
Open Access This file is licensed under a Creative Commons Attribution 4.0 

International License, which permits use, sharing, adaptation, distribution and 

reproduction in any medium or format, as long as you give appropriate credit to 

the original author(s) and the source, provide a link to the Creative Commons license, and indicate if 

changes were made. In the cases where the authors are anonymous, such as is the case for the reports of 

anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear 

attribution to the source work.  The images or other third party material in this file are included in the 

article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is 

not included in the article’s Creative Commons license and your intended use is not permitted by statutory 

regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright 

holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

Peer Review File

Plastid ancestors lacked a complete Entner-Doudoroff

pathway, limiting plants to glycolysis and the pentose

phosphate pathway



Reviewer #1 (Remarks to the Author):

This manuscript reports the absence of a fully functional ED pathway in plants and potentially their 

plastid ancestor. To support this claim, authors showed the absence of EDD enzyme in plants 

through phylogenetics and conducted substrate docking to confirm the substrate specificity for 

EDD and DHAD, two structurally similar dehydratase. The in vitro biochemical assays for EDD 

activities using either genuine EDDs or structurally similar DHAD candidates further validated the 

substrate docking simulation. In addition, the metabolite analysis of KDPG indicates its absence in 

many eukaryotes. This result is in contradiction with a previous report that KDPG could be 

detected in at least barley roots. Overall, I found the evidence convincing to illustrate the absence 

of the EDD gene in the plant domain, thus supporting the notion that the ED pathway is absent in 

plants.

The prevalence of EDA enzyme in all life forms thus is intriguing to understand it potential 

contribution to cell metabolism. The authors further showed that EDA has moonlighting aldol 

cleavage activities toward several phosphate sugars. The confocal microscopy is also a nice touch 

to show the subcellular localization of EDA in plants.

In summary, I believe the main result here is significant in that it provides a right path for future 

studies to understand the potential role of EDA in contributing cell metabolism, rather than 

through the ED pathway activity. I also like some of the discussion authors provided in terms of 

how ED activity could divert fluxes out of CBB or cancel G6P shunt fluxes if it was to exist in either 

chloroplast or cytosol. The method description is also thorough in describing different procedures. I 

have some additional minor comments listed below:

- The previous research in cyanobacteria labeled DHAD as a potential candidate for EDD activities. 

In the substrate docking simulation, did authors try docking 6PG into DHAD for potential 

interactions or did it fail to dock?

- Please correct the mislabeling in the Figure 3 legends. Fig. 3A, B, C should be B, C, D.

- Please provide the MS/MS spectrum of 6PG, KDPG, and GAP either in the main figures or in 

supplemental figures to support Figure 3 and Figure 4 conclusions.

- Line 52-53: rephrase “and the availability of non-glycolytic sources of ATP…”

- Line 100: I think authors meant “in vitro” rather than “in vivo” for plant EDA activity in Ref 11?

- Line 312: Fig 2C is DHAD substrate domain. Here should be Fig 2B to reference E. coli EDD 

domain 1. Again, Fig. 2D should be 2B as well in line 315.

- Line 319-: “promoter”? Do you mean monomer?

- Line 324: here should be Fig. 2C and 2D

- Line 461-462: Please double check the accuracy of this statement regarding non-phosphorylating 

ED in Synechocystis.

Reviewer #2 (Remarks to the Author):

In this interesting manuscript, the authors use different methodologies to shed light on the 

evolutionary history and distribution of the Entner-Doudoroff (ED) pathway.

The manuscript text and figures are very clear. I am very pleased by the complementary 

bioinformatics and experimental approaches used by the authors, which I find adequate and 



elegant.

The general conclusions of the study are convincing and important. The results support the notion 

that the ED pathway is absent from eukaryotic lineages and allow proposing that the plastid 

ancestor likely lacked 6-PG dehydratase (EDD), and hence a complete ED pathway.

The authors also discuss relevant points, including an alternative hypothesis for the lack of EDD in 

photosynthetic eukaryotes, the persistence of KDPG aldolase (EDA) in plants, and the potential 

exploitation of the ED pathway in plant synthetic biology approaches.

I recommend publication.

Minor comments:

1. It would have been interesting to explore the physiological and metabolic impact of localizing 

EDD to the plant cytosol, plastids, and mitochondria.

2. Line 353: There is a typo; please change assaus to assays.

3. Line 361: Perhaps “not detected” is better than “blocked” in this context.

4. Figure 1C: “Bacteria” could be centered like the other biological lineages names. The curved 

blue line could be separated from “Cyanobacteria”.

