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Abstract: Functional genes related to soil nitrogen (N) cycling are widely involved in a series of ecological
processes, including N fixation, ammonification, nitrification and denitrification, and are key components of the N
biogeochemical cycling, which greatly affects soil productivity, carbon neutralization, and agricultural sustainable
development, as well as global environmental changes. In recent decades, the rapid development of molecular and
microecology technology has promoted the research about functional genes related to soil N cycle and their
microbial functional communities. In order to objectively and analyze the research trends, hotspots, and historical
trends in the field of functional genes related to soil N turnover, the pertinent literature retrieved from the Web of
Science database from 2001 to 2020 was analyzed from four aspects of publications amount, highly cited papers,
high-frequency keywords and historical direct citations based on knowledge mapping. The results showed that: 1)
The application of molecular biology techniques to excavate the functional genes and community structure related
to soil N turnover so as to explore the microbiological mechanism is the current hotspot and entry point in the
research field. 2) The research about soil N turnover functional genes mainly focused on three aspects: (1) Using
metagenomics and other technologies to screen, identify and annotate the functional genes related to soil N
turnover, so as to discover new microbial functional gene sequences and updates primer database, etc.; (2) Effects
of environmental factors and agricultural management practices on soil N turnover related microbial indicators; (3)
Using functional gene abundance to characterize the soil N cycling processes-related functional microorganisms,
as well as analyze the relationship between functional genes, soil properties, and microbial community structure, in
order to reveal the molecular mechanism of soil nitrogen turnover. 3) The historical development context of soil N
turnover functional genes was from the screening, identification, identification, corresponding primer design and
analysis method determination of N-cycling functional genes, to the influencing factors (or environmental
conditions) of soil N turnover functional genes, combined with the current data of the activity, abundance of
functional genes related to soil N turnover, and functional microbial populations, community structure and even
soil properties, to comprehensively explore the microbial mechanism of soil N cycling.

Key words: Soil nitrogen cycling; Knowledge mapping; Key literature; Research hotspot; Historical trend; R
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TR bR o I e EAT I AE P BRI A S D Re ZE DN, dE T AR R T B G305 A G Dy s 2 A
ZREEZ IR, FT4EA W AN R AR 58 T3 EE A IR BEAARAKSF B (R 2%, AT Sy 1458
BAHGANUHIFEHEIE R KF B RS .

H A 56T LIS A D R 2 IR 77 1 (B AR IE R %, AR TR 70 SR . s R i st
RIBEHEWNE FFAT REMEAREL . BRI E —FE S G o B A SH AL AR, XK
HOCHME B CIOCHIR] . B 51K 228 SRS IR 25 o AR AR « 0 B2 ke g T
AT AT BTl D 28 R 5 4 PR 45 ) R 7515 5 B TG ] (1 B R R0 45 40 1) SR 2
Ji AR N AR A 2E SR IR (1821 | A 2 i 2R R A, (H AL
T B EAEIA Th i J2k DRI B 9 A0 ) SCHR T 8 20 A it 9 e oK LR T o

AT H TR E R E R T £, 40 CiteSpace. VOSviewer 1 R & &
bibliometrix #fFf.5. Hd, R EFIEN—FIFRII AT RIH TR Gik T a4 i
E R4, bibliometrix 2T R B F HIRFAHIRERE S H A, GEEL X k(s SikfT
Guit o, ARASR B — AR (B AU T 0D R AR B R ) OGRSk, IF
JEIRFLAE — e i 8] RURE 1A 1 sk R JE e 35 RN 9 3 R sh s 14,

AW T T Web of Science #%0v & 52045 FEFI R 15 7 bibliometrix X fF£ (ver. 3.0.4) ,
MR SCE S W v S0 s IR Je I st B 5 SCPUAN T T, I 20 4F (2001—2020
)RR R IR R D) Re L R 7 1 SCHRAE B AT R AR B 4B, 3k X 12 A A
WECHTIE T R . #S R SR KA AT IR IR R — e R, DU AH SCHIT 7 it —
ESH

