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25 Abstract

26  Background: C4 photosynthesis is a remarkable complex trait, elucidations of the
27  evolutionary trgjectory of C4 photosynthesis from its ancestral C; pathway can help us
28 to better understand the generic principles of complex trait evolution and guide
29  engineering of Cz crops for higher yields. We used the genus Flaveria that contains Cs,
30 C3-C4, Cylike and C,4 species as asystem to study the evolution of C, photosynthesis.
31 Results: We mapped transcript abundance, protein sequence, and morphological
32 featuresto the phylogenetic tree of the genus Flaveria, and calculated the evolutionary
33  correlation of different features. Besides, we predicted the relative changes of ancestral
34 nodes of those features to illustrate the key stages during the evolution of C,
35 photosynthesis. Gene expression and protein sequence showed consistent modification
36  pattern aong the phylogenetic tree. High correlation coefficients ranging from 0.46 to
37 0.9 among gene expression, protein sequence and morphology were observed, and the
38  greatest modification of those different features consistently occurred at the transition
39  between C3-C, species and C,-like species.

40  Conclusions: Our data shows highly coordinated changes in gene expression, protein
41 sequence and morphological features. Besides, our results support an obviously

42  evolutionary jJump during the evolution of C4 metabolism.

43
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46 Background

47 Elucidating the evolutionary and developmental processes of complex traits
48 formation is a major focus of current biological and medical research. Most health
49  related issues, including obesity and diabetes, as well as agricultural challenges, such as
50 flowering time control, crop yield improvements, and disease resistance, are related to
51 complex traits [1-3]. Currently, genome-wide association studies are used to study
52  complex traits. Putative genes or molecular markers of importance are then evaluated
53 by a reverse genetics approach to identify those influencing the complex trait. C,
54  photosynthesisisacomplex trait that evolved from C; photosynthesis. When compared
55  with C3 plants, C, plants have higher water, nitrogen and light use efficiencies [4].
56 Interestingly, C; photosynthesis has evolved independently more than 66 times,
57  representing a remarkable example of convergent evolution [5]. Accordingly, Ca
58 evolution is an ideal system for investigation of the mechanisms of convergent

59  evolution of complex traits.

60 C,4 photosynthesis contains a humber of biochemical, cellular and anatomical
61 modifications when compared with the ancestral Cs photosynthesis [6, 7]. In Cs
62  photosynthesis, CO, is fixed by ribulose-1,5-bisphosphate carboxylase/oxygenase
63  (Rubisco), whereas in dual-cell C4 photosynthesis, CO, is initially fixed into a
64  four-carbon organic acid in mesophyll cells (MCs) by phosphoenolpyruvate
65 carboxylase (PEPC) [8]. The resulting four-carbon organic acid then diffuses into the

66  bundle-sheath cells (BSCs) [9], where CO; isreleased and fixed by Rubisco. Hence, Cy4
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67  photosynthesis requires extra enzymes in CO, fixation in addition to those already
68  functioning in C3 photosynthesis, including PEPC, NADP-dependent malic enzyme
69 (NADP-ME), and pyruvate, orthophosphate dikinase (PPDK) [8]. In dual-cell C,
70  photosynthesis, CO, is concentrated in enlarged BSCs that are surrounded by MCs,
71  forming the so-called Kranz anatomy [10-12]. Compared with C; leaf anatomy, Kranz
72 anatomy requires a spatial rearrangement of MCs and BSCs, cell size adjustment for
73 increased numbers of organelles, larger organelles and metabolite transfer between the

74  two cell types, and areduction in distance between leaf veins.

75 Much of the current knowledge regarding the evolution of C4 photosynthesis was
76  ganed through comparative physiological and anatomical studies using genera that
77  have not only Cz and C, species, but also species performing intermediate types of
78  photosynthesis [7, 13]. Among these, Flaveria has been promoted as a model for C,
79  evolution studies [14], and the evolution of C,-related morphological, anatomical and
80  physiological features has been well studied in this genus over the last 40 years [14-17].
81  Though the molecular evolution of several key C4 enzymes were reported in this genus
82  [18-20], however, the molecular evolution of C, related features is large unknown.
83 Besides, the evolutionary relationship of the C, related molecular features and
84  morphology featuresis not clear so far. In this study, we combined transcriptome data
85  and published morphology data, together with the most recent phylogenetic tree of the
86 genus Flaveria [21], to systematicdly investigate the key molecular events and

87  evolutionary paths during the C4 evolution. Our results revealed that though many of
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88 the changes related to C, photosynthesis occurred gradually, there are strong

89  coordination and evolutionary jumps along the process.

90 Reaults

91 Transcriptome assembly and quantification

92 RNA-Seq data of 31 samples of 16 Flaveria species were obtained from the public
93 database Sequence Read Achieve (SRA) of the National Center for Biotechnology
94  Information (NCBI) (Table S1). The 16 species represented two Cs species, seven
95  C3-C4 intermediate species, three Cy-like species and four C,4 species [22, 23] (Table
96 S1). On average, 42,132 contigs (from 30,968 to 48,969) with lengths of no less than
97 300 bp were assembled for each of the 16 species. The N50 of these contigs ranged
98 from 658 to 1208 (Table S2). The 16 species had a similar contig length distribution,
99  with apeak at around 360 bp (Fig. S1). Since Flaveria is a eudicot genus, we used
100 Arabidopsis thaliana (Arabidopsis) as reference to annotate Flaveria transcripts. On

101  average, 58.91% of Flaveria contigs had orthologous genes in Arabidopsis.

102 Transcript abundance was calculated as fragments per kilobase of transcript per
103  million mapped reads (FPKM) (see Methods). The tota transcriptome-level
104  comparison revealed higher Pearson correlationsin overall transcript abundance in leaf
105  samples from the same species than those of different organs from the same species,
106  regardless of source (Fig. S2). Specifically, leaves from different developmental stages

107  or from different labs are more closely correlated than leaf samples from different
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108  species, or than mean values of pair-wise correlations across all 27 leaf samples (T-test,
109  P<0.05) (Fig. S3). Therefore, the mean FPKM value from multiple leaf samples was
110 assigned as the fina transcript abundance of the leaf for each species. Our
111 quantification showed that, in F. bidentis (C,4), transcripts from genes encoding
112  Cy-associated proteins were more abundant in leaf than in root and stem tissues (Fig.
113 $4), which is consistent with earlier reports [24, 25]. In contrast, in the C; species F.
114  robusta, the difference in transcript abundance of orthologous genes between leaf and
115  root/stem tissues was much less. Our data showed that NADP-ME is the dominant C,4
116  pathway in Flaveria species (Fig. S5). We also proved that all species used in this study
117  are from natural evolution and can be used for this evolutionary study (Fig. S6, see
118  Supplementary Results). As aresult, 13,081 Arabidopsis orthologues were detected in
119 at least one of the 16 Flaveria species, and 12,215 genes were kept with the maximum

120 FPKM in 16 species no less than 1 FPKM.

121  Cyrelated genes: genes showed differencein gene expression and protein

122 sequence between C; species and C,4 species

123 Wefirst identified C, related genes, which were defined as genes show difference
124  in both gene expression and protein sequence between C; and C, species. We first
125 caculated the differentially expressed (DE) genes between C; and C,4 species, which
126  resulted in 2,306 DE genes. We next investigated transcriptome-wide amino acid
127  changes predicted from orthologues of C;and C4 Flaveria species using the process

128  shownin Fig. S7 (Supplementary Methods). To estimate the accuracy of the predicted
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129  peptide sequences from our data, we conducted a comparative study of protein
130  sequences from UniProtKB (http://www.uniprot.org) with those from our data, we
131 found that our predicted peptide sequenceis as good as, if not better than, the sequence
132 from UniProtKB interms of accuracy (details see Supplementary Results and Table S3).
133  Asaresult, we obtained 1,018 genes encoding at least one amino acid change between
134 C; and C, Flaveria species. 205 out of these 1,018 genes also showed significantly
135  differentially expression (P<0.01) between Cz and C, species, which was termed as Cy4
136  related genes, 113 and 92 showed ascending and descending transcript abundance in C,

137  speciesrelative to Cz Flaveria species, respectively (Fig. S8).

