations of as few as eight local weedy rice plants per
square meter have the capacity to reduce yields of the rice cultivar
“Nanjing 44” by almost two-thirds (Xu et al., 2018), although the
impact of weedy rice on yield depends, among other factors, on
the cultivar it infests (Ottis et al., 2005; Shivrain et al., 2009).

The two most well-studied weedy traits enhancing weedy rice
competitiveness occur at the reproductive stage, and are seed
shattering and seed dormancy. Seed shattering enables weedy
rice seeds to escape the crop harvest and disperse in the field
(Fischer et al., 1995; Li et al., 2006), while seed dormancy, and,
in particular, mixtures of weedy rice types in fields with varying
levels of dormancy, promote persistence of viable weed seeds
in the soil through variable periods of time (Gu et al., 2005;
Tseng et al., 2013). In contrast, mechanisms contributing to
competitiveness at the vegetative growth stage have not been
as fully studied in weedy rice, though some traits have been
suggested to facilitate weed success. Weedy rice has been reported
to grow taller and produce more tillers than cultivated crops in
some world areas (Shivrain et al., 2010), and a field competition
study in Arkansas in the US suggests that taller weedy rice
stature is correlated with stronger negative impact on cultivar
performance (Estorninos et al., 2005). There are also studies
suggesting that some weedy rice lines may have more efficient
nitrogen assimilation than cultivated rice under low nitrogen
treatments (Sales et al, 2008), and that nitrogen applications
under competition can lead to greater shoot biomass gain in
some weedy rice lines compared to cultivated rice (Chauhan and
Johnson, 2011). Based on studies such as these, weedy rice in
general has been hypothesized to accumulate more nitrogen and
to respond to higher nitrogen content better than cultivated rice
(Burgos et al., 2006).

Although there is no established list of traits that determines
the degree of competitiveness at the vegetative growth stage
in weedy rice plants, previous research has shown that several
traits in cultivated rice are associated with greater success in
the field. For example, hybrid rice varieties in Brazil have
higher photosynthetic capacity in terms of sub-stomatal CO,
content, photosynthetic rate and CO, consumed, which results
in higher dry mass accumulation compared to inbred cultivars
(Concenco et al., 2011); hybrid varieties in the US have also
been documented to produce more tillers and achieve canopy
coverage faster, affecting their competitiveness favorably (Ottis
et al, 2005). Chlorophyll and carbohydrate (CHOs) content
are also often included among the traits affecting cultivated
rice competitiveness (He et al, 2006). Because chlorophyll
contains nitrogen, its content is a good indicator of nitrogen
supply, and assessing chlorophyll content by measuring leaf
color has long been used as a non-invasive criteria to determine
the health and stress level of plants (Adhikari et al., 1999;
Richardson, 2002). CHOs, transported as soluble sugars, and
stored as starch constitute the main sources of energy supply

and can have an impact on plant vitality (Zhang et al., 2012).
Starch content in source leaves, and sucrose content in sink
organs have been shown to be important markers of early vigor,
defined as biomass accumulation ability during vegetative growth
(Rebolledo et al., 2012). Percentage of total nitrogen in leaf
tissue is considered a common marker for crop competitiveness.
Many agronomic traits (i.e., crop growth rate, leaf area index,
plant height, tiller number, spikelets per panicle, grain filling)
and physiological processes (i.e., photosynthesis and respiration,
nitrogen and carbon metabolism) are negatively affected under
nitrogen-deficient conditions (Novoa and Loomis, 1981), and
thus high nitrogen content in leaves is considered a sign of
overall vitality.

Understanding the bases of weedy rice competitiveness is
important not only for curtailing this noxious agricultural weed,
but also because some weed competitive traits could be beneficial
if transferred to crops. A complicating aspect of weedy rice
studies is the independent evolution of multiple weedy rice
populations around the world from diverse genetic backgrounds
(Reagon et al., 2010; Huang et al., 2017; Vigueira et al., 2019).
For example, in the US, two genetically differentiated weedy
rice populations, the SH (straw hulled) and the BHA (black-
hulled awned), have evolved from the indica and aus rice
cultivar groups, respectively (Reagon et al., 2010). In South Asia,
the wild ancestor of cultivated rice (Oryza rufipogon/nivara),
together with aus and indica cultivars contribute to weedy rice
origins, giving rise to wild-like, aus-like, and indica-like weedy
rice (Huang et al., 2017). More populations along with other
ancestries have been detected in other areas including Southeast
Asia, Northeast Asia, China, Europe, Colombia and other parts
of South America (Cao et al., 2006; Song et al., 2014; Qiu et al.,
2017, 2020; Hoyos et al., 2019; Vigueira et al., 2019). While the
reproductive competitiveness traits of seed shattering and seed
dormancy have been found in most, if not all, populations of
weedy rice worldwide, regardless of ancestral genetic background
(Ziska et al,, 2015), the shared prevalence of vegetative growth
and physiological traits that could enhance competitiveness in
independently evolved weed groups and the extent to which
weedy rice has diverged from its ancestors for these traits
is unknown.

To address this knowledge gap, we have assembled a panel of
weedy rice from two geographic areas, the US and South Asia
(SA), with three different ancestries, aus, indica and wild rice (O.
rufipogon/O. nivara). We have examined various growth-related
traits at the vegetative stage and gene expression patterns of these
weeds, and, when possible, compared these to representatives of
the ancestral groups of each weedy population to determine the
degree of change during weed evolution. We note that our trait
selection is not exhaustive and that our conclusions are limited
to the growth conditions of our study. However, within this
framework, we attempt to answer the following three questions:
(1) For what traits do weedy rice groups differ from related
cultivated rice groups at the vegetative growth stage? (2) What
vegetative traits are common to weedy rice groups from different
ancestral backgrounds? and (3) What genes are associated with
and could mediate patterns of weedy vegetative traits?
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MATERIALS AND METHODS

Rice Plant Growth Conditions

We selected a panel of 14 accessions (genotypes) that included
four US weedy rice [two each from the SH and BHA populations
as identified by Reagon et al. (2010)], six South Asian weedy rice
with aus, indica and wild rice ancestry (O. rufipogon/O. nivara) as
identified by Huang et al. (2017), and two each of aus and indica
cultivars (Supplementary Table 1). Three plants were grown for
each accession in growth chamber conditions in a randomized
block design, with an 11h day length, day temperature of 30°C
and night temperature of 27°C. Seeds were sown in 4”7 x 4”
x 10" pots (Treepots, Hummert International Missouri, USA).
Rice Cornell mix soil (1 1/2 bales peat, 2 bags medium to course
vermiculite, 5 Ibs lime and 1 Ib 30 z Peter’s Unimix Plus III) was
used as the starting soil with nitrogen content of 0.9%. A total
of 0.26 g granule triple superphosphate (0-45-0) was applied to
each plant at the day of sowing. Plants were fertilized weekly with
a diluted content for a total of 0.049 g potassium chloride (0-0-
62) and 0.03 g iron (Sprint 330) per plant before harvest. 0.337 g
of total urea (converted to 150 kg N ha™! content) per plant was
applied with half of the amount at 15 days after emergence (DAE)
and the other half at 37 DAE.