1 MRS 5k

1.1 BHEKIE

2021 4F 1 H 27 H, PL“ R E I Thae R R 7 9 E 8, BL“TS = (soil AND nitrogen AND
(functional AND gene))” A5 7E Web of Science #% 0 & SEEUE E AT MG R . F R
WE CHEREAUN Y E (article) « 1EFCATENE (English) « SCHRIS RS B2 Nt 20 4E (2001
—2020 4F) , FLIREL 1219 FAHICSCHR, FEA T SCkE B (U RE SCRAE#E . bR, X
AL KRS W SHE R
1.2 fARFAE

iz R &5 bibliometrix #F (ver. 3.0.4) X FEXH] ) SCHRAE B iEAT R A0 R B 4>
M1, FEAFERCEEB T ST ST O 3B DL A s B T SCA T
DR 1398 U0 BA T i B DRI 7 A3 1 Spe it Ut e o BDDDR ORI AR i % I s e ik 2 A
BART71:5% 2w 5o 4 104 25200 e s #h o i F ot 2001—2020 4 Kk 3 ) - 38 U0
IR TN i B DRI 58 S0 A R SO AT RTRRAL 23T, 33 1T S 2 AT A AR B o v g 5 1 S0 )
BT 248 20 ) T A ER AR HCHE SR SOk 51 S AT Gk, AN E sl e sc. Hop g
BREGHE R 278 Web of Science 12L& 85 FE, AR & /& 7 2001—2020 4 8] - 45 U0
ATl fie KL R F 70 A DG SOk B B2 . 5140k (Total citations, TC) FIAHLBE 51 ATk
(Local citations, LC) 4 5$5i% 5 SC 3 AE A BRIASWE R £ 4 51 %, TC (8 LC)
U R 12 S0 B 5 T AT AU A A OGP i AT OGB4 BT T SR 4R T SR R D B i AT %
SR 2 2 L SR R SRS S A I, AT HEAT RGBT o 1A 2
FARERK, RN 1% IR H B CRR ; B ] S B 285 P o [63) P lre, )ad B 12% 0  1A)
JE R R, 17 RO PR AR DR R 4% 43 T o T s R PR I B BB R AR R AR, R
U 356 B 0% R S ] 7 X 8% v R E RN S ] R K PR R A 4 PR A S ] AL B
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WA &% P Lt b, R 2 XN 408 (Multiple Correspondence Analysis, MCA) J5i%, PA
XK £ B S55 AR SRS 1 7 XM P SR S B 1) B0 ) 2 20 1 HE R 2 225 A 11, S (] S ) ) 2 2
FR/NERARALL, AHOGPERCIE, ICRMEHEE, st EBE G| AT A I I R ) T AU
i SRR F R v B B AR OC L B S| F I QB SR, P A IR ] PP 51 2l 1 sE B 5| SC B,
T 2 AR 43 T HH AP 50 AT 1 sk A T ik 4 1290

2 4 B

21 =B

2001—2020 43RG IR T g 36 R 70 AR SCR AT R4yl 2 AN B PRk R B
(2001—2006 4E) FUREEIEK (2006—2020 4£) BB, 2001—2006 4, MR SCEAHLT
10 B8, %A R IR R IR AN S Th RE L IR0 7E R B 42185 2006—2020 4F, RSCEMGERK,
JEHRIT 3 4E R R NG (B 1) o X5 IR R PR A G Th A 3 DA F 7o AT 1 Ak ey i
RIEMY B, RIS 0 E Sz 0t 72 idsk H A 8 B BR 3822 50 $4 o, e AT B ST 4E Kk 1-2EW)
SRR PR R A B,

240

= = n
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3B Number of published articles

o
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T

L]

s om0 0 o= , . .
2001 2005 2010 2015 2020
4} Year

1 2001—2020 4 - 3 SUIH A Ty e 5 R 7 400 42 BROR SC B
Fig. 1 Global trends in the number of published articles in the field of functional gene related to soil nitrogen
cycling from 2001 to 2020

2.2 E51ILX

TR0 2001—2020 4 39 FUAE A T fie 3 R RIF 56 00 42 3R/ A3 Top 10 i 5118 3C (& 1
ML 2) L. HP, HHEET 16 B8, SR RIMIR R L EERET L
N 3ANJ5H::