138 We then investigated the degree of overlap of the 205 C4 genes from Flaveriawith
139  genes known or having the potential to be related to C4 photosynthesis or Csevolution
140 indifferent species, including Arabidopsis[26], (Fig. S9), Gynandropsis gynandra [27]
141 (Fig. S10), Setariaviridis[28, 29] (Fig. S11) and Zea mays (maize) [30] (Fig. S11 and
142  Fig. S12). Result showsthat the 205 genes are significantly enriched in those genes that
143  are potentially related to C4 photosynthesis or C, evolution (P<0.05, “BH” adjusted)

144  (details seethe Supplementary Results).

145 The C4related genes showed coor dinated and abrupt change along the C,

146  evolutionary pathway in the genus Flaveria

147 The 205 genes are significantly enriched in several gene ontology (GO) terms
148 including photosynthesis, photorespiration, photosynthetic light reaction,

149  photosynthesis electron transport in photosystem | (PSI), photosynthesis light

7
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150  harvesting in PSI, chloroplast, organic anion transport and oxidation-reduction (P<0.05,
151 Fisher’s exact test, “BH” adjustmented; Table S4). In the following sections, we
152  systematically discuss these genes and their changes during C,4 evolution in Flaveria
153  withregardto gene expression and predicted protein sequences. We first focus on genes
154  encoding proteins associated with C,; photosynthesis, then on genes related to the
155  enriched GO terms (Table $4), which satisfy the following two criteria: (1) more than
156 two predicted amino acid differences between C; and C,; species, and (2) fully
157 assembled predicted protein sequences from species belonging to all four
158  photosynthetic types: Cs, C3-Cq4, Cs-like and C4. In general, these genes were classified
159 into six categories according to the probable function of their cognate proteins, i.e., the
160 C,4 pathway, photorespiratory pathway, electron transport chain, membrane transport,
161  photosynthetic membrane, and oxidation-reduction.

162  Genes encoding proteins associated with the C, pathway

163 Nine genes encoding proteins associated with the C, pathway were identified,
164 including those encoding three C, cycle enzymes, PEPC, PPDK and NADP-ME, two
165  regulatory proteins, PPDK regulatory protein (PPDK-RP) and PEPC protein kinase A
166 (PPCKA), two aminotransferases, Alanine aminotransferase (AlaAT) and aspartate
167  aminotransferase 5 (AspAT5), and two transporters, BASS2 and sodium: hydrogen
168 (Na'/H") antiporter 1 (NHD1) (Table 1). In terms of protein sequence, the major
169  predicted amino acid changes in C, species occurred at N7 for all of the nine genes
170 (Figs. 1, 2, Figs. S13, Table 1). For example, PEPC in the C4 Flaveria species had 41
171  predicted amino acid changes compared with those in the Cz species, which were

8
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172  mapped onto the Flaveria phylogeny determined by Lyu et al. [21]. One of the
173  predicted changes occurred at N6 (D396 in C, species, hereafter D396), and 34
174  occurred at N7 (Fig. 1A). Thesix other predicted amino acid changes occurred at N7 or
175  after N7, although the incomplete assembly of PEPC transcripts from F. palmeri and F.
176  vaginata did not allow resolution of the predicted amino acid sequences. These results
177  suggest an evolutionary jump in the protein sequence at N7 for C, enzymes.

178 In terms of gene expression, al the nine genes showed higher transcript
179  abundance in C, species than in C; species and a comparable level in Cu-like and Cq4
180  species (Table 1). To calculate the relative gene expression changes of each ancestral
181 node, the FPKM values of each ancestral node were predicted and the relative
182  difference were calculated (see Methods). In general, C4 species showed a 7.6-fold to
183  123.6-fold of FPKM values compared with C; species. Similar to the pattern of changes
184  for protein sequences, seven of the nine genes showed that the biggest relative changes
185  of gene expression at N7. Whereas, both NADP-ME and AlaAT showed the biggest
186  relative changes at two nodes of N3 and N6 with comparable levels (Fig. 2A and Fig.
187  S13A). Our results hence suggested that the genes encoding proteins associated with C4
188 pathway showed highly coordinated modification patterns in protein sequence and
189 gene expression a N3, N6 and N7 during the evolutionary pathway of C,
190 photosynthesis; while the majority of the predicted amino acid changes occurs at the
191 N7.

192  Genes encoding proteins in the photorespir atory pathway

193 Transcripts encoding five proteins involved in photorespiration were identified in
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194  our comparative analyses: glycine decarboxylase complex (GDC) H subunit (GDC-H),
195 serine hydroxymethyltransferase (SHM), glycerate kinase (GLYK), glutamine
196 synthetase and glutamine oxoglutarate aminotransferase (GOGAT), and glutamine
197  synthetase-like 1 (GSL1) (Figs. 3, Table 1). In general, the predicted amino acid
198  substitution patterns of these five proteins were similar to those observed in the above
199  described proteins in C4 pathways, with the mgor predicted amino acid changesin C,
200  speciesoccurring at N7 (Figs 3, Table 1), e.g., 16 of 18 in GOGAT occurred at N7 (Fig
201 3D). Generaly, proteins in the photorespiratory pathway showed fewer predicted
202  amino acid changes than those in the C4 pathway.

203 The abundance of transcripts encoding the five photorespiratory enzymes
204  examined was comparable in Cz and C3-C,4 species, and higher than in the C4 species
205 (Figs. 3 A-E). Interestingly, we found a consistent pattern in transcript abundance that
206 paralleled thetrgectory of C4 evolution, with the highest, or the second highest FPKM's
207  found in the C3-C, species F. ramosissima and the lowest observed in the C, species.
208  For example, the FPKM values for GOGAT were 30.73 in F. robusta (Cs), 83.97 in F.
209 ramosissima (Cs-Cj), 56.95 in F. palmeri (Cs-like) and 27.27 in the C4 species F.
210  kochianain clade A. In clade B, the values changed from 30.73 in the C; F. robusta to
211 35.35in F anomala (Cs-Ca), 92.01 in F. pubescens (Cs-C,), and 26.27 in F. brownii
212  (Cy4like). Moreover, transcripts encoding photorespiratory enzymes exhibited at least a
213  1.5-fold difference between Cy-like species and C, species in clade A. Specifically,
214  when compared with F. kochiana (C,4), F. vaginata (Cs-like) showed a 1.55-fold
215  increasefor GOGAT (27.27 t0 42.23), a1.54-fold increase for GSL1 (86.99 to 133.59),

10
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216 and a 1.51-fold increase for GDC-H (37.06 to 56.06). F. palmeri displayed an even
217  larger fold-change relative to F. kochiana than F. vaginata (Figs. 3 A-E). Hence, when
218 compared with genes encoding C, pathway proteins, those encoding photorespiratory
219  proteins showed larger differences between Cy4-like and C4 speciesin clade A in terms
220  of gene transcript abundance and cognate protein sequence. The greatest reduction of
221 FPKM was observed uniformly at N7 (Figs. 3, Table 1). Thus, this suggested that the
222  genes encoded proteins associated with photorespiratory pathway also showed
223  coordinated changing pattern in protein sequence and gene expression during the
224 evolutionary pathway of C4 photosynthesis, again with the largest number of changes

225  occurring at N7.