Plant Growth and Physiological Trait

Measurements

For all plants, height, and chlorophyll status were measured at
10, 15, 20, 37, and 45 days after emergence (DAE), to capture
aspects of plant growth before and after nitrogen application;
however, measurements at different stages were highly correlated,
so we proceeded only with the measurements at 45 DAE.
Height was measured from soil surface to the tip of the longest
leaf. SPAD value (Soil and Plant Analyzer Development) was
used as an indicator of chlorophyll status, and was measured
with the atLEAF+ chlorophyll meter Ver 1.0 (FT Green LLC,
Wilmington, DE, USA) on a fully expanded healthy leaf from
the main stem. To quantify the major growth period during
the vegetative stage, the growth rate measured as centimeters
of growth per day calculated between 15 DAE and 45 DAE
(Supplementary Table 2).

Vegetative growth, defined as the phases from germination
to panicle initiation, are the first phases of rice development.
These developmental phases are usually marked as V stages.
With V1 defined as when the first complete leaf pushes through
the prophyll and forms a collar, and stages starting from V2
defined as the collar formation on leaf n on the main stem
(Moldenhauer and Slaton, 2001). In this study, we recorded
vegetative development rate as the days from emergence to
different V stages. We recorded V1 and V8 as the initial and final
vegetative development rate (Supplementary Table 2).

All plants were harvested at 55 DAE. Upon harvest, the second
youngest fully expanded leaf on the main stem was cut fresh
for chlorophyll content measurement, and the second youngest
fully expanded leaf on a side tiller was collected for soluble
and storage carbohydrate content measurements. The rest of
the above ground plant tissue was collected and dried in an
80°C oven and dry biomass was measured 7 days after drying.

One gram of ground dried plant tissue from each plant was
sent to the University of Massachusetts soil and plant tissue
testing laboratory for total nitrogen percentage test with catalytic
combustion method (Pt/Al203) (Supplementary Table 2). Total
nitrogen percentage in leaf tissue shows the amount of nitrogen
in all formats including, ammonia, organic and reduced nitrogen,
nitrates and nitrites (Ranker, 1925), remaining in plants.

Chlorophyll content was measured according to the
protocol described by Inskeep and Bloom (Inskeep and Bloom,
1985), by immersing weighed fresh leaf tissue in DMF for
24h at 4°C in dark, and then measuring Aggss and Ags;
with a spectrophotometer (Supplementary Table 2). Soluble
carbohydrates were extracted by immersing ~25mg of dried
and ground leaf tissue into 2 ml of water, followed by overnight
shaking in an 80°C incubator. D-glucose, D-fructose and
sucrose contents in supernatant were measured by Sucrose/D-
Glucose/D-Fructose kit (catalog# 10716260035) (R-Biopharm
AG, Darmstadt, Germany) (Supplementary Table 2). Starch
was extracted by immersing ~50mg dried and ground leaf
tissue into HCl (8M) and DMSO, incubating the mixture
at 60°C for 60min, adding 5ml redistilled water, and then
adjusting the pH value of the liquid to 4 or 5 with NaOH (5M).
Starch content in the supernatant was measured by Starch kit
(catalog# 10207748035) (R-Biopharm AG, Darmstadt, Germany)
(Supplementary Table 2).

Photosynthesis Measurements

Photosynthesis (CO, update, pmol m~2 s7!) was measured
on two different days, 47 and 55 days after sowing, before
any destructive sampling for other analysis. Plants measured
were in development stages ranging from V8 to V10 (a few
plants had already reached flowering and the vegetative growth
had terminated). An infrared gas exchange analyzer (LiCor
6400; LiCor Inc., Lincoln, NE) was used for measurements.
Photosynthesis (A), transpiration rate (E) and stomatal
conductance (gs) were measured simultaneously (Long and
Bernacchi, 2003). Measurements with a relative humidity of over
55%, and stomatal conductance between 0.30 and 0.65 were
considered effective. We used a 2 cm wide attachment chamber,
and completely covered chamber space with the second and
fourth youngest leaves on the main stem.

Phenotypic Data Analysis
We included the following physiological traits in the linear mixed
model analysis: glucose, fructose, sucrose, total sugar, starch,
SPAD at 45 DAE, chlorophyll concentration, height at 45 DAE,
growth rate, V1, V8, dry biomass, total nitrogen percentage
and photosynthesis rate. We performed linear mixed model fit
of maximum likelihood (ImerMod) with the formula “trait ~
ancestry_group + Oryza_type_group + (1 | genotype)” with the
“lme4” package in R (R Core Team, 2014). When assessing fixed
effects of group combinations in terms of each trait, we looked
at the f-values against the baseline. f-values in linear mixed
models are the standardized parameters [8/SE(B)] (Gatecki and
Burzykowski, 2013).

We also performed pairwise comparisons between weeds and
their crop ancestors. Due to the small sample size within each
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weed and ancestor group, the measurements for traits do not
follow normal distribution. We thus performed Wilcoxon rank
sum test to determine the significance of differences for weed-
cultivar pairs. We made the following four weed-crop pairs, one
for US SH weeds with indica ancestry (rr01, rr09) vs. indica
cultivars (sinll, sin31), one for US BHA weeds with aus ancestry
(rr05, rr20) vs. aus cultivars (sau71, sau76), one for South Asian
indica ancestry weeds (arr29, arr74) vs. indica cultivars (sinll,
sin31), and the last one for South Asian aus ancestry weeds (arr38,
arr54) vs. aus cultivars (sau71, sau76).

RNA Extraction and Library Preparation

Due to the limitation of leaf tissue available in the physiology
panel, we re-planted a subset of the panel using the same growth
chamber conditions and nutrition treatment on July, 1st, 2015,
and harvested the third and fourth fully expanded leaf from
the top at 55 DAE for RNA-seq sampling. We picked four
accessions to re-plant with three replicates each, including one
indica cultivar (sinll), one US weed with indica ancestry that
belongs to the group SH (rr09), one aus cultivar (sau76) and one
US weed with aus ancestry that belongs to the group BHA (rr20).
Collected leaf tissue was frozen at —80°C and ground with mortar
and pestles. A Qiagen RNeasy Plant Mini Kit (Valencia, CA) was
used to extract RNA. A Bioanalyzer 2100 (Agilent Technologies,
Inc.) was used to qualify and quantify RNA samples. Only RNA
samples with RNA Integrity Number (RIN) > 7.5 were used for
library preparation. Libraries (a total of 12) were constructed with
NEBNext mRNA Library Prep Master Mix Set for Illumina kit
(New England BioLabs Inc.). Total RNA was fragmented into
smaller pieces, and then synthesized into the first and second
strand of cDNA with reverse transcriptase and random primers.
NEBNext singleplex Oligos for Illumina as indexes of each library
were added during the preparation (New England BioLabs Inc.).
A Qubit fluorometer and Qubit dsDNA BR (broad-range) Assay
Kit (Thermo Fisher Scientific, MA, USA) were used to quantify
cDNA library. High quality cDNA libraries were normalized with
0.1 x TE to 4 nM content before sequencing.