5. Figure 3A: Retention times 12 and 4 for 6-PG, KDPG, and GAP should be separated.

6. Figure 4: There is a blue line on the left side of the figure that goes from the KDPG standard to 

the Sc+KDPG.

7. Figure 5E: I suggest including zoomed images of the confocal microscopies.

Reviewer #3 (Remarks to the Author):

In their article "Plastid ancestors lacked a complete Entner-Doudoroff pathway, limiting plants to 

glycolysis and the pentose phosphate pathway", Evans et al. describe a well-conducted study into 

a big question in the evolution of plant biochemistry: the distribution of a functioning ED pathway.

Overall, the study is of good quality. I however have remarks regarding the interpretation / 

framing.

Rerding data availability: have the raw spectra data from the mass spec been uploaded? E.g., to 

MetaboLights or another adequate database?

I think that the study is of great value and the analyses carried out are an important contribution 

to the scientific discourse. Yet, I am not convinced by the evidence for the "plastid ancestor" 

(highlighted in the title and throughout). As fars as I can judge, the entire statements rests on the 

following: "Although the true sister group to plastids is uncertain, proposed candidates for the 

most recent common ancestor to plastids and free-living cyanobacteria coalesce around 

Gleomargarita lithospora and several closely related taxa which include Synechococcus sp., 

Synechocystis sp., Prochlorococcus marinus, Trichodesmium sp., Oscillatoria sp., and Arthrospira 

sp."

When we consider features of the cyanobacterial progenitor of plastids, we are talking about an 

orgnanism that likely lived around 2 billion years ago. Screening a few cyanobacteria is not 

enough. Prokaryotes are known to loose and gain genes with ease, the latter propelled by LGT. The 

problems that result from this are expertly explained in: Endosymbiotic gene transfer from 

prokaryotic pangenomes: Inherited chimerism in eukaryotes by Ku C, Nelson-Sathi S, …, and 

Martin WF. PNAS 2015 112 (33) 10139-10146 https://doi.org/10.1073/pnas.1421385112

When talking about these extant organisms (leaves on the tree from this year and not the 2-

billion-year-old phylogenetic entitity that woudl branch off a deep node on the tree), please do not 



talk about them them as if they would represent 1to1 the yanobacterial plastid progenitor (which 

lived about 2 billion years ago!). Talk about the groups that they belong to. Talk about the last 

common ancestors that they might share with the cyanobacterial plastid progenitor. Talk in trees.

"none of which is considered a candidate for the ancestor of plastids." -> Again, these are all 

extant organisms and not an organism that lived 2 billion years ago. See above. And when it 

comes to the groups of filamentous nitrogen fixing cyanos (like Nostoc), this is also not true. See, 

e.g., Dagan et al 2013 GBE -- DOI: 10.1093/gbe/evs117 -- for a discussion on this shifting target, 

see: https://doi.org/10.1016/j.cub.2016.12.006

Figure 1: It would help a lot to reconcile the gene phylogeny here with a species tree to show the 

distribution. Also the choice of organisms is unclear. A lot of Chlorella/Chlorella-like algae have 

been picked, but only one streptophyte alga, not including the closest algal relatives to land plants, 

see, cite and add: https://www.biorxiv.org/content/10.1101/2023.01.31.526407v1 & 

https://www.nature.com/articles/s41477-023-01491-0#Abs1 & 

https://www.sciencedirect.com/science/article/pii/S0092867420304827 & 

https://doi.org/10.1016/j.cub.2022.08.022

Furthermore, please cite all the genome data that have been used--I do not find them in the 

reference list or material and methods e.g. the recently sequenced Chlorelloids or the key species 

Chara braunii.

The biochemical data and figures are, as far as I can judge, all sound and of adequate quality. See 

comment about data availability above. The only aspect that I would like the authors to consider 

here is to also provide in the figures 3 to 5 the phylogenetic context from which the enzymes were 

derived would be very helpful (writing e.g. embryophytes, Chlorophyceae etc. below the species 

abbreviation would help already a lot)
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LOD:KFPJP :K= KLQ :K LOD:KFPJ QE:Q IFV>= s ;FIIFLK Y>:OP :DLa 3>> :;LV>a "K= WE>K FQ <LJ>P QL QE>

DOLUMP L? AI:J>KQLUP KFQOLD>K AXFKD <Y:KLP hIFH> /LPQL<i^ QEFP FP :IPL KLQ QOU>a 3>>^ >aDa^ %:D:K >Q :I

sqrt (#& gg %0*` rqarqztfD;>f>VPrrx gg ?LO : =FP<UPPFLK LK QEFP PEFCFKD Q:OD>Q^ P>>`

ETMP`ff=LFaLODfrqarqrwfGa<U;asqrwarsaqqw

7> E:V> >XM:K=>= :K= UM=:Q>= LUO >XMI:K:RLK :<<LO=FKDIŶ :P PUDD>PQ>= ;Y O>VF>W>O ra 7> E:V> O>:=

:K= <FQ>= QE> O><LJJ>K=>= M:M>OP :K= FK<LOMLO:Q>= QE>J FKQL LUO =FP<UPPFLK :K= =>P<OFMRLK L?