226 Genesencoding proteinsinvolved in the electron transport chain

227 We identified genes encoding 12 proteins that function in the photosynthetic
228  electrontransfer chain, including ninerelated to cyclic electron transport (CET) (Fig. 4),
229 PSSl light harvesting complex gene 5 (Lhcab), post-illumina chlorophyll fluorescence
230 increase (PIFI) and cytochrome b561 (Cytb561). Transcripts encoding all 12 of the
231  proteinsshowed higher abundances in C4 speciesthan Cs species (Figs. 4, Table 1). The
232  genesencoding proteinsinvolved in CET showed the biggest changes at different nodes
233 instead of at a single node, e.g., the major changes of PGR5-like in FPKM and in
234  predicted protein sequences occurred at N6 and N7, respectively (Fig. 4A). Transcripts
235 encoding NdhL2 showed the biggest increase in abundance at N7, and two of four

236  predicted amino acid changes occurred before N5 (Fig. 4B); the major changes of

11
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237  Lhcab were observed a N5 (Fig. S14A). This suggested that the variation of CET

238  might have contributed to split of clade A and B in the Flaveria genus.

239  Genes encoding proteins associated with photosynthesis, transport, and

240  oxidation-reduction

241 Two geneslabelled in GO term as photosynthesis, namely, Rubisco activase (RAC)
242  and orthologue of AT5G12470 were identified. RAC showed the greatest decrease in
243  FPKM at N7, while nine out of eleven predicted modifications in its sequence were
244  acquired at N6 (Fig. S15A, Table 1). The orthologue of AT5G12470 in Flaveria,
245  (hereafter Flaveria-AT5G12470), a chloroplast envelope protein [31] potentially
246  involved in responses to nitrate levels [32], showed the greatest changes in transcript

247  abundance and predicted protein sequences at N7 (Fig. S15B, Table 1).

248 Transcripts encoding two transport proteins also displayed changes in FPKM and
249  predicted amino acid sequence in C, species and C3; Flaveria species, namely,
250  multidrug and toxic compound extrusion (MATE) protein and amino acid permease 6
251 (AAPS6) (Fig. S16A and B). AAPG6 was reported to be a high affinity neutral amino acid
252 transporter primarily expressed in sink tissue and xylem parenchyma cells, and
253  potentially responsible for taking up amino acids from the xylem and delivering them
254  tothe phloem [33-35]. The modifications in expression levels were observed at N9 for
255 MATE and N8 for AAPG, and the greatest modifications in predicted sequence were

256  observed a N6 and N7, respectively (Fig. S16, Table 1).

257 Transcripts encoding two proteins playing roles in oxidation-reduction showed

12
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258  changes between C, and C; species of Flaveria, namely, glutathione reductase (GR)
259  and sorbitol dehydrogenase (SorDH). GR showed the major enhancement of transcript
260  abundance at N3 and predicted amino acid changes at N6 and N7 (Fig. S17A, Table 1),
261  Similarly, the mgjor reduction of transcript abundance of and predicted amino acid
262  changesof SorDH showed at N7 (Fig. S17B). These results are consistent with studies
263  suggesting a pivotal role of redox status in the expression of genes encoding

264  photosynthetic proteins [36, 37].

265 Physiological and anatomical characteristicsrelated to C, photosynthesis

266  show coordinated changes along the C,4 evolutionary pathway in Flaveria

267 To investigate whether Cy-related physiological characteristics also underwent
268  coordinated changes during the evolution of C,; photosynthesis in Flaveria,
269 physiological characteristics taken from the literature [23, 38, 39] were mapped onto
270 theFlaveriaphylogeny (Fig. 5). Theresults revealed a step-wise change for most of the
271  characteristicsalong the phylogenetic tree as previously suggested [14, 23, 38, 39] (Fig.
272  5); however, coordinated and abrupt changes were observed for anumber of features. A
273 maor changein CO, compensation point (I') in Flaveria wasfirst seen at N3, where the
274  most ancestral Cs-C,4 species, F. sonorensis, was emerged which showed adecreasein T’
275  from 62.1 pbar of its closest C; relative F. robusta to 29.6 ubar (Fig. 5). The greatest
276  changesinIincladeA occurred at N6, which showed adecreasein I" from 24.1 pbar in
277  F angustifolia (C3-Cy) t0 9.0 pubar in F. ramosissima (Cs-C,), followed by N7, where a

278  decreaseinI from 9.0 pubar in F. ramosissima (Cs-C,) to 4.7 pbar in F. palmeri (C4-like)

13
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279  was seen. The greatest decrease of I' in clade B was observed between the two Cs-C,4
280  gpecies, F. floridana and F. chloraefolia (Cs-C,), where there was a decrease from 29
281 ubar to 9.5 pbar (Fig. 5). For photosynthetic water using efficiency (PWUE),
282  photosynthetic nitrogen using efficiency (PNUE) and the slope of the response of the
283  net CO, assimilation rate (A) versus Rubisco, the biggest changes occurred at N7 with
284  increases of around 2-fold. In contrast, the percentage of **C fixed into four carbon
285 acids showed no clear trend along the phylogenetic tree, although 3.91-fold and
286  1.76-fold increases were seen at N6 and N7, respectively. Interestingly, changesin all
287  of these traits uniformly occurred at F. brownii in clade B, the only Cy4-like species
288  within this clade. Consequently, those data suggest that although there were gradual
289  changesin physiological features along the Cs, Cs-Ca, Cs-like and C, trgjectory, there
290 are apparent jJumps a N3, N6 and N7 in these physiological traits along the Flaveria

291  phylogeny (Fig. 5).