Next Generation Sequencing and RNA-seq

Data Analysis

We used two Illumina NextSeq500 Mid Output Kits (150 cycles)
for pair-end sequencing of six libraries on each flowcell in
the Genome Resource Lab at the University of Massachusetts
Ambherst. The quality of raw sequencing reads was investigated
with FastQC program (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). For sequences of samples with low per base
sequence quality, FASTQ Groomer in Galaxy (https://usegalaxy.
org/) was used to convert FASTQ files to FASTSANGER files
and Trimmomatic in Galaxy was used to trim both forward
and reverse sequences. Sequences of all samples were then
concatenated with Galaxy.

We used the Tuxedo method (Trapnell et al., 2012) in
the CyVerse Discovery Environment (http://www.cyverse.org/
discovery-environment) for RNA-seq data analysis. Reads were
mapped to the rice reference genome MSU7 (http://rice.
plantbiology.msu.edu) with TopHat version 2.0.9 (Trapnell

et al., 2009) with the reference genome annotation file using
minimum intron length as 30, mate-pair inner distance as
100 and other settings as default. The aligned reads were
assembled and transcript expression was quantified using
FPKM (Fragments Per Kilobase of transcript per Million
fragments mapped) by Cufflinks2 version 2.0.2 (Trapnell et al.,
2010). We obtained a rice reference genome annotation file
in gtf format from MSU7 (http://rice.plantbiology.msu.edu/
annotation_pseudo_current.shtml), and a rice rRNA mask
file in gff3 format from RAP-DB (http://rapdb.dna.affrc.go.jp/
download/irgsp1.html). The rRNA mask file was then converted
to gtf format using the gffread tool in Galaxy. Cuffmerge was used
to create one gtf file of each sample from the three replicates. We
then used Cuffdiff2 to detect differential expression of the four
following sets of comparisons: (i) sinll vs. rr09 (indica vs. SH
weed), (ii) sau76 vs. rr20 (aus vs. BHA weed), (iii) sinl1 vs. sau76
(indica vs. aus) and (iv) rr09 vs. rr20 (SH weed vs. BHA weed).
We used two housekeeping genes, UBQ5 (LOC_0Os01g22490)
and eEF-Ia (LOC_0Os03g08020), which have been shown to
be the most stably expressed across rice genotypes, phases
of development and different environment conditions, for
normalization of expression data among genotypes (Jain et al.,
2006). Transcripts and genes in the Cuffdiff2 results with FDR
<0.01 and abs(log, FC)>1 were considered to be significantly
differentially expressed and considered for further analysis. For
each set of comparisons, we also considered as differentially
expressed for genes that are not expressed in one genotype, but
expressed with >1 FPKM in the other genotype.

In this project, we only take into consideration of transcripts
and isoforms already annotated by the MSU7 (http://rice.
plantbiology.msu.edu/) database. We focused on differential
expression tests from the Cuftdiff2 outputs which test difference
in the summed FPKM of transcripts sharing the same gene IDs.

GOterm Analysis and GOSIlim Retrieval

We performed gene ontology (GO) term enrichment with
agriGO (Du et al,, 2010), using the Oryza sativa MSU7.1
non-TE genome as background. Significance was evaluated
using a hypergeometric statistical test, with a Hochberg FDR
multiple correction and a significant cutoff of 0.05; the minimum
number of mapping entries was set to two. We used the Rice
Genome Annotation Project database (http://rice.plantbiology.
msu.edu/) for putative function and GOSlim (Harris et al., 2004)
assignments retrieval for each gene of interest.

Analyzing Metabolic Pathways of
Differentially Expressed Genes With

MapMan

We used MapMan (version 3.5.1) (http://MapMan.gabipd.org),
a software developed to annotate plant-specific biological
processes, to analyze expression data at the pathway level. Oryza
MSU7 annotation was used as the reference mapping file. Fold
change data from the four comparisons, sinll (indica) vs. rr09
(SH), sau76 (aus) vs. rr20 (BHA), rr09 (SH) vs. rr20 (BHA),
and sinll (indica) vs. sau76 (aus) were used for MapMan. For
genes that expressed in only one genotype, we arbitrarily assigned
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15 or—15 as log2(fold_change). We used a Benjamini Hochberg
correction of multiple comparisons for the Wilcoxon rank sum
test report of bins of interest.

RESULTS

Vegetative Growth Differences Among
Ancestry and Oryza-Type Groups

We selected a panel of 14 accessions (genotypes) that included
four US weedy rice (two each from the SH and BHA populations,
which have indica and aus ancestry, respectively), six South Asian
weedy rice with aus (two), indica (two) and wild rice (two)
ancestry as identified by Huang et al. (2017), and two each of aus
and indica cultivars (Supplementary Table 1). Accessions were
selected to be genetically representative of their respective groups
based on prior studies (Reagon et al., 2010; Huang et al., 2017).
Wild rice was not grown as part of the panel due to the lack of
sufficient available seeds and greater uncertainty about the wild
subpopulation giving rise to these South Asian wild-like weeds
(Huang et al., 2017). Each of the chosen weed groups represents
an independent evolutionary origin. Three replicates were grown
per accession in a growth chamber in a randomized block
design, and with standard nitrogen application (see methods)
that would mimic the optimal nitrogen condition found in crop
fields. Multiple growth and physiological traits were measured
at several developmental timepoints as shown in Figure 1 for
all samples (Supplementary Tables 2, 3). Chosen traits represent
either plant growth or development parameters, or traits that
have been associated with increased competitiveness in weedy or
cultivated rice, as detailed in our introduction.

We first determined that single traits measured at
multiple time points (10, 15, 20, 37, and 45 days after
emergence) presented the same trends across genotypes
(Supplementary Table 2). Thus, for plant height, growth rate,
and Soil and Plant Analyzer Development (SPAD) index
we proceeded only with measurements from 45 days after
emergence (DAE). We applied linear mixed modeling to
estimate the variances for the two fixed effect grouping factors:
ancestry, which could be aus, indica, or wild, and Oryza-type,
which could be either cultivated rice, US weedy rice, or SA
weedy rice (Table 1, Supplementary Table 1). Since there are no
cultivars with wild ancestry, and no US weeds with wild ancestry,
two cells of the 3 x 3 table were considered empty (Table 1).
The genotypes within each cell were considered random draws
from the collection of all possible genotypes in that category, and
hence random effects. Aus was set as the baseline to compare
with indica and wild rice for the ancestry grouping, and cultivar
as a baseline for Oryza-type (Tables 1, 2). We considered ¢-values
> 2 or smaller than—2 as significant (Table 2) (Luke, 2017).

For the five carbohydrate (CHO) content traits examined
(glucose, fructose, sucrose, total soluble sugar and starch), the
wild ancestry group had significantly higher content than the
aus baseline (Table 2, Figure2), while no differences were
observed between indica and aus ancestry. Additionally, the US
weed Oryza-type group showed significantly higher fructose and
total soluble sugar content than the cultivar baseline (Table 2,

Figure 2). In contrast, few differences were observed between
groups for the two leaf chlorophyll related traits examined,
in either of the grouping criteria. The single exception was
the indica ancestry group, which displayed significantly higher
SPAD at 45 days after emergence (DAE) than the aus baseline
(Table 2, Figure2). We found no correlation between SPAD
results and those for chlorophyll or nitrogen content. US weeds
had significantly less total nitrogen in leaves than the cultivar
baseline (Table 2, Figure 2), though there is a general trend for
both weed groups to contain less total N in leaves.