1) BN SRR AR ([ B2, AR R m R4 STELE ) A G ThfE AL
FERE, SRR I IR EIE IR SR A= LIS, 1 Gubry-Rangin 5123 ikl s 2 454k
T FEAHOCHT amoA DyReE R F= R, KRILEIRE AN T CHR 2SS LB F il ROV R 14
IR R AE . Poly ZEBUFT Tourna Z5EESVp5% [E &E T (nifH 22D FI& E/E

(amoA) HH I D Re R HEAT 73 #r, BRI 70 1 o 98 ] 20 17 AP0 2 S A oy T R 400 T 1 % 4
A (ERERERE, s HEZ S — 12 Daims 55 2015 4F KK T Nature FfH)
“Complete nitrification by Nitrospira bacteria”, 57 &8 T # 2 ELE (Nitrospira) S AHKIh
REBER, FE48 B DA TR 2 T IR BRI A VIR ) B R 5y, MARA bR 12
ARG A F AR B,
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2) i F DR ZE 0 s B TR 2H 24 55y AR R ORI L S SR Th e R R 182 39,
1 Young 2Bt % & B B (Rhizobium leguminosarum biovar viciae strain 3841) #H4T
FEDRI AW 7, i 5 12 DR 4L P m R0 P o R B TR 2L B 2, FE IRl HE 1 L U R AR OG0 2
REILIA . Jones Z58LE T A HLEHE B K NLO 38 JE B I i DI RE LK nosZ T RAK B
IHT, RIAEAFRI AR RIS KT, nosZ i R )72 2 HAHXS 3 BEAN X — 1k

3) LI E LR EAIE I AH KR D ReHE R X —Fahn, DAWE IR R A R i) 32
MR, WP 2R AN SRt AR R B SRR CRRARRE ) 13542431
COp MR FE T i t2-43055 38 T PP i S 52 i [R) 1 %o 338 G R Il R B A SR A i e . 1
THEEFEIN . BEVREEMIMRZIN . a0 Harter ZEBN@ I gPCR BiANT HIEFAEEZ (nifH) A
b (amoA) FIAHA (nirk. nirS Fl nosz) i FEAH OC Dy REJE DA 1 3 B AE MRk AT 8 = i s
R I AE P R BN T gt NoO i R B nosZ FE [RIARX 325, HaZgh S50 20 ) NLO HE
RO R R, BN T AR 3% N.O HE R AE Y 2E L . Leff Z:04iE
T ThRe R AT EE E I T, EARRORE BB T R | B DL B TR R S TR
PN P RIREAE, 25K, B BEFR N IG N G] K 7 ARG D) R I PR AR X = R
Ak, BRI BRI o RN D Re R R AR A, AR EAE K B B IR R SR A
SIS, XA T RE S RN A BRI R A S R GE. Fierer ZEUO@LE FH 16S rRNA I
e R R R AR, SRR R KT T I 38 RE YR VR S50 S T REREA T X L o b, R B
Jita 280 AT LA B ) et 75 3 AR M A i S SR R AR O, R R TR R SR TR BRI B TR
HWIREVE . Yergeau Z5EU2E T 16S rRNA FE AN FF A qPCR FE KL 40, 4878 T3 RAR R
Xt D RESUAE DRI G B IR e, SRS T EIE AT RE AP, Zhou 143,
FIFH 16S rRNA 118 5 % = R 20 7 B0 R R A BT R LR B v TSN, TE T
CO2 IR FE Tyt TR AE M RETR R K B Mg, HR I 2% S5 R A0S IR A S 2 5
FHIK. Mackelprang ZE@ R 72 FE A 2P HEAR, W8 2 4R LGS AE KRG R E
K IThae R o L e (CHa) FIRR T Ll i o FE i P g IR S 2 . A TROIR
BRFRE AR, REMAEY . RAKE LIGei R FEMBA R EPRENE. H
R, S 5EIEIRN 2 A TR 2Rl R . 28 BRI, A ONE LRI
AR 35 ] e T B e S R e A R S B D RE T AR MV S AR A Th e R AR AR, e 2k [
FERAE D) B AR P 3 FE S BV A8 A 7 T B A 28 8 3 AN 8, 8 i e IR AR IR Dy R R =2
FiE R 6 3= BEg2 e [R5 B TR 3 G A R A 2 P S LA