292 Anatomical traits [14] were mapped onto the Flaveria phylogeny to investigate
293  how these features were modified along the evolution of C4 (Fig. 5). For both the area
294 of MCs and the ratio of the area of MCs to that of BSCs (M: BS), the greatest
295 modifications along the phylogeny were found between F. brownii (C4-like) and F.
296 floridana (Cs-C4), with asimilar degree of change for both characteristics (2.7-fold, Fig.
297  5). Anatomical datafor F. palmeri (C4-like) in clade A are not available; however, large
298 differences in anatomical features were found between the C4-like F. vaginata and
299 Cs-C4 F ramosissma [14]. The modification of M area first occurred at N2 which

300 showed a 1.9-fold difference (compare 4045 m? in F. robusta to 2035.7 m? in F.
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301 cronquistii) followed by a 2.1-fold of difference between F. ramosissima and F
302 vaginata (compare 1600.1 m? in F. ramosissima and 748.7 m? in F. vaginata). The
303 maor modification of the ratio of M and BS occurred at N3 with a 2.4-fold difference
304 (compare 6.6 m® in F. robusta and 2.8 m? in F. sonorensis) and N6 with a 1.6-fold
305 difference (compare 4.4 m? in F. angustifolia and 2.8 m? in F. ramosissima) and
306 between F. ramosissima and F. vaginata (1.4 m?) with a 2-fold difference. Therefore,
307 dsmilar to the evolutionary pattern of physiological features, large changes in
308 anatomical features also emerged at N3, N6 and the transition between Cs-C, species
309 and Cg-like species. Interestingly, the ultrastructure of BSCs chloroplasts showed an
310  abrupt changeat N7, with adramatic decreasein granathylakoid length and an increase
311 instromathylakoid length, whereas these features were comparablein the species at the
312  baseof treeand in clade B [40]. These findings are consistent with the observation that
313 the abundance of transcripts encoding proteins involved in CET increased more in
314 clade A species than in clade B species, as described above. These results imply that
315 CET only increased in clade A species, which may be a key factor determining the

316 possibility of forming C, species from the C3-C,4 intermediate species.

317 Coordinated change of protein sequence, gene expression and mor phology
318 with an evolutionary jump at the transition between C5-C4 and Cy4-like

319 species along the species evolution

320 Our above analysis showed that C, related features showed coordinated changes

321 with an obvious abrupt change at N7. Next, we asked whether species evolution also
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322 showed evolutionary coordination and jump(s) along the species evolution in protein
323  sequence, gene expression and morphology. To answer this question, we calculated the
324  divergence matrics for protein sequence, gene expression, and morphological features
325  between F. cronquistii (at the most basal place in the Flaveria phylogenetic tree) and
326 other Flaveria species. The protein divergence was calculated as the rate of
327  non-synonymous substitutions (dN) of all the genes that were used to construct the
328 Flaveria phylogenetic tree from [21]; and expression divergence as Euclidean distance
329 of total expressed genes (see Methods); and morphology divergence as Euclidean
330 distance using previously coded morphology value from [41], which includes 30 types
331 of morphology traits, such as life history, leaf shape, head types and so on. Our data
332 showed a high linear correlation between the protein divergence, gene expression
333 divergence and morphology divergence, in particular between gene expression
334 divergence and morphology divergence (R?*=0.9) (Figs. 6A-C), suggesting a
335  coordinated evolution of protein sequence, gene expression and morphology in species
336  evolution.

337 Next, we predicted the protein sequence, transcript abundance and coded
338 morphology value of ancestral nodes, which were then used to calculate the relative
339 change of the three parameters at each node (see Methods). Surprisingly, protein
340  sequence and gene expression showed significantly more changes at N7 than changes
341  at other nodes (P<0.001, Tukey'stest, “BH” adjusted , thesame asfollowing), and the
342  morphology showed the most changes at N7 with a margina significant P value
343 (P=0.06), implying a evolutionary coordination and jump also occurred in species
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344  evolution.

345 Consider that N7 is the most recent common ancestor of C4 and C4-like speciesin
346 cladeA, where C4-like and C,4 species are comparable with respect to the C4-ness (Figs.
347  6), it may be possiblethat the C, photosynthesis accel erate the evolution of species. We
348  theninvestigate how much total species variances can be explained by C, related genes.
349  Principle component analysis (PCA) showed that species derived from N7 were
350 distinguished from other species (Figs. 7), which is consistent with the evolutionary
351 jump at N7. The first component of the 205 C, related genes account for 38% of total
352  variance (Fig. 7C), more than the dataset of genes that expressed in all species (8004
353  genes), which account for 32% of total variance (Fig. 7A), and the DE genes account
354  for 27% of total variance (Fig. 7B). Moreover, the 205 C,4 related genes showed same
355 evolutionary pattern with the total expressed genes and DE genes, which had the
356  bhiggest changes at N7 (Figs. 7) (P<0.001), Thisraisesthe possibility that the evolution
357 of species in the Flaveria genus might be mainly driven by the evolution of C,4
358 photosynthesis. This is not surprising considering the generally higher light, nitrogen
359  and water use efficiency in C4 photosynthesis as compared with C; photosynthesis. It is
360 highly likely that many parameters related to growth, development and responses to

361 environmentsdiffer between species with these two different photosynthetic pathways.
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362 Discussion

363  Evolutionary coordination of different featuresimpliesa purifying

364 sdlection towardsa functional C, metabolism

365 Compared with C; photosynthesis, C4 photosynthesis acquired many new features
366 ingene expression, protein sequence, morphology and physiology (Figs. 1-6) [42]. We
367 interpret these coordinated changes as aresult of astrong purifying selection at this step.
368 This is because though C; photosynthesis can gain higher photosynthetic energy
369 conversion efficiency, highly specialized leaf and cellular anatomical features and
370  biochemical properties of the involved enzymes are required. For example, increased
371  cell wall thickness at the bundle sheath cell and decreased sensitivity of PEPC to malate
372  inhibition are needed for C, plants to gain higher photosynthetic rates [43, 44].
373  Furthermore, to gain higher photosynthetic efficiency in C4 plants, the ratio of the
374  quantities of Rubisco content in BSCsand MCsis also critical [45]. In theory, if the C,4
375 decarboxlyation isin place occurs before al other accompanying features, leaves will
376  experience high leakage, i.e., costing ATP for a futile cycle without benefit to CO;
377  fixation. Thiswill inevitably lead to lower quantum yield and a potential driving force
378  for purifying selection. Further evidence for possible purifying selection comes from
379 the observation that genes with cell-specific expression, such as PEPC, PPDK, and
380 NADP-ME, displayed more changes in their predicted protein sequences than
381 ubiquitously expressed genes, such as NDH components (Table 1, Additional file 3).

382 Thisisbecause, as discussed earlier, the redox environments between BSCs and MCs
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383  might have changed dramatically during the completion of the C, cycle, with one of the
384 most likely change being having a more acidic environment due to increased
385  production of Oxaloacetic acid (OAA) and malate. Under such conditions, it is required
386 for enzymes to ater their amino acid sequences to adapt to the new cellular
387 environments. The concurrent changes between gene expression divergence and
388  protein sequencedivergence has also been demonstrated previously in animals[46, 47],
389  which has been similarly proposed to reflect negative selection for the involved genes

390  [47].

391 Evolutionary jumpsalong the C4 evolution in the Flaveria genus

392 Among the nodes leading to the C, emergence in clade A, the N7 shows the
393  higgest change in protein sequence, gene expression and morphology in both C,4
394  gpecific features and also general features (Table 1, Figs. 1-7). There are also apparent
395 changesin these features at N3 and N6. These three nodes reflect three critical stages
396  during the emergence of C4 metabolism. First, a N3, there was a large degree of
397  changesin gene expression, protein sequence and morphology (Figs. 1 and 2). One of
398 the most important events during this phase is the re-location of GDC from MSCs to
399 BSCs based on earlier western blot data [13, 48]. Here we found that SHM showed
400  decreased expression while most of other photorespiratory related enzymes showed
401 little changes (Figs. 4). Similarly, at this step, the mgjority of the C, related genes
402  showed little changes (Figs. 1 and 2). In contrast, global survey of the gene expression,

403  protein sequence and morphology changes suggest that there is large number of
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404 changes at this step compared to earlier C3 species (Figs. 6 and 7), and there is also
405  great decrease of CO, compensation point at this stage (Fig. 5).