A few more differences between groups were evident for
growth and developmental traits. Height at 45 DAE and growth
rate were both significantly higher in the US weed group than
the cultivar baseline, suggesting that weeds in this group grow
more and faster during the vegetative stage than their cultivated
relatives (Table 2, Figure 2). Additionally, growth rate was higher
in the wild ancestry group than the aus baseline. Developmental
rate differed among some groups, with plants with wild ancestry
taking a longer time to reach the V8 stage (i.e., once collar
formation on leaf 8 of the main stem has occurred) than the aus
baseline, and South Asian weeds reaching V8 more quickly than
cultivars (Table 2, Figure 2), although this latter trend seems to
be driven by South Asian weeds with a domesticated background
(Figure 2, Supplementary Table 2).

As a general trend we found that for ancestry group,
wild ancestry accessions consistently performed better than the
baseline in multiple traits including soluble and storage sugars
and growth rate, suggesting that plants with wild ancestry tend
to have a more optimal usage of the same amount of nutrients
during the vegetative growth stage. On the other hand, for Oryza-
type group, although US weeds seem to have less above-ground
nitrogen than cultivars, they had higher levels of some sugars,
were taller than cultivars at 45 DAE, and grew faster. These results
suggest that US weeds can reach the same level of plant vigor with
less nitrogen allocated to above ground tissues and thus may have
higher nitrogen use efficiency (Table 2, Figure 2).

Comparative Transcriptomics of Weed and

Crop Vegetative Tissue

We performed RNA sequencing on leaf tissue at the vegetative
growth stage of a subset of our panel, including three replicates
of one aus (sau76) and one indica (sinll) cultivar, as well as one
US SH (rr09) weed and one US BHA (rr20) weed, to identify
differentially expressed transcripts between weeds and ancestors
that could account for growth trait differences. US weeds showed
the most altered trait values compared to cultivars, so RNA-
seq was limited to these weeds and their putative ancestors
(Supplementary Tables 2, 4).

Total reads from the 12 libraries ranged from 13.3
million to 42.2 million with an average of 30.2 million
(Supplementary Table 5). TopHat read alignments ranged from
79 to 96% (Supplementary Table 5). A comparison of expression
levels of two major housekeeping genes (UBQ5 and eEF-Ila)
(Jain et al, 2006) across the four accessions showed high
FPKM values with no significant expression differences between
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FIGURE 1 | Growth and physiological traits measured at different stages of
vegetative growth in weedy rice.

TABLE 1 | Oryza genotypes included in the study and their ancestry and
Oryza-type groupings.

Ancestry type Oryza-type

Cultivar® US weed SA weed
aus? sau71, sau76 rr05, rr20 arr38, arrb4
indica sin11, sin31 rr01, rr09 arr29, arr74
wild arr43, arr70

aAus was set as the baseline to compare among ancestry types.
bCultivar was set as the baseline to compare among Oryza-types.

samples (Supplementary Table 6), thus, we did not carry out
normalization between samples.

We identified differentially expressed (DE) transcripts
between each weed and their crop ancestor (BHA weed vs.
aus, SH weed vs. indica), between cultivars (aus vs. indica)
and between weeds with different ancestries (BHA vs. SH)
(Table 3), including transcripts that lacked expression. Fewer
transcripts were differentially expressed in the two weed-crop
comparisons than in the weed-weed and crop-crop comparisons
(Table 3; Supplementary Tables 7-10), consistent with the
genetic background shared between weed and crop ancestors
in each pair. A total of 73 DE transcripts were shared between
the two weed-crop comparisons (Supplementary Table 11);
however, 42 of these DE transcripts were shared among all four
comparisons (Supplementary Table 12), and, of the remaining
31, none was exclusively to just the two weed-crop comparisons.

We performed gene ontology (GO) term enrichment
analysis with agriGO (Du et al, 2010) for DE transcripts
in all comparisons (Supplementary Table 13). Both weed-crop

comparisons have a very limited number of biological processes
(BP) terms significantly enriched (P < 0.05 with FDR correction)
in DE transcripts, with the very high level terms “cellular process,”
“photosynthesis,” and “metabolic process” shared between the
two comparisons. However, no enriched terms were specific
to weed-crop comparisons, with all these terms also appearing
as enriched in either weed-weed or crop-crop comparisons
(Supplementary Table 13).

We also looked at GO terms significantly enriched among
DE transcripts that were shared across both weed-crop
comparisons, and found much fewer but similar terms to
those observed in individual comparisons and in transcripts
that were DE in all four comparisons, with “cellular process,”
“response to abiotic stimulus,” and “secondary metabolic process”
dominating (Supplementary Table 13). We thus conclude that
gene expression divergence between weedy rice and their
cultivated ancestors occurs for the same general types of
biological processes that are likely to change during general
lineage divergence, regardless of whether diverging groups have
a weedy, or cultivated status.

Metabolism Pathway Analysis of

Differentially Expressed Genes
We used MapMan (Thimm et al., 2004) to attain a better
understanding of the plant-specific functions of genes
significantly differentially expressed between weeds and
their crop ancestors, and to determine if any of these genes
could explain the growth trait differences we had observed
among groups. We also performed MapMan analysis on weed-
weed and crop-crop comparisons to better understand the
differences among same Oryza-type accessions. Since MapMan
only recognizes gene IDs for MSU v7 genome (http://rice.
plantbiology.msu.edu/) in the mapping file, we prepared input
files with significant expression differences (as identified above)
for each gene instead of each transcript. The total number of
DE genes underscored, again, the greater expression similarity
between weeds and their crop ancestors than between cultivars
or weeds from different lineages, with 267 DE genes between SH
and indica, 181 DE genes between BHA and aus, 412 DE genes
between SH and BHA, and 327 DE genes between indica and aus.
In the SH vs. indica weed-crop comparison, the 267 DE genes
mapped to 217 different pathway bins, with some genes mapping
to multiple bins and some bins representing child categories
of others, so that around 26 higher order pathway categories
were represented (Supplementary Table 14; excluding the “not
assigned” bins, which in all comparisons constituted the largest
category). No bin was significantly overrepresented in this or
other comparisons, but together they provide a view of the types
of pathways for which gene expression differs in weed-crop, crop-
crop, and weed-weed comparisons. As expected, due to the lower
number of DE genes, fewer bins were mapped in the BHA weed
vs. aus crop comparison (Supplementary Table 14; 154 total
bins; 22 higher order pathway categories). Both the weed-weed
(245 bins; 25 higher order pathway categories) and the crop-
crop (232 bins; 25 higher order pathway categories) comparisons
had genes mapping to a greater number of pathway bins, but
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TABLE 2 | Linear mixed model analysis for genotypes from different ancestry and Oryza groups.