%< 12001—2020 FHIERBEIAIEE R E AR g £ TR BURES Top 10 &1 58T

Table 1 Top 10 most-cited papers on functional genes of soil nitrogen cycling in the global database from 2001 to

2020
Fr5 o (e F4 LURil BH ISYIEIET /e
Rank First author Year Journal Title Total citations
1 Daims H. 2015 Nature Complete nitrification by Nitrospira bacterial®¢] 735

Comparative metagenomic, phylogenetic and

2 Fierer N. 2012 ISME J physiological analyses of soil microbial communities 689
across nitrogen gradientst°l
Growth, activity and temperature responses of

3 Tourna M. 2008 Environ Microbiol ~ ammonia-oxidizing archaea and bacteria in soil 481
microcosmsl®]
Improvement in the RFLP procedure for studying the

4 Poly F. 2001 Res Microbiol 458
diversity of nifH genes in communities of nitrogen fixers
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Leff J.

Forsberg K.J.

Mackelprang R.

Young J.P.W.

Zhou J.Z.

Philippot L.

2015

2014

2011

2006

2011

2013

PNAS

Nature

Nature

Genome Biol

mBio

ISME J

in soill34

Consistent responses of soil microbial communities to
elevated nutrient inputs in grasslands across the globel!
Bacterial phylogeny structures soil resistomes across
habitats(*!

Metagenomic analysis of a permafrost microbial
community reveals a rapid response to thawl4]

The genome of Rhizobium leguminosarum has
recognizable core and accessory componentst®2
Phylogenetic molecular ecological network of soil
microbial communities in response to elevated CO,%
Loss in microbial diversity affects nitrogen cycling in

s0ill*7]

440

425

379

373

314

289

# 2 2001—2020 F IR RIEIA TN RE R A R Susi A b E 48 B o Top 10 S#K51EXC

Table 2 Top 10 most-cited papers on functional genes of soil nitrogen cycling in the local database from 2001 to

2020
5 o (= G T B H ARHE 51 AR
Rank First author Year Journal Title Local citations

1 Daims H. 2015 Nature Complete nitrification by Nitrospira bacterial3¢] 32
Comparative metagenomic, phylogenetic and physiological

2 Fierer N. 2012 ISME J analyses of soil microbial communities across nitrogen 66
gradients“]

3 Philippot L. 2013 ISME J Loss in microbial diversity affects nitrogen cycling in soil[3"] 22
The unaccounted yet abundant nitrous oxide-reducing

4 Jones C.M. 2013 ISME J 36
microbial community: a potential nitrous oxide sink[38]
Linking N,O emissions from biochar-amended soil to the

5 Harter J. 2014 ISME J structure and function of the N-cycling microbial 35
communityf34]
Growth, activity and  temperature  responses  of

6 Tourna M. 2008 Environ Microbiol 43
ammonia-oxidizing archaea and bacteria in soil microcosms(33]
Abundance of microbial genes associated with nitrogen

7 Petersen D.G. 2012 Environ Microbiol cycling as indices of biogeochemical process rates across a 71
vegetation gradient in Alaskal'?]

FEMS Archaea rather than bacteria control nitrification in two
8 Gubry-Rangin C. 2010 28
Microbiol Ecol agricultural acidic soils®3

Shifts in soil microorganisms in response to warming are

9 Yergeau E. 2012 ISME J 19
consistent across a range of Antarctic environments“2
Improvement in the RFLP procedure for studying the diversity

10 Poly F. 2001 Res Microbiol 38

of nifH genes in communities of nitrogen fixers in soil34

2.3 E5ix§Eia
1219 3 IR EIEIA BRI R SCHk A L A 3 447 ANSCEEE], 6T ET I e R AT AT (1] 2
—K 4, F£3) . REERILHIME ISR (K2, B3 £ 3) K, 2001—2020 15

http://pedologica.issas.ac.cn



+ e R
Acta Pedologica Sinica

P T Re 2 R 5T 403, Top 10 miMiiocsdial ik . 261 (diversity) « % (nitrogen) .
3 (soiD) « RAHAAEA (denitrification) . 4fiE (bacteria) « % (carbon) . FE[K (genes) .
F (abundance) . FHL/EA] Cnitrification) . AEMIREE 45 (microbial communities)
XU, R EA D) RE L B T W BRI F R R LSRR (A AR AT AL A
D« A (D SRV RBEIE AR THREFE N R R Sy B4 45461, kb, 1 2 IR 3
45 A 3R B T R A I D e 25k R i 90 AU S () R e OG0 S B | Tl
RV Y RS AR RRARESESR, KRR AE 2R ER X, 7=
SRS T . b, gEAHERSE . T2 GFENUERT D S5ER .