406 N6 is the stage where we found the third largest degree of changes occurred in C,4
407 related features. At this stage, we observed large increase in transcripts coding for
408 nearly al enzymes involved in nitrogen rebalancing (Figs. 1-3), photorespiration
409 related transcripts, and concurrent increase in transcripts encoding the other remaining
410  C4cycle-related enzymes, and adramatic increasein the percentage of **C incorporated
411 into the four carbon acids occurred (Fig. 5). The increase in transcript abundance in
412  photorespiratory genes might be related to the optimization of C, cycleto decrease CO,
413  concentrating point, which can increase fitness of plants under conditions favoring
414  photorespiration [49]. Thedramatic increase in enzymes related to nitrogen rebalancing,
415 i.e. PEPC, NADP-ME, PEPCKA etc, is consistent with the notation that C4 cycle might
416 beevolved asaresult of rebalancing nitrogen metabolism after GDC moving from MC
417  to BSC[17]. Thefact that thereislittle changein the §°C in the Cs-C,4 intermediate as
418 compared to that of C; species suggests that the contribution of CO; fixation following
419  C4pathway is relatively minor, i.e., less than 15% estimated based on an §*°C value of
420 -27.6 in F. ramosissma (Fig. 5), again supporting the initial role of increased C,
421 enzymes is not for enhancing CO; fixation. It is worth pointing out here that the
422 measured initia carbon fixation in the form of C, compound was 46% (Fig. 5), higher
423 than those estimated based on the §**C value. This is possibly because though malate
424  releases CO, into BSCsasaresult of the nitrogen rebalancing pathway, most of the CO,
425  was not fixed by Rubisco, either due to lack of sufficient Rubisco activity in BSCs or
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426  due to lack of required low BSCs cell wall permeability to maintaining high CO,
427  concentration in BSCs etc.

428 N7 witnesses abrupt changes for both the gene expression and proteins sequence
429  and morphology (Figs. 1-5, Fig. 6 D). The mgjority of the C, related genes showed the
430  most modification in gene expression and protein sequence at N7, especially for genes
431 in C4 cycle and photorespiratory pathway. Moreover, N7, where C,-like species (clade
432 A) appear, represents a dramatic shift of CO; fixation from being dominated by a C;
433  concentrating mechanism to being dominated by a C, concentrating mechanism. Based
434  onthed™Cvaluein F. palmeri, the fixation through the C, concentrating mechanism is
435  upto 93%, which is consistent with the measured proportion of initial carbon fixation
436 inthe form of C4, compound (Fig. 5), suggesting at this step, the released CO- in the
437  BSCs can be largely fixed by Rubisco. Whereas, the transition between Cy-like to Cq4
438  process is an evolutionarily "down-hill" process and most of optimization occurred

439  through fine-tuning expression abundance (Figs. 1- 4).

440 Conclusions

441 Combining transcript abundance, protein sequence, morphology features, here we
442  systemdtically evaluate the molecular evolutionary trgectory of C4 photosynthesis in
443  the genus Flaveria, in particular the clade A of the genus Flaveria. We found a clear
444  evolutionary coordination of different features. Our data also support evolutionary
445  jumps during the evolution of C, species, which reflect three mgjor steps during the

446  emergence of C, metabolism, including the pre-adaptation step where GDC moved
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447  from mesophyll cell to bundle sheath cell (N3), formation of C; nitrogen re-balancing
448 pathway and concurrent formation of a C4 pathway (N6), and dominance of C,
449  metabolic pathway (N7). The modification at N7 shows the biggest jump during the

450  emergence of C4 metabolism.

451 Methods

452 Dataretrieval

453 RNA-Seq data of Flaveria species were downloaded from the Sequence Read
454  Achieve (SRA) of the National Center for Biotechnology Information (NCBI)
455  (Supplementary Methods). All accession numbers for RNA-Seq data are shown in

456  Table S1.

457 CO, compensation points (I) (except for F. kochiana), 8*°C (except for
458  Fkochiana), %0, inhibition of Py (except F. kochiana), and CO, assimilation rates
459  were from [23]. T, 8" and %0, inhibition of F. kochiana were from [38]. Data for %
460 initial C4 products in total fixed carbon were from [50] . Data for PWUE, PNUE, and
461 net CO, assimilation rate (A) versus Rubisco content were from [38]. Datafor M area,
462  M:BS ratio, vein density and number of ground tissue layers were from [14]. The
463  valuesof M area, M:BSratio and vein density were measured from figures in McKown

464  and Dengler [14] with GetData (http://www.getdata-graph-digiti zer.com). Mean values

465  from five measurements were used. Ultrastructural data of BS cell chloroplasts were

466  from Nakamuraet al. [40].
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467  Transcriptome assembly and quantification

468 Transcripts of Flaveria species generated with Illumina sequencing were
469  assembled using Trinity (version 2.02) [51] with default parameters (Table S1). Contigs
470  of four Flaveria species from 454 sequencing data were assembled using CAP3 [52]
471  with default parameters. In all cases, only contigs of at least 300 bp in length were
472  saved. Transcript abundances of 31 Flaveria samples were analyzed by mapping
473  Illumina short reads to assembled contigs of corresponding species and then
474  normalized to the fragment per kilobase of transcript per million mapped reads (FPKM)
475 using the RSEM package (version 1.2.10) [53]. Functional annotations of Flaveria
476  transcripts were determined by searching for the best hit in the coding sequence (CDS)

477  dataset of Arabidopsisthaliana (Arabidopsis) in TAIR 10 (http://www.arabidopsis.org)

478 by using BLAST in protein space with E-value threshold 0.001. If multiple contigs
479  shared the same best hit in CDS reference of Arabidopsis, then the sum FPKM of those
480 contigs was assigned to the FPKM value of the gene in Flaveria. To make the FPKM
481 comparable across different samples, we normalized the FPKM value by a scaling
482  drategy asused by Brawand et al. [54]. Specifically, among the transcripts with FPKM
483  values ranking in 20%-80% region in each sample, we identified the 1000 genes that
484  had the most-conserved ranks among 29 leaf samples, which were then used as an
485 internal reference, and the transcript of each sample was normalized according to the
486  mean value of these 1000 genes in the sample. We then multiplied all the FPKM values

487  inall samplesby the mean value of 1000 genesin the 29 leaf samples (Fig. S2). Genes
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488  showing differential expression were identified by applying dexus (version 1.2.2) [55]

489 inR, with aPvalue less than 0.05.

490 Protein divergence, gene expression divergence and mor phology

491 divergence

492 Pair-wise protein divergence (dN) was calculated by applying codeml program in
493  PAML package [56] by using F3X4 condon frequency. The input super CDS sequence
494  was from the linked coding sequences (CDS) as used in construct phylogenetic tree of
495  Flaveria genus [21], which contains 2462 genes. Gene expression divergence was
496 calculated as Euclidean distance applying R package based on gene expression values
497  (FPKM) of 1,2218 genes. Encoded morphology values of 30 morphology traits were
498 from [41]. The morphology divergence was calculated as Euclidean distance of
499  morphology values. Expression and morphology values were normalized using
500 quantile normalization applying preprocessCore package in R. Linear regression of

501 pair-wise correlation was inferred apply Im function in R package.