Trait Fixed effects Random Effects
Ancestry group t-value Oryza-type group t-value
(aus as baseline) (cultivar as baseline)

indica to wild to US weed to SA weed to Genotype Residual

baseline baseline baseline baseline variance variance
Glucose (g/1009g) 1.11 4.57 1.27 0.37 0 0.12
Fructose (/100 g) 1.42 3.42 225 0.21 0 0.34
Sucrose (g/100 g) 0.74 3.45 0.98 0.26 0 1.63
Total sugar (9/100 g) 1.75 6.47 2.43 0.47 0 1.53
Starch (g/100 g) 0.91 4.74 0.85 0.18 2.94E-14 4.89E-01
SPAD_45DAE 2.36 —0.53 0.73 0.38 2.06 3.32
Chlorophyll concentration (mg/g) 0.69 —-1.13 1.64 —-0.19 0 0.76
Height_45DAE (cm) 0.44 1.78 2.44 —0.66 94.16 121.36
growth rate: (45-15)/30 (cm/day) 0.51 2.27 2.44 -0.42 0.074 0.1
V1 (days) 0.43 0.34 -0.27 0.27 0 0.59
V8 (days) -0.71 2.09 —0.91 -3.00 0 15.07
Dry biomass (g) —0.06 0.20 0.73 0.98 8,72 6.79
Photosynthesis rate 0.13 —0.53 0.80 -0.32 1.36 2.16
Total nitrogen percentage (%) -0.1 1.61 -3.15 —1.80 0 0.085

t-values with absolute value >2 are in bold.

all comparisons had similar number of higher order pathway
categories (Figure 3, Supplementary Table 14). Focusing on
these higher level pathway categories, it is apparent that most of
the mapped bins appear in all four comparisons, and there are
no pathways for which gene expression differences are exclusive
solely to weed-crop comparisons (Figure 3).

Despite a lack of exclusivity, we specifically compared
the MapMan results of the two weed-crop comparisons to
discover pathways or related genes possibly important for
weed evolution from crop ancestors. For both weed-crop
comparisons, pathways representing a large number of DE genes
corresponded to transport, signaling, protein (primarily protein
synthesis, degradation, and posttranslational modification), RNA
(primarily RNA processing and regulation of transcription), and
secondary metabolism (primarily phenlypropanoids and lignin,
flavonoids, and isoprenoids) (Supplementary Table 14 and
Figure 3). However, the individual DE genes within each of these
shared higher level pathway categories generally differed between
the two weed-crop comparisons (Supplementary Tables 14, 15).
The shared pathway category with the largest number of shared
DE genes between the two weed-crop comparisons corresponded
to secondary metabolism (Supplementary Table 15). However,
for shared DE genes in any category there were no consistent
trends in whether genes in weeds or crops were expressed
more highly. For example, for the two shared DE genes
mapping to photosynthesis pathways (LOC_0Os04g59440 and
LOC_0Os12g19470), both were expressed at higher levels in the
SH weed compared to the crop ancestor, but at lower levels in
the BHA weed than its crop ancestor (Supplementary Table 15).
We conclude that there is no evidence for an expression
“syndrome” typical of weedy rice in comparison to its crop

ancestors, or, if this exists, it involves the expression of only
limited genes.

Associations Between Gene Expression

and Phenotypic Differentiation
In our vegetative trait measurements for weedy and cultivated
rice, we observed that US weedy rice has lower total nitrogen
content than cultivars, higher fructose and total sugar content
than cultivars, and faster growth rate and taller height than
cultivars (Supplementary Table 2; Supplementary Table 3). We
examined our list of differentially expressed transcripts and
genes, the MapMan pathways they mapped to, and presumed
functions based on literature searches, to identify candidates
that could be responsible for the phenotypic differences we
observed. Although we acknowledge the potential of annotation
bias affecting our identification of interesting loci, we feel it would
be remiss to not explore our dataset for potential candidates.
Beginning with nitrogen accumulation, we noted two
N-response genes (LOC_Os01g48960 and LOC_0s04g56400)
detected in the rr20 (aus-like weed) vs. sau76 (aus) and rr09
(indica-like weed) vs. sinll (indica) comparisons (Table 4).
These two genes fall in the MapMan bins of N-metabolism,
ammonia metabolism, glutamate synthase (12.2.1) and glutamine
synthase (12.2.2), respectively. They are part of conserved cross-
species N-regulated network modules (Obertello et al., 2015).
Both of the identified genes, which have higher expression in
the weeds, have been implicated in ammonium assimilation and
found to be sensitive to N treatments (Obertello et al., 2015) and
could play a role in how much N uptake there is in weedy plants.
Multiple sugar and sugar derivative pathways related
genes were detected as DE in the two weed-crop comparisons
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FIGURE 2 | Trait values obtained across genotypes and replicates for phenotypes showing significant results in the mixed model analysis (Table 2). Results for only
two of the five sugar traits are shown, given similar results across sugar traits for the wild ancestry group. (A) Fructose content across genotype replicates. (B) Total
sugar content across genotype replicates. (C) SPAD at 45 DAE across genotype replicates. (D) Height at 45 DAE across genotype replicates (E). Growth rate across
genotype replicates. (F) Days to reach V8 stage across genotype replicates. (G) Total nitrogen percentage across genotype replicates.
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TABLE 3 | Summary of differentially expressed (DE) transcripts for the four RNA-seq comparisons.

Comparison Expression Expression Total expressed G1, present G1, absent Total present/ Total DE
G1>G22 G1<G2 DE transcripts G2, absent G2, present absent transcripts transcripts
sin11 (indica) vs. rr09 (SH weed) 166 167 333 114 82 196 529
sau76 (aus) vs. rr20 (BHA weed) 100 121 221 94 118 212 433
rr09 (SH weed) vs. rr20 (BHA weed) 330 186 516 51 365 416 932
sin11 (indica) vs. sau76 (aus) 264 120 384 76 329 405 789

a@G1 represents the first genotype mentioned in the comparison, and G2 represents the second genotype mentioned in the comparison.
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FIGURE 3 | Number of genes mapping to higher order MapMan plant pathway bins in the various weed-crop, crop-crop, and weed-weed comparisons. The “not
assigned” pathway category, in all cases the largest category of mapped genes, is not included in the plot.

(Table 4), many of these falling within the major and minor CHO  SH weeds when compared to indica cultivars (Table 2).
metabolism MapMan pathway bins (Supplementary Table 15).  Several DE genes were also implicated in metabolism of
The gene, LOC_Os01g64660 (Zhu et al, 2018; Wang et al,  sugar and sugar derivatives (Supplementary Table 15); these
2020), annotated as fructose-1,6-bisphosphatase, could include the sucrose hexokinase (LOC_0Os05g09500) (Cho
be related to the higher level of fructose in leaf tissue in et al, 2006), expressed at lower levels in the SH weed than
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TABLE 4 | Oryza differentially expressed genes with potential associations with the observed phenotypic differentiation.