O>PUIQPa 4EFP FK<IU=>P :K UM=:Q>= =FP<UPPFLK L? MI:PR= PFPQ>O DOLUMP^ QE>FO <LJJLK :K<>PQLOP^ :K= ELW

QE> <UOO>KQ PQ:Q> L? MEYILD>KLJF< :K:IYPFP L? MI:PR= LOFDFKP <:K FIIUJFK:Q> QE> MO>P>KQ NU>PRLK L? QE>

=FPQOF;URLK L? QE> &% M:QEW:Ya

'FDUO> r` *Q WLUI= E>IM : ILQ QL O><LK<FI> QE> D>K> MEYILD>KY E>O> WFQE : PM><F>P QO>> QL PELW QE>

=FPQOF;URLKa "IPL QE> <ELF<> L? LOD:KFPJP FP UK<I>:Oa " ILQ L? $EILO>II:f$EILO>II:gIFH> :ID:> E:V> ;>>K

MF<H>=^ ;UQ LKIY LK> PQO>MQLMEYQ> :ID:^ KLQ FK<IU=FKD QE> <ILP>PQ :ID:I O>I:RV>P QL I:K= MI:KQP^ P>>^ <FQ>

:K= :==` ETMP`ffWWWa;FLOXFVaLODf<LKQ>KQfrqarrqrfsqstaqratravswuqxVr m

ETMP`ffWWWaK:QUO>a<LJf:OR<I>PfPuruxxgqstgqruzrgqn";Pr m

ETMP`ffWWWaP<F>K<>=FO><Qa<LJfP<F>K<>f:OR<I>fMFFf3qqzsywxusqtquysx m

ETMP`ff=LFaLODfrqarqrwfGa<U;asqssaqyaqss

7> E:V> >XM:K=>= LUO PFKDI> D>K> MEYILD>KY WFQE J>J;>OP L? QE> 9YDK>J:QLMEY<>:> :K= LQE>O

PM><F>P :P O>NU>PQ>= :K= UM=:Q>= 'FD r$a 7> E:V> :IPL FK<IU=>= : PM><F>P MEYILD>KY L? <Y:KL;:<Q>OF: :P

O>NU>PQ>= hP>> PUMMI>J>KQ:I ADUO> 3xi QL E>IM >XMI:FK QE> =FPQOF;URLK L? &%% D>K>P :JLKD <OLWK

<Y:KL;:<Q>OF:^ WEF<E W> :ODU> FP QE> O>PUIQ L? I:Q>O:I D>K> QO:KP?>O O:QE>O QE:K V>OR<:I FKE>OFQ:K<>a

3>V>O:I J:GLO :=V:K<>P FK MI:PR=f<Y:KL;:<Q>OF:I MEYILD>KY E:V> :MM>:O>= FK QE> IFQ>O:QUO> FK O><>KQ

Y>:OP UPFKD PLMEFPR<:Q>= ;FLFK?LOJ:R< :K:IYP>P h.LLO> >Q :I sqrz^ 1LK<>g4LI>=L sqrx^ 0<EL: => "I=:

sqruia *Q FP ;>YLK= QE> P<LM> L? LUO PQU=Y QL :T>JMQ QL FJMOLV> UMLK QE>P>^ :K= W> E:V> QE>O>?LO>

O><LKPQOU<Q>= : PM><F>P QO>> UPFKD ;O:K<E I>KDQE =:Q: L;Q:FK>= ?OLJ QE> JLPQ O><>KQ L? QE>P> PQU=F>Pa

5PFKD QEFP PM><F>P QO>> QL FKQ>OMO>Q LUO &%% D>K> MEYILD>KŶ W> PELW QE:Q &%% L<<UOO>K<> :JLKD

<Y:KL;:<Q>OF: FP O:O> :K= PMLO:=F<a *QP =FPQOF;URLK :JLKD <Y:KL;:<Q>OF: FP <LKPFPQ>KQ WFQE FQP :;P>K<> FK

QE> I:PQ <LJJLK :K<>PQLO ;>QW>>K <Y:KL;:<Q>OF: :K= MI:PR=g;>:OFKD >UH:OYLQ>Pa 7> QE>O>?LO> O>G><Q

QE> :IQ>OK:RV> >XMI:K:RLK QE:Q >VLIURLK:OY ?LO<>P <LJM>II>= FQP =>I>RLKa *KQ>O>PRKDIY^ QEFP FJMIF>P

QE>O> FP PRII : <E:K<> QE:Q MI:KQP <:K ;> O>WFO>= QL UP> QEFP :IQ>OK:RV> M:QEW:Ŷ WEF<E W> KLQ> FK LUO

O>VFP>= =FP<UPPFLKa

'FD r$ FP KLQ FKQ>K=>= QL >XE:UPRV>IY PUOV>Y QE> =FPQOF;URLK L? %)"% D>K>P^ ;UQ O:QE>O QL FIIUPQO:Q> LUO

D>K>O:I <LK<IUPFLK` QE:Q QE> %)"% D>K> QO>> <IUPQ>OP :<<LO=FKD QL HFKD=LJ :K= O>B><QP QE> <LJJLKIY

:<<>MQ>= MEYILD>KY L? QE>P> DOLUMP^ WEFI> &%%P <IUPQ>OFKD FP FKQ>OJFX>= :K= PELWP >VF=>K<> L? I:Q>O:I

D>K> QO:KP?>Oa 7> E:V> :IPL JL=FA>= QE> Q>XQ =>P<OF;FKD QEFP ADUO> QL ;>T>O =>AK> FQP MUOMLP>^ GUPR?Y

QE> <ELF<>P L? P>NU>K<>P W> FK<IU=>=^ :K= <I:OF?Y QE> <LK<IUPFLKP W> E:V> =O:WK E>O> QL QE> FK?>OO>=

=FPQOF;URLK L? QE> &% M:QEW:Y :JLKD >XQ:KQ LOD:KFPJPa )>O> W> E:V> :==>= <FQ:RLKP QL )>PP >Q :I

hsqssi^ +F:L >Q :I hsqsti^ '>KD >Q :I hsqsti^ :K= %:=O:P >Q :I hsqsti^ :P PUDD>PQ>=^ :K= O>?>O>K<>= QE> K>W