502 Relative difference of each ancestral nodein the phylogenetic tree

503 The morphological characteristics, gene expression abundance, and protein
504  seguences at the whole transcriptomic scale were predicted using FASTML [57]. The
505 protein aignment was from [21]. Gene expression abundance and morphological
506 characteristics of all ancestral nodes were predicted by applying ape package of R

507  which uses a maximal likelihood method. For all C, related gene expression, protein
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508  sequences and physiological data, their values of the ancestral nodes were assigned to
509 those of the most recent species derived from the node.

510 Relative difference of protein sequence at each ancestral node was inferred by
511 comparing the sequence at this node (N) with the nearest preceding node of N (N[pre]),
512 e.g., the number of different amino acid between node2 (N2) with N1 isthe number of
513  changed amino acid at N2. The number of different amino acid changes divided by the
514  aligned length of the protein was calculated as relative protein difference for each gene.
515 Relative difference of gene expresson and morphology were calculated as (N
516  -N[pre])/N[pre]. In most cases, the nearest preceding node of N[i] is N[i-1], there are
517  two exceptions: the ancestral node of N11 is N5, and N10 is N8 (Fig. 7D). One-way
518 ANOVA analysis followed by Tukey’s Post Hoc test was used to cdculate the
519 dgnificance of relative difference between any two ancestral nodes. P values were

520 adjusted by Benjamin-Hochberg (BH) correction.

521 List of Abbrevations

522 A: CO2 assimilation rate; AAPG: protein and amino acid permease 6; AlaAT:
523  Alanine aminotransferase; AspAT5: aspartate aminotransferase 5; BSCs: bundle sheath
524 cdls; CET: cyclic electron transport; Cyth561: cytochrome b561; DE: differentially
525  expressed; FPKM: fragments per kilobase of transcript per million mapped reads;, GDC:
526  glycine decarboxylase complex; GLYK: glycerate kinase; GOGAT: glutamine
527  synthetase and glutamine oxoglutarate aminotransferase; GR: glutathione reductase;

528 GSL1: glutamine synthetase-like 1; Lhcab: PSI light harvesting complex gene 5;
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529  MATE: multidrug and toxic compound extrusion; MCs: mesophyll cells; NADP-ME:
530 NADP-dependent malic enzyme; NCBI: National Center for Biotechnology
531 Information; Ndh: NADH dehydrogenase-like; NHD1: sodium: hydrogen (Na+/H+)
532 antiporter 1; PEPC: phosphoenolpyruvate carboxylase; PIFI : post-illumina
533  chlorophyll fluorescence increase; PNUE: instantaneous photosynthetic nitrogen use
534 efficiency; PPCKA: PEPC protein kinase A; PPDK-RP: PPDK regulatory protein;
535  PPDK: pyruvate, orthophosphate dikinase; PSI: photosystem |; PWUE: instantaneous
536  photosynthetic water use efficiency; RAC: Rubisco activase; Rubisco:
537  ribulose-1,5-bisphosphate carboxylase/oxygenase; SHM: hydroxymethyltransferase;
538  SorDH: sorbitol dehydrogenase; SRA: Sequence Read Achieve; I': CO2 compensation

539  point;
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Supplementary Information:

Additional file 1: Includes supplemental methods, figures and tables

Additional file 2: The alignments of proteins

Additional file 3: 205 genes that showed differential expression and at least one amino
acid change between C; and C, species. The table includes the gene identifier,
expression fold-change and number of amino acid changes between C, and C; species.

Additional file4: FPKM of al genes
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759  Figurelegends

760 Figure 1. Madifications in phosphoenolpyruvate carboxylase and pyruvate
761 orthophosphate dikinase predicted protein sequences and transcript abundances
762  mapped to the Flaveria phylogeny.

763  The predicted amino acid changes in phosphoenolpyruvate carboxylase (PEPC) and
764  pyruvate orthophosphate dikinase (PPDK) between C, and C3 Flaveria species and the
765  transcript abundance (FPKM) of the genes encoding the proteins are shown. Only the
766 amino acid residues predicted to be different between C; and C; species are
767  superimposed on the schema of Flaveria phylogenetic tree modified from Lyu et al.,
768  2015. Thecolors of amino acid residues have no meaning and are only for visualization
769  purposes. Numbers below the amino acids indicate the location sites in the multiple
770  sequencealignments. FPKM values are shown to the right of the amino acid changes as
771 redbars. A: PEPC. B: PPDK. Protein sequences from UniprotK Pare: F. trinervia PEPC,
772  P30694; F. bidentis PPDK, Q39735; F. brownii PPDK, Q39734; and F. trinervia PPDK,
773  P22221. Sequence alignments are available in Additional file 2.

774

775 Figure 2. Modifications in NADP-malic enzyme, pyruvate orthophosphate
776  dikinaseregulatory protein and phosphoenolpyruvate protein kinase A predicted
777  protein sequences and transcript abundances mapped to the Flaveria phylogeny.
778  The predicted amino acid changes in NADP-malic enzyme (NADP-ME), pyruvate
779  orthophosphate dikinase regulatory protein (PPDK-RP) and phosphoenolpyruvate
780  protein kinase A (PPCKA) between C, and C; species and the transcript abundance
781  (FPKM) of the genes encoding the proteins are shown. Only the amino acid residues
782  predicted to be different between Cs and C, species are superimposed on the schema of
783  Flaveria phylogenetic tree modified from Lyu et al., 2015. The colors of amino acid
784  residues have no meaning and are only for visualization purposes. Numbers below the
785 amino acids indicate the location site in the multiple sequence alignments. FPKM
786  vauesarerepresented to theright of the amino acid changes asred bars. A: NADP-ME.
787  B: PPDK-RP. C: PPCKA. The sequence alignments are available in Additional file 2.
788

789 Figure 3. Modifications in photorespiratory protein predicted amino acid
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790  sequences and cognate transcript abundances mapped to the Flaveria phylogeny.

791 The predicted amino acid changes in photorespiratory proteins between C,; and Cs
792  Flaveria species and the transcript abundance (FPKM) of genes encoding the proteins
793  are shown. Only the amino acid residues that are predicted to be different between Cs
794  and C,4 species are superimposed on the schema of Flaveria phylogenetic tree modified
795  from Lyu et al., 2015. The marked colors of amino acid residues have no meaning and
796 are only for visualization purposes. Numbers below the amino acids indicate the
797  location site in the multiple sequence alignments. FPKM values are represented to the
798  right of the amino acid changes as red bars. A: glycine decarboxylase complex H
799  subunit (GDC-H); B: serine hydroxymethyltransferase (SHM); C: glycerate kinase
800 (GLYK); D: glutamine synthetase and glutamine oxoglutarate aminotransferase
801 (GOGAT); E, Glutamine synthetase like 1 (GSL1).

802

803 Figure 4. Maodifications in the predicted amino acid sequences of proteins
804 involved in cyclic eectron transport and transcript abundances of the cognate
805 transcripts mapped to the Flaveria phylogeny.