Rice transcript Rice gene description References MapMan bin Type Comparisons?
N-response genes
LOC_0s01g48960.1 Glutamate synthase, chloroplast precursor, Obertello et al., 2015 N-metabolism.ammonia metabolism.glutamate synthase DEG rr20 > sau76®
putative, expressed (12.2.1)
LOC_0s04g56400.1 Glutamine synthetize, catalytic domain containing Obertello et al., 2015 N-metabolism.ammonia metabolism.glutamine synthase DEG rr09 > sin11, rr09 > rr20,
protein, expressed (12.2.2) sin11 < sau76
Sugar and sugar derivative pathways/signals
LOC_0s01g64660.1 Fructose-1,6-bisphosphatase, putative, Zhu et al., 2018; Wang PS.calvin cycle.FBPase (1.3.7) DEG rr09 > sin11, 09 > rr20,
expressed et al., 2020 sin11 < sau76
LOC_0s05g09500.1 Hexokinase, putative, expressed Cho et al., 2006 Major CHO metabolism.degradation.sucrose.hexokinase DEG rr09 < sin11, sin11 >
(2.2.1.4) sau76
LOC_0s03g07480.1 Sucrose transporter, putative, expressed Chen et al., 2019 Transport.sugar.sucrose (34.2.1) DEG rr09 < sin11, rr09 > rr20
LOC_0s03g22120.1 Sucrose synthase, putative, expressed Chen et al., 2019 Major CHO metabolism.degradation.sucrose.Susy (2.2.1.5); DEG sin11 > sau76
LOC_0s03g52460.1 Glucose-1-phosphate adenylyltransferase large Lépez-Gonzélez et al., Major CHO metabolism.synthesis.startch.AGPase (2.1.2.1) DEG rr09 > rr20
subunit, putative, expressed 2019; Meng et al.,
2019
LOC_0s04g53310.1 Soluble starch synthase 3, chloroplast precursor, Kharabian-Masouleh Major CHO metabolism.synthesis.startch.starch synthase DEG rr09 > rr20
putative, expressed etal, 2011; (2.1.2.2)
Lépez-Gonzalez et al.,
2019
LOC_0s06g06560.1 Starch synthase, putative, expressed Lépez-Gonzélez et al., Major CHO metabolism.synthesis.startch.starch synthase DEG rr09 > sin11, rr09 > rr2
2019 (2.1.2.2)
LOC_0Os06g14510.3 Glucose-6-phosphate isomerase, putative, Bagnaresi et al., 2012 Glycolysis.plastid branch.glucose-6-phosphate isomerase DEG rr09 > rr20
expresse (4.2.3)
LOC_0s06g22060.1 Pyrophosphate—fructose 6-phosphate Chen et al., 2020 Not assigned.unknown (35.2) DEG 09 > 120, sin11 > sau76
1-phosphotransferase subunit alpha, putative,
expressed
LOC_0s07g22930.3 Starch synthase, putative, expressed Lopez-Gonzélez et al., Major CHO metabolism.synthesis.startch.starch synthase DEG rr09 > sin11, rr09 > rr20
2019 2.1.2.2)
LOC_0s10g32810.1 Beta-amylase, putative, expressed Kim et al., 2017 Major CHO metabolism.degradation.starch.starch DEG rr09 > sin11, rr09 > rr20
cleavage.beta.amylase (2.2.2.1.2)
LOC_0s11g07020.1 Fructose-bisphospate aldolase isozyme, putative, Zhou et al., 2017 PS.calvin cycle.aldolase (1.3.6) DEG rr09 > sin11, rr20 <
expressed sau76, 09 > rr20, sin1l1 <
sau76
LOC_0s11g24240.1 Sinapoylglucose choline sinapoyltransferase, Campo et al., 2014 Not assiggned.unknown (35.2 transcript rr09 vs. rr20
putative, expressed present in
rr20 and
absent in
09
LOC_0s12g20150.1 Phosphoglucan, water dikinase, chloroplast Mahlow et al., 2016 Major CHO metabolism.degradation.starch.glucan water DEG rr09 > sini1
precursor, putative, expressed dikinase (2.2.2.3)
LOC_0s08g02120.1 Kinase, pfkB family, putative, expressed Zhang et al., 2016 Major CHO metabolism.degradation.sucrose.fructokinase DEG rr20 > sau76

2.2.1.1)

(Continued)
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TABLE 4 | Continued

Rice transcript Rice gene description References MapMan bin Type Comparisons?
Plant growth
LOC_0s03g19520.2 Cyclin-related protein, putative, expressed Liu et al., 2016 Cell.cycle (31.3) DEG rr20 < sau76, sin11 <
sau76
LOC_0s03g54084.1 Phytochrome C, putative, expressed Pareek et al., 2006 Signaling.light (30.11) DEG sin11 > sau76
Phytohormone
LOC_0s01g48060.1 Auxin response factor, putative, expressed Zhang et al., 2018 RNA.regulation of transcription.ARF, Auxin Response Factor DEG sin11 < sau76
family (27.3.4)
LOC_0s02g57250.1 OslAA10—Auxin-responsive Aux/IAA gene family Hoang et al., 2019 RNA.regulation of transcription.Aux/IAA family (27.3.40) DEG rr09 < sin11
member, expressed
LOC_0s03g22270.1 Auxin-repressed protein, putative, expressed Arenhart et al., 2014 Not assigned.unknown (35.2) DEG rr09 < sini1
LOC_0s03g53150.1 OslAA13—Auxin-responsive Aux/IAA gene family Kitomi et al., 2012 RNA.regulation of transcription.Aux/IAA family (27.3.40) DEG rr09 > sin11, rr09 > rr20
member, expressed
LOC_0s05g33900.1 Auxin-induced protein 5NG4, putative, expressed Arbelaez et al., 2017 Development.unspecified (33.99) DEG rr09 > sini1
LOC_0Os11g44810.1 Auxin-repressed protein, putative, expressed Arenhart et al., 2014 Hormone metabolism. DEG rr09 < sin11, rr09 < 20,
auxin.induced-regulated-responsive-activated (17.2.3); sin11 > sau76
development. unspecified (33.99); not assigned. unknown
(35.2)
LOC_0s02g43790.1 Ethylene-responsive transcription factor, putative, Bargsten et al., 2014; hormone metabolism.ehylene.signal.transduction (17.5.2) Transcript rr09 vs. sin11
expressed Zhang et al., 2017; present in
Malukani et al., 2019 sin 11 and
absent in
rr09
LOC_0s11g15040.4 S-adenosyl-L-methionine:benzoic acid/salicylic Hsieh et al., 2018 Hormone metabolism.salicylic acid.synthesis-degradation DEG rr09 < sin11, sin11 vs.
acid carboxyl methyltransferase, putative, (17.8.1) sau76
expressed
LOC_0s02g12890.1 Cytochrome P450, putative, expressed Xiu-mei et al., 2015 Hormone metabolism.auxin.signal transduction (17.2.2) DEG rr09 > sin11, rr20 > sau76
LOC_0s02g47510.1 9-cis-epoxycarotenoid dioxygenase 1, chloroplast Wang et al., 2015; Hormone metabolism.abscisic acid.synthesis- DEG rr09 < sin11
precursor, putative, expressed Borah et al., 2017 deggratdation.synthesis.9-cis-epoxycarotenoid dioxygenase
(17.1.1.1.10)
LOC_0s05g28740.1 Universal stress protein domain containing Sudo et al., 2008 Hormone metabolism.ethylene.induced-regulated- DEG rr09 < sin11, sin11 >
protein, putative, expressed responsive-activated sau76
(17.5.3)
LOC_0s05905680.1 1-aminocyclopropane-1-carboxylate oxidase, Yang et al., 2015 Hormone metabolism.ethylene.synthesis-degradation DEG rr09 < sin11, 09 < rr20
putative, expressed (17.5.1)
LOC_0s10g39140.1 Flavonol synthase/flavanone 3-hydroxylase, Galland et al., 2014 Hormone metabolism.ethylene.synthesis-degradation DEG rr09 < sin11, sin11 >
putative, expressed (17.5.1) sau76
LOC_0s03g08500.2 AP2 domain containing protein, expressed Gonzélez-Schain Hormone metabolism.ethylene.signal transduction (17.5.2) DEG rr09 < sini1
etal, 2019
LOC_0s08g26820.1 Plant protein of unknown function domain NA Hormone metabolism.ethylene.signal transduction (17.5.2) DEG rr20 > sau76
containing protein, expressed
LOC_0s03g28940.1 ZIM domain containing protein, putative, Jisha et al., 2015 Hormone metabolism.jasmonate.signal transduction (17.7.2) DEG rr20 > sau76