PUMMI>J>KQ:I ADUO> QL FIIUPQO:Q> LUO <LK<IUPFLKPa 7> ELM> QE:Q WFQE QE>P> <E:KD>P^ QE> MLFKQ L? ADUO>

r$ FP KLW <I>:Oa



'UOQE>OJLO>^ MI>:P> <FQ> :II QE> D>KLJ> =:Q: QE:Q E:V> ;>>K UP>=gg* =L KLQ AK= QE>J FK QE> O>?>O>K<>

IFPQ LO J:Q>OF:I :K= J>QEL=P >aDa QE> O><>KQIY P>NU>K<>= $EILO>IILF=P LO QE> H>Y PM><F>P $E:O: ;O:UKFFa

"II P>NU>K<>P W>O> L;Q:FK>= ?OLJ /$#* .:Y sqsta 7> E:V> :==>= : KLQ> QL QEFP >@><Q FK QE> J>QEL=P

P><RLKa *K QEFP V>OPFLK^ W> E:V> :==>= P>V>O:I D>KLJF< O>PLUO<>P^ :K= O>?>O>K<>P QL QELP> PQU=F>P E:V>

KLW ;>>K :==>= QL QE> J>QEL=P P><RLK LO QE> <LOO>PMLK=FKD PUMMI>J>KQ:I ADUO> hP>> PUMMI>J>KQ:I

Q:;I> 3s ?LO FKPQ:K<>ia

4E> ;FL<E>JF<:I =:Q: :K= ADUO>P :O>^ :P ?:O :P * <:K GU=D>^ :II PLUK= :K= L? :=>NU:Q> NU:IFQYa 3>>

<LJJ>KQ :;LUQ =:Q: :V:FI:;FIFQY :;LV>a 4E> LKIY :PM><Q QE:Q * WLUI= IFH> QE> :UQELOP QL <LKPF=>O E>O> FP

QL :IPL MOLVF=> FK QE> ADUO>P t QL v QE> MEYILD>K>R< <LKQ>XQ ?OLJ WEF<E QE> >KZYJ>P W>O> =>OFV>=

WLUI= ;> V>OY E>IM?UI hWOFRKD >aDa >J;OYLMEYQ>P^ $EILOLMEY<>:> >Q<a ;>ILW QE> PM><F>P :;;O>VF:RLK

WLUI= E>IM :IO>:=Y : ILQi

4E:KH YLU ?LO MLFKRKD QEFP LUQa 0? QE> ADUO>P J>KRLK>= htgvi^ ADUO> u E:P QE> JLPQ MEYILD>K>R<

<LKQ>XQ WLOQE EFDEIFDERKDa 7> E:V> :==>= MEYILD>K>R< FK?LOJ:RLK :P O>NU>PQ>= hV>OR<:I <LILO>= ;:OPi

:K= O>g<LILO>= QE> <EOLJ:QLDO:JP :K= I:;>IP QL J:Q<E QELP> L? ADUO> r$ ?LO <LKPFPQ>K<Ya *K ADUO> t^ W>

:O> <LKQO:PRKD QE> ;FL<E>JF<:I :<RVFQY L? :K &%% hWEF<E K><>PP:OFIY <LJ>P ?OLJ : ;:<Q>OF:I PLUO<>i QL

QYMF<:I %)"%P ?OLJ MI:KQ :K= ;:<Q>OF:I PLUO<>P hWEF<E W> PELW QL ;> ?UK<RLK:IIY >NUFV:I>KQia 4E> LKIY

FJMLOQ:KQ =FPRK<RLK E>O> FK Q>OJP L? ;FLILDF<:I PLUO<> FP MI:KQP VP ;:<Q>OF:a 7> E:V> O>g<LILO>= QE>

<EOLJ:QLDO:JP QL UP> QE> P:J> <LILO P<E>J> FK LQE>O ADUO>P :K= JLO> <I>:OIY MLFKQ>= LUQ QEFP

=FPRK<RLK FK QE> O>VFP>= <:MRLKa 'LO ADUO> v^ QEFP FP :IPL QOU>a 7> E:V> PFJMIY P>I><Q>= QYMF<:I &%"

P>NU>K<>P ?OLJ MI:KQP :K= ;:<Q>OF: :K= PELWK QE>J QL ;> ;FL<E>JF<:IIY >NUFV:I>KQ :K= E:V> PFJFI:O

HFK>R< MOLM>OR>Pa 7> ELM> QE:Q QE>P> JL=FA<:RLKP QL AD u QL EFDEIFDEQ QE> MEYILD>K>R< <LV>O:D> L?

LUO ,%1( :K:IYPFP^ :ILKD WFQE JFKLO <E:KD>P QL ADP t :K= v^ E:V> :==O>PP>= O>VF>W>O <LK<>OKP LK QEFP

MLFKQa



Reviewer #1 (Remarks to the Author):

The authors have addressed my comments. Two minor things for authors to consider:

- “The domain 1 consensus sequence that we observed exclusively in EDD enzymes encompasses 

e3, the first four amino acids of e4, and the connecting e3-e4 loop in E. coli EDD (figure 2C)” Here 

is Fig 2B not 2C. I suggest authors carefully examine their manuscript to make sure all the details 

are correct.

- Since EDA has alternative aldolase activity toward FBP and SBP, I suggest authors provide full 

kinetics data kcat/Km rather than just Km. It could provide more insight on its potential role in the 

Calvin cycle.

Reviewer #2 (Remarks to the Author):

The authors have addressed all my suggestions and questions. I congratulate the authors on this 

exciting study.

Reviewer #3 (Remarks to the Author):

The authors have fully and satisfactorily addressed all my remarks. I do not have any further 

comments and congratulate the authors on a very interesting paper.



Response to reviewers

Reviewer #1

The authors have addressed my comments. Two minor things for authors to consider:

- “The domain 1 consensus sequence that we observed exclusively in EDD enzymes 

encompasses e3, the first four amino acids of e4, and the connecting e3-e4 loop in E. coli EDD 
(figure 2C)” Here is Fig 2B not 2C. I suggest authors carefully examine their manuscript to make 

sure all the details are correct.

Error has been corrected with thanks. In the revised numbering, the text now refers to Fig. 2d 
(the EDD structure).

- Since EDA has alternative aldolase activity toward FBP and SBP, I suggest authors provide full 
kinetics data kcat/Km rather than just Km. It could provide more insight on its potential role in 
the Calvin cycle. 
Although we are working on this, we do not currently have this data. We intend to produce a 
followup paper focusing on kinetics of EDA which is beyond the scope of the present 
manuscript.

Reviewer #2 (Remarks to the Author):

The authors have addressed all my suggestions and questions. I congratulate the authors on this 
exciting study.
We thank reviewer 2 for their time and dedication to improving our manuscript.

Reviewer #3 (Remarks to the Author):

The authors have fully and satisfactorily addressed all my remarks. I do not have any further 
comments and congratulate the authors on a very interesting paper.
We thank reviewer 3 for their time and encouraging comments.