806 Changes in predicted amino acid sequence in proteins involved in cyclic electron
807 trangport and abundances (FPKM) of their cognate transcripts in C4 and C3 Flaveria
808  species are shown. Only the amino acid residues predicted to be different between Cs
809  and C, species are superimposed on the schema of Flaveria phylogenetic tree modified
810 from Lyu et al., 2015. The marked colors of amino acid residues have no meaning and
811 are only for visualization purposes. Numbers below the amino acids indicate the
812 location site in the multiple sequence alignments. FPKM values are represented to the
813  right of theamino acid changes asred bars. A: protein gradient regulation 5 like protein
814 (PGRS5-like); B: NADH dehydrogenase-like (Ndh) L2 subunit (Ndh L2); C: NdhV; D:
815 Ndh16; E: NdhU; F: NdhM; G: Ndh48; H: NdhB4; I: chlororespiration reduction 1.
816  The sequence alignments are available in Additional file 2.

817

818 Figure 5. Changes in physiological and anatomical traits mapped onto the
819 Flaveria phylogeny.

820 Overall, C4-related physiological (green and blue bars) and anatomical traits (orange
821 and red bars) showed astep-wise change along the Flaveria phylogenetic tree; however,

822 a number of the traits showed greater more significant changes at certain nodes.
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823 *Grana index: total length of grana/total length of thylakoid membrane X 100.
824  (Abbreviations: I': CO, compensation point; A: CO, assimilation rate; PWUE:
825 instantaneous photosynthetic water use efficiency; PNUE: instantaneous
826  photosynthetic nitrogen use efficiency; response slope: slope of the response of net CO,
827  assimilation rate versus leaf Rubisco content; M: mesophyll; BS: bundle sheath.) Data
828  arefrom references as given in the Methods.

829

830 Figure 6. Coordinated evolution of protein sequence, gene expression and
831 morphology with an obvious jump change

832 Significant linear correlation between protein divergence, gene expression divergence
833  and morphology divergence were showed in (A-C). Protein divergence was calcul ated
834  asnon-synonymous mutation (dN). Expression divergence and morphology divergence
835  were calculated as Euclidean distance based on quantile normalized FPKM values and
836  coded morphology values from Mckown et al., 2005, respectively. All the Mckown
837 relative divergences were the divergence between F. cronquistii and other Flaveria
838  gpecies. (D) Shows the relative difference of each ancestra node compared with its
839 earlier ancestral node in protein sequence, gene expression and morphology. The left
840  panel shows the schema of Flaveria phylogenetic tree modified from Lyu, et al., 2015.
841 Each ancestral node was numbered according to the evolutionary time. P values are
842 from One-way ANOVA analysis followed by Tukey's Post Hoc test and adjusted by
843  Benjamin-Hochberg correction. The significant levelsare: *: P<0.05; **: P<0.01; ***:
844  P<0.001. Thebar colorsin grey/blue/orange represent species from basal/clade A/clade
845 B of phylogenetic tree, respectively.

846

847  Figure7. Evolutionary pattern of C4related genes comparing with total expressed
848 genesand DE genes between Cz and C, speciesin gene expression

849 There dataset are (A) the total expressed gene (12215 genes), (B) differentially
850  expressed genes between C; and C, species (2306 genes) and (C) C, related genes that
851 showed difference between Cs; and C, species in both protein sequence and gene
852  expression (205 genes). All the three datasets showed that the biggest change of gene
853  expression occurred at N7 (left panels). Principle Component Analysis (PCA) showed
854 that species derived from N7 (species in the black frames in right panels) are
855  distinguished with other species, and the first component of the C, related genes
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856  account for 38% of the total variance, more than that of total expressed genes and DE
857 genes (right panels). The bar colors grey/blue/orange represent: species from
858 basal/clade A/clade B of phylogenetic tree.

859

860
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861 Tables
862  Table 1. Proteins showing differences in amino acid sequence between C; and C4

863 Flaveria species and therelative changesin their cognate transcripts

Orthologin Genes encoding |Mean FPKM | Length in Protein aa changes Stage of key |Stage of key
A Iha]?gna proteins (Ca4)/mean Fcro lengthiin A. total & Before Fter change(s) in | change(s) in
) involved in FPKM (Cs) | (Frob)* | thaliana (aa) chande(s N5 | at N5 | at N6 | at N7 N7 sequence FPKM®
Genein C4 pathway
AT3G14940 |PEPC 85.58 966 968 41 1 >=34 N7 N7
AT4G15530 |PPDK 1236 958 963 31 2 ;Eﬁpaa >=15 N7 N7
AT1G79750 |NADP-ME 26.64 647 646 27 1 8 18 N7 N3 and N6
AT4G21210 |PPDK-RP 757 402 403 13 1 4 7 N7 N7
AT3G04530 |PEPC-k 88.78 281 278 12 3 2 7 N7 N7
AT1G72330 |AlaAT 9.63 544 553 9 2 7 N7 N3anN6
AT4G31990 |AspATS 36.67 459 453 3 1 1 1 N7 N3and N7
AT2G26900 |BASS2 39.12 415 409 14 2 12 N7 N7
AT3G19490 [NHD1 51.19 576 576 15 2 13 N7 N7
Genein photorespiration pathway
6+2-aaINS + 5+ 2-aalNS
AT1G32470 |GDC-H 0.23 162 166 1.aaINS + 1.aalNS 1 N7 N7
AT4G37930 |SHM 0.16 517 517 8 3 5 1 N7 N7
AT1G80380 [GLYK 0.49 443 456 8 2 6 1 N7 N7
AT5G04140 |GOGAT 057 1616 1648 18 4 >=1 >=5 2 N7 N7
AT5G35630 [GSL1 0.08 430 430 8 3 1 2 1 N7 N7
Generelated to electron transport chain
. 2+17-aa
AT4G22890 |PGR5-like 71 328 324 10+17-aaINS 1 INS 7 N6 N7
AT1G14150 |NdhL2/PnsL2 371 190 190 4 2 1 1 before N5 N7
AT2G04039 |NdhVv 9.17 227 199 8 1 6 1 N6 N3
AT5G43750 | Ndh18/PnsB5 6.8 224 212 3 2 1 N6 N8
AT5G21430 |NdhU/CRRL 8.55 215 218 4 4 N6 N7
AT4G37925 |NdhM 7.01 209 217 3 1 2 N7 N8
AT1G15980 |Ndh48/PnsB1 8.6 465 461 7 1 4 2 N6 N7
AT1G18730 |NdhB4/PnsB4 88 182 174 5 1 2 2 N6 and N7 N7
AT5G52100 |CRR1 4.05 302 298 5 1 1 3 after N7 N3
AT1G45474 |Lhca5 135 268 256 5 3 1 2 N5 N3
AT3G15840 |PIFI 6.78 283 268 10 5 1 4 N5 an N7 N4
AT3G07570 bcgé‘fh”’me 599 373 369 6 1 1 3 1 N7 N3 and N4
Photosynthesis
AT2G39730 |RCA 0.47 475 474 1 9 2 N6 N7
responseto . 33+3-aa 11+3-aa | 22+2-aa
ATSGI2470 | itr atelevel 1003 82 386 INS+2-aaINS INS INS N7 N7
Transport
AT5G65380 |MATE 235 496 486 4 3 1 N6 N9
AT5G49630 |AAP6 352 472 481 4 1 3 N7 N8
Oxidation-reduction
AT3G54660 [GR 22 571 565 6 1 2 2 1 N6 and N7 N3
8 6 4 AT5G51970 | SorDH 0.31 362 364 3 3 N7 N7

865  “ proteinlength in Frob or in Fcroif the protein in Frob is not completely assembled. :
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The stages of key changein FPKM of each gene were determined based on the relative
change of each node as showed in Fig. S12. *: incomplete assembled sequence.
Abbreviations. aa: amino acid, Frob: F. robusta, Fcro: F. cronquistii, INS: insertion,
DEL.: deletion, REP: replacement.
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Figure 1. Modifications in phosphoenolpyruvate carboxylase and pyruvate orthophosphate dikinase
predicted protein sequences and transcript abundances mapped to the Flaveria phylogeny.