expressed

@ > or < signs are used in the comparisons to show which genotype expressed higher or lower.
b Bolded text highlights weed-cultivar comparisons.
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the crop (Table4, Supplementary Table15), two starch
synthase genes (LOC_0s07g22930 and LOC_Os06g06560)
(Lopez-Gonzalez et al, 2019) expressed more highly in
the SH weeds (Table4, Supplementary Table 15), a starch
cleavage gene (LOC_Os10g32810) (Kim et al, 2017) and
starch glucan water dikinase gene (LOC_Os12g20150)
(Mahlow et al, 2016), expressed more highly in the SH
weed (Table4, Supplementary Tables 14,15). In contrast,
fewer genes obviously involved in sugar metabolism were
differentially expressed in the BHA-aus weed-crop comparison
(Supplementary Table 15), with only one (LOC_Os08g02120)
(Zhang et al., 2016), a sucrose fructokinase, differentially
expressed in the whole sucrose-starch pathway (Table 4), even
though total sugar and fructose levels in leaves were also highly
differentiated in this weed-crop pair.

In our set of samples, faster growth rate and greater height
in weeds seemed primarily driven by SH in comparison to
indica crops (Figures 1, 2, Supplementary Table 2), and height
maybe driven in part by the occurrence of semi-dwarf indica
cultivars, of which sinll is likely one. Determining the type
of loci likely to affect growth rate is less straightforward, but
phytohormones, including auxin and ethylene, can trigger
phytochrome-interacting factors (PIFs) (Leivar and Quail, 2011),
which in turn regulate plant growth (Liu et al., 2011; Stewart et al.,
2011), making phytohormone-related genes good candidates.
Our literature searches implicated several phytohormone genes
differentially expressed in SH vs. indica (Table4), including
five auxin related genes (LOC_0s02g57250, LOC_0Os03g22270,
LOC_0s03g53150, LOC_0s05g33900 and LOC_Os11g44810)
(Kitomi et al., 2012; Arenhart et al., 2014; Arbelaez et al., 2017;
Hoang et al, 2019), one ethylene gene (LOC_0Os02g43790)
(Bargsten et al., 2014; Zhang et al., 2017; Malukani et al., 2019),
and one salicylic acid gene (LOC_Os11g15040) (Hsieh et al.,
2018). Several other DE phytohormone genes were found
assigned to the hormone metabolism MapMan bin (Table 4,
Supplementary Table 15), including LOC_0s02g12890, a
cytochrome P450 gene related to auxin signal transduction (Xiu-
mei etal., 2015), LOC_Os02g47510, a gene related to abscisic acid
(Wang et al., 2015; Borah et al., 2017) and ethylene related genes
(LOC_0s05g28740, LOC_0s05g05680, LOC_0s10g39140 and
LOC_0s03g08500) (Sudo et al., 2008; Galland et al., 2014; Yang
et al., 2015; Gonzélez-Schain et al., 2019). We detected fewer
growth-related DE genes in the BHA-aus comparison (Table 4,
Supplementary Table 15), but note a cyclin related protein
gene (LOC_0s03g19520) (Liu et al, 2016), which has been
implicated in abaxial-side leaf development, and two hormone
metabolism genes (LOC_0Os08g26820 and LOC_0s03g28940)
(Jisha et al., 2015).

DISCUSSION

Weedy Rice Lineages Have Not Evolved a
Single Vegetative Weed Phenotype

Weeds compete for space and nutrients starting early in their
vegetative growth stages. Such vegetative competitiveness can
be manifested through various traits such as fast growth,

increased biomass, better nutrient uptake, and more efficient
metabolism. Although weedy rice is often described as being
more competitive than cultivated rice, to our knowledge no
studies have investigated how weedy rice lineages from different
and known genetic backgrounds compare amongst themselves
and how they compare with their crop ancestors in terms of
vegetative traits that could enhance competitiveness. In an effort
to determine how traits at the vegetative stage and possible
underlying genes differ between cultivated rice and its related
noxious weed, we characterized a panel of weedy and cultivated
Oryza from different geographic regions and ancestry (Figure 1).
We found much variation among weedy rice groups in how
their vegetative traits compared to non-weedy groups, indicating
that there is no single vegetative phenotype that characterizes
weedy rice.

This variation in traits is evident at various levels. For
example, despite some overlap in ancestry, South Asian and
US weeds do not show similar trends in vegetative traits when
compared to aus and indica cultivars (Table 2 and Figure 2).
Additionally, weedy lineages within each world region also show
divergence in some traits. For example, US weedy rice grows
taller and has a higher growth rate in the vegetative stages we
characterized than cultivars we examined (Table 2), however, this
trend seems to be driven primarily by SH weeds at this stage
(Figure 2). US weeds also contain more fructose and total sugars
in leaves, a trend also likely driven by SH weeds (Figure 2).
Interestingly, these enhanced growth traits in US weeds occur
even while containing less total nitrogen in above ground tissue
than cultivars (Table 2, Figure 2), which could indicate more
nitrogen use efficiency. Unlike US weeds, SA weeds taken as
a whole do not seem to perform differently from cultivars in
measured traits, except for a somewhat faster developmental time
that seems specific to cultivar-derived weeds (Table 2, Figure 3,
Supplementary Table 3). It is possible that the more hand-
intensive farming practices in South Asia could select for weedy
rice that is less distinguishable from the crop. Overall, however,
no single measured trait stands out as indicative of all weedy
groups, suggesting that none of the traits we studied are essential
for the origin and evolution of all weedy rice lineages.