KR R S S5 B (B 4) 25 B3R BH, SCHIA] £ 22150 3 28, Horp Dim 1 (il
1) A1 Dim 2 (4l 2) 2 fRRE T 05 251 41.35%F01 16.38%, RF1T Z MR IL 57.73%. #
xt 3 e ORI AT AR AT, RILE] 4 5K 3 45 RECH—BOHH BISHE, Bl 4 PR 1.
BRI 2 IR 3 /Rt B 3 R e, G R R o Sk IA] . SRS L IR I A AR R
Bl 58 - S5 IR B A A= 0 v 56 T8 WL 20 il o [ 84 FH Bh e R R Rk L R S R AR K5
i) 7 THITF 5 Pl R BT B VB At Qi ik b A7 A 9 (3132, 47481 2 0043w A 47 (plant)
4K (growth) . #REx C(rhizosphere) . #E7% (communities) « FE[K (gene) . FERIFEIL (gene
expression) . /5% (sequence) . 5 Cidentification) . [E%EM (nitrogen fixation) . K
T & (Escherichia coli) %5 ZE28 2 700 7o #4 i 2 B & R EUIE A 1 Canfd A A s
FEALVEFISE) AHOCTHREIE IR EBE . ThREIMAE ML 5 vk 45 A0 R) ¢ R S5 Jy [ 113 34, 45461 o
JiE A 4% (soil) « N2O FHEji (nitrous oxide emissions) « SESALAER C(denitrification)
ThAREFE A (nirk/nosZ genes) - fSALAE T Cnitrification) . 4 4 4k i /4 1% (ammonia oxidizing
archaea/bacteria) 5F; R 3 MW e F 2L R T LIRAEMIRE . ThRe 2 FE1E. Dhie
B BES TSR R N R (ARG ) Ty T 40 4248]) 3 B A
H3ERA (FRAR (forest) FIELHL (grassland) ) . S fxZE{L (climate change) . t3uF|H
(land use) « &ALt FH (nitrogen fertilization) . Jit it (fertilization) . & ¥ % it (management) .
A EREYS  (microbial/bacterial community)  IhREFRER (functional genes) . g 1%
(enzyme activities) . A#ZFEME (biodiversity) « ThAEZHEPE (functional diversity) 4.

P 2 2001—2020 4 -3 SUH A T BE 5 8] S B ] < 1)
Fig. 2 Keywords cloud map about functional genes related to soil nitrogen cycling from 2001 to 2020
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Pl 3 2001—2020 4 39 V06 B4 Ty Rl J= D8] ] IR ) % )
Fig. 3 Keywords co-occurrence network about functional genes related to soil nitrogen cycling from 2001 to 2020

7 32001—2020 G IR FIEIA T BE £ [E X SR ISR B BE o1
Table 3 Keywords co-occurrence network analysis about soil nitrogen cycling functional genes from 2001 to 2020

5 ESianil FLIIRIX JE e

Rank Keywords Occurrences Degree centrality
1 ZREME (diversity) 397 0.377
2 %, (nitrogen) 211 0.252
3 +3% (soiD 174 0.217
4 SAEER (denitrification) 149 0.187
5 ZHH (bacteria) 145 0.169
6 fi (carbon) 130 0.164
7 K (genes) 128 0.162
8 £ (abundance) 124 0.144
9 ALAER Cnitrification) 111 0.141
10 WA 454 (microbial communities) 105 0.126

K 4 2001—2020 4 - 38 500 PR T 1 2 IR K B i) R S i
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Fig. 4 Keywords clustering map of functional genes related to soil nitrogen cycling from 2001 to 2020