The predicted amino acid changes in phosphoenolpyruvate carboxylase (PEPC) and pyruvate
orthophosphate dikinase (PPDK) between C, and C; Flaveria species and the transcript abundance (FPKM)
of the genes encoding the proteins are shown. Only the amino acid residues predicted to be different
between C; and C, species are superimposed on the schema of Flaveria phylogenetic tree modified from
Lyu et al.,2015. The colors of amino acid residues have no meaning and are only for visualization
purposes. Numbers below the amino acids indicate the location sites in the multiple sequence alignments.
FPKM values are shown to the right of the amino acid changes as red bars. A: PEPC. B: PPDK. Protein
sequences from UniprotKP are: F. trinervia PEPC, P30694; F. bidentis PPDK, Q39735; F. brownii PPDK,
Q39734; and F. trinervia PPDK, P22221. Sequence alignments are available in Additional file 2.
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Figure 2. Modifications in NADP-malic enzyme, pyruvate orthophosphate dikinase regulatory
protein and phosphoenolpyruvate protein kinase A predicted protein sequences and transcript
abundances mapped to the Flaveria phylogeny.

The predicted amino acid changes in NADP-malic enzyme (NADP-ME), pyruvate orthophosphate dikinase
regulatory protein (PPDK-RP) and phosphoenolpyruvate protein kinase A (PPCKA) between C, and C,
species and the transcript abundance (FPKM) of the genes encoding the proteins are shown. Only the
amino acid residues predicted to be different between C; and C, species are superimposed on the schema of
Flaveria phylogenetic tree modified from Lyu et al.,2015. The colors of amino acid residues have no
meaning and are only for visualization purposes. Numbers below the amino acids indicate the location site
in the multiple sequence alignments. FPKM values are represented to the right of the amino acid changes as
red bars. A: NADP-ME. B: PPDK-RP. C: PPCKA. The sequence alignments are available in Additional
file 2.
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Figure 3. Modifications in photorespiratory protein predicted amino acid sequences and cognate
transcript abundances mapped to the Flaveria phylogeny.

The predicted amino acid changes in photorespiratory proteins between C, and C; Flaveria species and the
transcript abundance (FPKM) of genes encoding the proteins are shown. Only the amino acid residues that
are predicted to be different between C; and C, species are superimposed on the schema of Flaveria
phylogenetic tree modified from Lyu ef al., 2015. The marked colors of amino acid residues have no
meaning and are only for visualization purposes. Numbers below the amino acids indicate the location site
in the multiple sequence alignments. FPKM values are represented to the right of the amino acid changes as
red bars. A: glycine decarboxylase complex H subunit (GDC-H); B: serine hydroxymethyltransferase
(SHM); C: glycerate kinase (GLYK); D: glutamine synthetase and glutamine oxoglutarate aminotransferase
(GOGAT); E, Glutamine synthetase like 1 (GSL1).
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Figure 4. Modifications in the predicted amino acid sequences of proteins involved in cyclic electron
transport and transcript abundances of the cognate transcripts mapped to the Flaveria phylogeny.
Changes in predicted amino acid sequence in proteins involved in cyclic electron transport and abundances
(FPKM) of their cognate transcripts in C, and C; Flaveria species are shown. Only the amino acid residues
predicted to be different between C; and C, species are superimposed on the schema of Flaveria
phylogenetic tree modified from Lyu ez al., 2015. The marked colors of amino acid residues have no
meaning and are only for visualization purposes. Numbers below the amino acids indicate the location site
in the multiple sequence alignments. FPKM values are represented to the right of the amino acid changes as
red bars. A: protein gradient regulation 5 like protein (PGR5-like); B: NADH dehydrogenase-like (Ndh) L2
subunit (Ndh L2); C: NdhV; D: Ndh16; E: NdhU; F: NdhM; G: Ndh48; H: NdhB4; I: chlororespiration
reduction 1. The sequence alignments are available in Additional file 2.
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Figure 5. Changes in physiological and anatomical traits mapped onto the Flaveria phylogeny.
Overall, C,-related physiological (green and blue bars) and anatomical traits (orange and red bars) showed a step-wise change along the Flaveria phylogenetic
tree; however, a number of the traits showed greater more significant changes at certain nodes. *Grana index: total length of grana/total length of thylakoid
membrane X 100. (Abbreviations: I': CO, compensation point; A: CO, assimilation rate; PWUE: instantaneous photosynthetic water use efficiency; PNUE:
instantaneous photosynthetic nitrogen use efficiency; response slope: slope of the response of net CO, assimilation rate versus leaf Rubisco content; M:
mesophyll; BS: bundle sheath.) Data are from references as given in the Methods.
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Figure 6. Coordinated evolution of protein sequence, gene expression and morphology with an

obvious jump change

Significant linear correlation between protein divergence, gene expression divergence and morphology
divergence were showed in (A-C). Protein divergence was calculated as non-synonymous mutation (dN).
Expression divergence and morphology divergence were calculated as Euclidean distance based on quantile
normalized FPKM values and coded morphology values from Mckown et al., 2005, respectively. All the
Mckown relative divergences were the divergence between F'. cronquistii and other Flaveria species. (D)
Shows the relative difference of each ancestral node compared with its earlier ancestral node in protein
sequence, gene expression and morphology. The left panel shows the schema of Flaveria phylogenetic tree
modified from Lyu, et al., 2015. Each ancestral node was numbered according to the evolutionary time. P
values are from One-way ANOVA analysis followed by Tukey’s Post Hoc test and adjusted by Benjamin-
Hochberg correction. The significant levels are: *: P<0.05; **: P<0.01; ***: P<0.001. The bar colors in
grey/blue/orange represent species from basal/clade A/clade B of phylogenetic tree, respectively.
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Figure 7. Evolutionary pattern of C, related genes comparing with total expressed genes and DE
genes between C; and C, species in gene expression

There dataset are (A) the total expressed gene (8004 genes), (B) differentially expressed genes between C,
and C, species (2306 genes) and (C) C, related genes that showed difference between C; and C, species in
both protein sequence and gene expression (205 genes). All the three datasets showed that the biggest
change of gene expression occurred at N7 (left panels). Principle Component Analysis (PCA) showed that
species derived from N7 (species in the black frames in right panels) are distinguished with other species,
and the first component of the C, related genes account for 38% of the total variance, more than that of
total expressed genes and DE genes (right panels). The bar colors grey/blue/orange represent: species from
basal/clade A/clade B of phylogenetic tree.
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