Although greater nitrogen accumulation has been previously
proposed to be a characteristic of weedy rice (Burgos et al,
2006; Sales et al., 2008), our study shows that there is no
nitrogen-related phenotype that characterizes all weedy rice in
our panel. Nitrogen content differed significantly only between
US weeds and cultivars, and, in this case, there was evidence
for lesser rather than greater accumulation in weeds (Table 2,
Figure 2). Nitrogen accumulation in plants may differ under
direct competition conditions (Chauhan and Johnson, 2011),
which our plants were not subjected to, or when nitrogen is
scarce (Burgos et al., 2006), which may account for different
reports of nitrogen content in weedy rice. However, we urge
caution in assuming that more efficient nitrogen assimilation is
a hallmark adaptive trait in weedy rice, and recommend that
this trait needs to be evaluated in each independently evolved
weedy rice group. More remarkable than total nitrogen content
is the high growth rate exhibited by US weedy rice, despite lower
N accumulation.
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Among the weedy lineages we studied, weedy rice with
primarily wild ancestry is the rarest, having only been detected in
South Asia so far (Huang et al., 2017), though wild contributions
to weedy rice via hybridization have been detected elsewhere
(Vigueira et al., 2019). However, this type of weedy rice was
striking in its high levels of CHOs (glucose, fructose, sucrose and
starch) in leaf tissue (Table 2) compared to other groups. High
fructose and total sugars were also evident for the SH group of
US weeds. As CHOs are the major sources of energy supply, high
levels could be indicative of higher early vigor in weeds (Zhang
et al., 2012). For example, high levels of soluble sugars in corn
stalks have been correlated to plant vitality (Mortimore and Ward
1964). In both of these weed groups, the higher CHO content
co-occurs with faster growth rate. Various other studies also
have reported that sugar levels are a determinant of vegetative
growth levels (Deprost et al., 2007; Smeekens et al., 2010; Robaglia
et al,, 2012), such as longer leaf phenotypes (Hakata et al., 2012),
and sugar metabolizing enzymes and sugar transporters have
been discovered to interconnect with plant growth (Tiessen and
Padilla-Chacon, 2012). Sugar availability in leaf tissue is also a
major sensor to regulate cell divisions, a necessary process in
plant growth (Osuna et al., 2007; Usadel et al., 2008). Thus,
the high levels of sugars in wild-like weeds may represent a
near-unique vegetative advantage in this group.

Faster plant growth has long been considered as an important
factor of plant competitiveness (Lastdrager et al., 2014), since
when competing for scarce resources including nutrients and
light, faster growth is beneficial. The fact that this trait was not a
universal feature of weedy groups in our study is thus surprising.
Likewise, photosynthesis-related traits (SPAD, chlorophyll and
photosynthetic rate), thought to enhance growth, did not seem
remarkable across weedy rice lineages in this study.

Some important caveats of our study include the small
number of genotypes characterized per Oryza and ancestry
group, which was due to growth chamber size limitations and
the extreme labor-intensiveness of the traits collected. While we
worked with accessions typical of their populations based on
genetic assessment, more robust conclusions would be obtained
with a greater number of samples. Additionally, it should
be noted that we focused primarily on traits in weeds and
how they compare to their ancestral cultivar lineages, rather
than performance under field conditions. Some traits and gene
expression patterns could change under field conditions affected
by the presence of biotic or abiotic stresses, or under direct
competition conditions due to changes in resource distribution.
Additionally, under field conditions, weeds and crops will be
growing closely, giving rise to possible interactions via allelopathy
or rhizospheric microorganisms. It should also be noted that the
exact cultivar weedy rice will compete with can vary widely from
field to field. SA weeds should most often directly compete with
aus and indica cultivars. However, US weeds are most likely to
compete with tropical japonica cultivars, a completely different
evolutionary lineage, as this is the main group grown in the US.
How vegetative traits in SH and BHA weeds compare to tropical
japonica is not examined here, but our results suggest that,
for most traits we studied, divergence in weeds from ancestral
cultivars has been minimal.

Differentially Expressed Genes Between
Weedy Rice and Cultivated Ancestors
Differ Among Weedy Lineages

The genetic changes that make the transition from cultivated
rice, which is under constant human selective pressure, to weedy
rice are key to understanding the repeated evolution of this
noxious weed. We thus examined patterns of gene expression
in US weeds and their cultivated ancestors, and searched for
convergence that could possibly indicate common genetic
mechanisms in the evolution of weed vegetative competitiveness.
Our consistent results showing less expression differences in
weed-crop pairs compared to crop-crop or weed-weed pairs
indicate that the gene expression divergence needed to evolve
from a cultivated plant to an agricultural weed is not as great
as that occurring between Oryza accessions of historically
diverged lineages. This is evident in the numbers of differentially
expressed transcripts  (Supplementary Tables 7-10), the
number of significantly enriched biological process GO
terms (Supplementary Table 13) and overall functional
bins with DE genes (Supplementary Table14). The aus
and indica lineages are thought to have diverged 12,000
years ago (Civan et al, 2015; Choi et al., 2017), while weed-
crop divergence for both SH and BHA occurred after the
establishment of agriculture (Reagon et al., 2010; Li et al,
2017), thus gene expression differentiation among our Oryza
pairs seems more highly correlated with time of divergence
rather than whether plants have a cultivated or weedy status,
suggesting that only modest genetic changes are necessary for
weed adaptation.

Despite the modest number of DE genes between weeds and
crop ancestors, we searched for genes that could be involved
in sugar assimilation, growth, and nitrogen accumulation—the
traits we found to show the greatest differentiation between US
weedy rice and crops. Different nitrogen related genes showing
differential expression were found in each weed-crop comparison
(Table 4), but these nevertheless provide candidates that may
account for the one physiological trait showing convergence
between SH and BHA weeds.

Among the several DE genes possibly correlated with
sugar-mediated plant growth regulation were genes related
to the synthesis of fructose, sucrose, and starch (Table 4;
Supplementary Table 15). Consistent with observed phenotypic
values, most sugar pathway genes were differentially expressed
between the SH weed and indica, suggesting that changes in sugar
metabolism may be primarily implicated in the adaptation of the
SH weedy group.

Despite the inherent difficulties in defining genes that are
involved in a complex trait like growth rate and plant height,
we found several phytohormone and growth-related candidate
genes that differ between US weeds and crops (Table4). As
for sugars, gene expression differences were more common for
SH weedy rice and indica, which, along with the observed
phenotypic differentiation between these groups, leads us to
suggest that more evolutionary change has occurred in the
transition to weediness in SH than it has in BHA. This is
curious, given that SH is thought to have a more recent origin
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than the BHA weed group (Reagon et al., 2010). It is possible
that indica cultivars harbor phenotypes that are less adaptive
for weedy rice, thus requiring greater evolutionary change in
weed-adaptive traits. A similar explanation has been proposed
for the evolution of shattering in US weed groups, with SH
weedy rice showing less phenotypic overlap in this trait with
indica cultivars, compared to BHA weedy rice and aus cultivars
(Thurber et al., 2010, 2013).

CONCLUSIONS

The adaptation of agricultural weeds to crop fields has
been thought to comprise many traits that could enhance
competitiveness of weedy plants, collectively sometimes
considered a “weed syndrome” (Vigueira et al., 2013). The
remarkable recurrent evolution of weedy rice around the
world (Ziska et al., 2015, Huang et al., 2017) offers a unique
opportunity to determine which traits contribute consistently
to weedy rice adaptation. Our finding of no overlap in various
growth and physiological traits, nor in gene expression patterns,
among independently evolved weedy rice lineages suggests
that the vegetative traits we studied here may not be as
universally crucial to weedy rice success. This is in contrast to
the reproductive traits of seed shattering and seed dormancy,
which have been found to occur in most populations of weedy
rice around the world (Ziska et al., 2015). We caution that the
presence of a single strategy for vegetative growth should not
a priori be assumed for weedy rice. To better understand the
circumstances that lead to the evolution of weedy groups, we
encourage careful characterization to ascertain the adaptive
traits comprising the weedy syndrome in each separate weedy
rice lineage, as well as further expansion of such weedy
rice comparative studies to other environmental conditions,
including direct competition.
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