24 [AEE#ESIX

I P S BT ST, S5 3 21 A5 2001—2020 4F 4% BUE PR U A JE R T 5 AU s
RIEFEF e ik (B 5 MR 4) , HRIPISEERES 5% 1A 2 a5l CE
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Fig. 5 A direct citation map of the history of soil nitrogen cycling functional genes from 2001 to 2020
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Table 4 Historical direct citations about soil nitrogen cycling functional gene from 2001 to 2020

Hhy H—EE P i BN YSES T P
Year First author Title Local total citations

Improvement in the RFLP procedure for studying the diversity of nifH genes in
2001 Poly F. 40
communities of nitrogen fixers in soil(31

2005 Wallenstein M.D.  Quantitative analyses of nitrogen cycling genes in soils®2 19
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Effects of management regime and plant species on the enzyme activity and genetic
2006 Patra A.K. structure of N-fixing, denitrifying and nitrifying bacterial communities in grassland 20
s0ilsl*

Functional microarray analysis of nitrogen and carbon cycling genes across an
2007 Yergeau E. 37
Antarctic latitudinal transect!’]

The effects of stubble retention and nitrogen application on soil microbial
2007 Wakelin S.A. 16
community structure and functional gene abundance under irrigated maizel>

Growth, activity and temperature responses of ammonia-oxidizing archaea and
2008 Tourna M. 43
bacteria in soil microcosms(®!

Temporal shifts in diversity and quantity of nirS and nirK in a rice paddy field
2009 Yoshida M. 18
50ill53]

Evidence for the functional significance of diazotroph community structure in

2009 Hsu S. 24
s0ill51

2010 Gubry-Rangin C.  Archaea rather than bacteria control nitrification in two agricultural acidic soilst®! 29

2010 Morales S.E. Bacterial gene abundances as indicators of greenhouse gas emission in soilst® 52

Seasonality and resource availability control bacterial and archaeal communities in
2011 Rasche F. 25
soils of a temperate beech forest!>]

Comparative metagenomic, phylogenetic and physiological analyses of soil
2012 Fierer N. 67
microbial communities across nitrogen gradients!“’]

Abundance of microbial genes associated with nitrogen cycling as indices of
2012 Petersen D.G. 71
biogeochemical process rates across a vegetation gradient in Alaskal*®l

Shifts in soil microorganisms in response to warming are consistent across a range

2012 Yergeau E. 20
of Antarctic environments(*2

2013 Philippot L. Loss in microbial diversity affects nitrogen cycling in soil*7) 22
The unaccounted yet abundant nitrous oxide-reducing microbial community: a

2013 Jones C.M. 36
potential nitrous oxide sink[38]
Linking N>O emissions from biochar-amended soil to the structure and function of

2014 Harter J. 35
the N-cycling microbial community34
Do we need to understand microbial communities to predict ecosystem function? A

2014 Graham E.B. 16
comparison of statistical models of nitrogen cycling processes!®®!

2015 Daims H. Complete nitrification by Nitrospira bacterial®®! 32
Long-term balanced fertilization increases the soil microbial functional diversity in a

2015 Sul.Q. 25
phosphorus-limited paddy soill*6]
Parent material and vegetation influence bacterial community structure and nitrogen

2015 Stone M.M. functional genes along deep tropical soil profiles at the Luquillo Critical Zone 16

Observatory!*]
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Nitrification
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Note: The arrows indicate soil N turnover processes, and the genes on the arrows are the functional genes of coding key enzymes in the N
turnover process. Nitrogen fixation: nitrogenase gene nifH. Nitrification: ammonia monooxygenase gene amoA/amoB, hydroxylamine
oxidoreductase gene hao, nitrite oxidoreductase gene nxrA/nor. Denitrification: nitrate reductase gene narG, nitrite reductase gene
nirK/nirS, nitric oxide reductase gene norB, nitrous oxide reductase gene nosZ. Anaerobic ammonia oxidation: N,H, synthase gene hzsA,
N,H,4 oxidoreductase hzo. Assimilatory nitrogen reduction: nitrate assimilation reductase gene nasA/narB, nitrite assimilation reductase
gene nirA/nirB; dissimilatory nitrogen reduction: nitrate dissimilation reductase gene napA, nitrite dissimilation reductase gene nrfA.
Ammoniation: urease gene ureC.
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Fig. 6 The nitrogen cycling pathways and key functional genesf® 9 30
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